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Abstrakt

Ptredlozend disertacni prace je komentovanym souborem ¢ty publikaci
popisujicich vyuziti kapildrni elektroforézy, kapalinové chromatografie a UV/Vis
spektrometrie ke studiu komplexti rhenia s aromatickymi ligandy. Ke strukturalni
charakterizaci jednotlivych komplexti byly vyuzity metody hmotnostni spektrometrie
s mékkymi ioniza¢nimi technikami, 'H a "C nuklearni magnetické resonance
a infraervené spektrometrie. Komplexy byly pfipraveny v reakcich rheniového
prekurzoru tetrabutylamonium tetrachlorooxorhendtu s odpovidajicim ligandem
za aerobnich i anaerobnich podminek. V pribéhu vyzkumu byla zjiSténa nestabilita
pfipravenych komplexli (s Re v oxida¢nim ¢&isle +V a +VI) a jejich pfechod na jinou

stabiln&jsi formu (Re™").

V priibéhu vyzkumu byly Gspésné realizovany nasledujici dil¢i projekty:

e Navrh a UspéSna realizace postupu syntézy vybranych rheniovych komplext
s aromatickymi ligandy 1,2-dihydroxybenzen, 1,2,3-trihydroxybenzen a 2,3-
dihydroxynaftalen v reakcich bez pfistupu vzduchu a s pfistupem vzduchu a
jejich strukturdlni charakterizace metodami ESI-MS, APPI-MS, LDI-MS, ESI-
MS/MS, NMR a IR.

e ESI-MS SRM a UV/Vis ¢asové studie chovani primarn¢ vzniklych rheniovych
komplexti (Re™) s aromatickymi ligandy v reakéni smési v zavislosti na
pfidavku triethylaminu jako akceleratoru reakce a pfeména komplexli na jinou
stabilngj$i formu.

e Vyvoj a uspésna realizace postupu separace jednotlivych slozek reakce metodou
kapilarni zonové elektroforézy v rozdilnych zakladnich elektrolytech
o proménlivé hodnoté pH. Sledovani zavislosti migracnich ¢ast jednotlivych
slozek reakéni smési v zavislosti na pH zdkladniho elektrolytu. Analyticka
validace metody stanoveni slozek reakéni smési obsahujici rheniovy komplex

s 1,2,3-trihydroxybenzenem.



Abstract

This PhD thesis provides a commented set of four publications. These
publications are focused on capillary electrophoresis, liquid chromatography, and
UV/Vis spectrometry used to study complexes of rhenium with aromatic ligands. The
methods of mass spectrometry with soft ionization techniques, 'H and “C nuclear
magnetic resonance, and infrared spectrometry were used for structural characterization
of the individual complexes. The complexes were synthetized in reactions of the
rhenium precursor tetrabutylammonium tetrachlorooxorhenate with the corresponding
ligand under both aerobic and anaerobic conditions. In the course of the research, it was
revealed that the prepared complexes (with Re in the oxidation number +V and +VI) are

unstable and their oxidation numbers change to another more stable form (Re™").

Sub-projects which were successfully implemented during the research were

as follows:

e Design and successful realization of the process of synthesis of selected rhenium
complexes  with  aromatic  ligands 1,2-dihydroxybenzene, 1,2,3-
trihydroxybenzene, and 2,3-dihydroxynaphthalene in reactions with and without
air access, and their structural characterization by ESI-MS, APPI- MS, LDI-MS,
ESI-MS/MS, NMR, and IR.

e ESI-MS SRM and UV/Vis time studies of the behaviour of primary rhenium
complexes (Re™) with aromatic ligands in the reaction mixture, depending
on the addition of triethylamine as a reaction accelerator and the conversion
of the complexes to another more stable form.

e Development and successful realization of the process of separation
of the individual components of the reaction using the method of capillary zone
electrophoresis in background electrolytes with a changing pH-value.
Monitoring of the dependency of the migration time of the reaction mixture
components onthe pH-value of the background electrolytes. Analytical
validation of the method for determining the components of the reaction mixture

containing the rhenium complex with 1,2,3-trthydroxybenzene.
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SEZNAM ZKRATEK A SYMBOLU

'HNMR
“C NMR
ACN
ACN-d3
ADP

APCI

API

APPI

APPI-MS
ATP
Cat.

CZE

DAD

DESI

DNA

EOF

ESI

ESI-MS
ESI-MS/MS
Exp.

EZ

FAB

vodikova nuklearni magneticka resonance
PC uhlikova nuklearni magneticka resonance
acetonitril

deuterovany acetonitril

adenosin difosfat

chemicka ionizace za atmosférického tlaku (z anglického Atmospheric
Pressure Chemical lonization)

aktivni farmaceutickd substance (z anglického Active Pharmaceutical
Ingredient)

fotoionizace za atmosférického tlaku (z anglického Atmospheric
Pressure Photo lonization)

hmotnostni spektrometrie s fotoionizaci za atmosférického tlaku
adenosin trifosfat
katechol (ligand 1,2-dihydroxybenzen)

kapilarni zonova elektroforéza (z anglického Capillary Zone
Electrophoresis)

detekce pomoci diodového pole (z anglického Diode Array Detection)

desorp¢ni ionizace elektrosprejem (z anglického Desorption
Electrospray Ilonization)

deoxyribonukleova kyselina

elektroosmoticky tok (z anglického ElectroOsmotic Flow)
elektrosprejova ionizace (z anglického ElectroSpray lonization)
hmotnostni spektrometrie s elektrosprejovou ionizaci
tandemova hmotnostni spektrometrie s elektrosprejovou ionizaci
experimentalné ziskana hodnota

elektronovy zachyt

ionizace urychlenymi atomy (z anglického Fast Atom Bombardment)
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FD
FLD
HEDP

HPLC

IR

kal.

LDI
LDI-MS
LOD
LOQ

MALDI

MIBI
MS

MS/MS

NMR
p-BA

PESI

PET

PG

RTG

ionizace polem (z anglického Field Desorption)
fluorescenc¢ni detektor
1,1-hydroxydietiliden difosfat

vysokoucinna kapalinovéa chromatografie (z anglického High
Performance Liquid Chromatography)

intenzita signalu pikl

izomerni ptechod

infraervena spektrometrie (z anglického InfraRed spectrometry)
vypoctena hodnota

laserova desorpce/ionizace (z anglického Laser Desorption/lonization)
hmotnostni spektrometrie s laserovou desorpci/ionizaci

limit detekce (z anglického Limit Of Detection)

limit kvantifikace (z anglického Limit Of Quantification)

laserové desorpce/ionizace za pritomnosti matrice (z anglického Matrix-
Assisted Laser Desorption/lonization)

metoxyisobutylisonitril

hmotnostni spektrometrie (z anglického Mass Spectrometry)
tandemova hmotnostni spektrometrie

pocet signalt produktovy iontl ve vzorci indexu podobnosti
nuklearni magneticka resonance

para-bromanilin

elektrosprejova ionizace vyuzivajici jehly (z anglického Probe
Electrospray lonization)

pozitronova emisni tomografie
pyrogalol (ligand 1,2,3-trihydroxybenzen)
ribonukleova kyselina

rentgen, rentgenove zafeni
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SCE

ST

SRM

TEA
TLC
UV/Vis

v/v

ppm
R2

tip

At

nasycena kalomelova elektroda (z anglického Saturated Calomel
Electrode)

index podobnosti (z anglického Similarity Index)

zaznam vybranych ptechodl (z anglického Selected Reaction
Monitoring)

triethylamin

tenkovrstva chromatografie

spektrofotometrie v ultrafialové a viditelné oblasti spektra
objem podilu/objem celku (z anglického volume/volume)

protonové Cislo

zateni alfa

zéteni beta plus

zéafeni beta minus
zafeni gama

chemicky posun [ppm]

vlnova délka [nm]

pomér hmotnosti a nadboje (z anglického mass/charge ratio)
jedna miliontina celku (z anglického Parts Per Million)
interval spolehlivosti regresni ptimky

¢as [min]

polocas rozpadu [h]

casové intervaly [min]
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UvoD

Nuklearni medicina se fadi mezi rychle se rozvijejici medicinské obory schopné
diagnostikovat bunécné nadorové bujeni jiz v prvotnim stddiu pomoci vhodnych
otevienych radioaktivnich zafich aplikovanych do téla pacienta. Vyhodou soucasnych
metod nuklearni mediciny je neinvazivnost, tedy prakticky absence jakychkoli
vedlej$ich ucinkli a vétsSinou 1 nizkd radiaéni zatéz. Vhodné diagnostické metody
umoziuji sledovani funk¢éniho stavu organd, jejich metabolické aktivity 1 na
molekuldrni urovni, zobrazeni rGzné patologické léze (vCetné primarnich nebo
sekundarnich nadori), zobrazeni distribuce nadorovych antigenli, hormondlnich
receptoril, neuroreceptord, sledovani aktivity zanéth a mnohé dalsi zajimavé aplikace.
Hlavni nevyhodou radiodiagnostickych technik je nedostate¢né zobrazeni a vykresleni
anatomickych detaili jednotlivych orgdni a pochopiteln¢ 1 nutnost prace
s radioaktivnimi zafi¢i za ptisné kontrolovanych podminek [1].

'L, BT nebo *'TI) je do t&la pacienta

Otevieny radiozaii¢ (napi. *"Tc,
aplikovan nejc€astéji intravendzné. Vhodnou zobrazovaci technikou (napt. pozitronovou
emisni tomografii) vyuzivajici gama kameru jako zobrazovaci pfistroj je detekovana
radiace vychazejici z otevien¢ho radiozaficového indikatoru, kterd je nasledné
prevedena do snimkové podoby. Metabolicky aktivnéjsi tkané (rakovina) soustfed’uji
aktivni latku mnohem vice nez okolni zdrava tkan a proto jsou na vysledném snimku
vice patrné. Nevyhodou v soucasné dobé nejvice vyuzivaného oteviené¢ho radiozarice
#"T¢ je jeho kratka doba pologasu rozpadu. Musi byt pfipravovan ptimo pred vlastni
aplikaci do téla pacienta, coz s sebou nese rizika spojend s pifipravou a vystaveni

personalu nemocnice nezddoucimu zéafeni a nemalé finan¢ni naklady spojené s nutnym

vybavenim k préci s otevienymi radiozafici [1].

V poslednich nékolika letech se pozornost védcii zaméfila na radioaktivni
izotopy jinych kovi (s techneciu podobnymi chemickymi vlastnostmi) vcetné rhenia,
které ma pro medicinské ucely vhodné izotopy '*Re a '"**Re. Rheniové izotopy vykazuji
jisté podobnosti s techneciovymi analogy a maji navic del§i poloCasy rozpadu
umozilujici pfipravu na specializovanych pracoviStich mimo nemocni¢ni pracoviste.
Podobnost mezi techneciovymi a rheniovymi analogy je déna jejich pozici v periodické
tabulce 1 jejich jadernymi vlastnostmi, nicméné predikce chovani rheniovych preparati
na zaklad¢ znalosti techneciovych analogii bez podrobnéjsich chemickych a klinickych
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studii neni mozna [2]. FyzikaIné chemické vlastnosti (velikost, lipofilita atd.) komplexi
rhenia a technecia se stejnymi ligandem jsou v nékterych piipadech podobné. Tato
analoga nicméné vykazuji i n¢kolik odliSnosti (napt. rhenium v komplexech je mnohem
obtiznéji redukovatelné), které mohou vést k odlisné distribuci v lidském téle. [3].
V poslednich nékolika letech se soustted’uje vyzkum na vyuZiti izotopid rhenia zejména

k diagnostikovani rakoviny kostni tkan¢.

Na rozdil od vétsiny ostatnich 1é¢iv jsou radiofarmaka casto podavana ve formé
reak¢nich smési bez predchozi izolace Gc¢inné latky. Pred vlastni aplikaci do téla pacienta
je nutno znat konkrétni slozeni této reakéni smeési véetné zastoupeni nezreagovanych
vychozich latek, pozadovaného produktu reakce a vSech wvznikajicich vedlejSich
a degradacnich produkti. Slozky reakénich smési pii piipravé rheniovych komplexi
je mozné stanovit mnoha analytickymi metodami v zavislosti na parametru méfeni:
zména oxidacniho stavu rhenia (elektroanalytické, spektrometrické metody),
monitorovani slozeni reak¢éni smeési a zastoupeni jednotlivych slozek reakce
(vysokouc¢innd kapalinovd chromatografie, kapildrni zénova elektroforéza) piipadné
urceni Cistoty a analyza produktl (tenkovrstva chromatografie, hmotnostni spektrometrie,
nuklearni magnetickéd resonance, infracervena spektrometrie). Hmotnostni spektrometrie
s mé¢kkymi ionizacnimi technikami (ESI, APPI, APCI nebo LDI) patiici do skupiny
nedestruktivnich metod je vhodna ke studiu struktury vyslednych komplext
a monitorovani slozeni reak¢éni smési. Dobra znalost doby stalosti rheniového komplexu,
struktur degradacnich produktl a jednoducha ptiprava jsou dilezité pro ptipadné budouci

vyuziti theniovych izotopti v nuklearni medicing.
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CILE PRACE

Tato disertani prace si klade za cil rozsifit spektrum analytickych metod
vhodnych pro kvantifikaci a strukturni charakterizaci organometalickych komplexti
rhenia s aromatickymi ligandy. Bude prostudovana moznost vyuziti hmotnostni
spektrometrie s mé€kkymi ioniza¢nimi technikami pro strukturni charakterizaci
vznikajicich komplex. Bude prostudovana moznost separace a kvantifikace
jednotlivych slozek reakéni smési pii pripravé komplexi metodou kapilarni zénové

elektroforézy.

Konkrétni dil¢i cile disertacni prace jsou nasledujici:

e Optimalizovat postupy pfipravy vybranych komplexi rhenia s organickymi
aromatickymi ligandy (1,2-dihydroxybenzen, 1,2,3-trihydroxybenzen a 2,3-
dihydroxynaftalen);

e Prostudovat moznosti strukturdlni charakterizace pfipravenych rheniovych
komplexi metodou hmotnostni spektrometrie s vyuzitim mé&kkych ionizacnich
technik (elektrosprejové ionizace, chemicka a foto ionizace za atmosférického
tlaku a laserové desorp¢ni ionizace);

e Charakterizovat produkty naslednych reakénich pfemén piipravenych
rheniovych komplexi v aerobnich podminkdch metodami hmotnostni
spektrometrie a UV/Vis spektrometrie;

e Vyvinout, optimalizovat a c¢astecné¢ validovat metodu kapildrni zdénové
elektroforézy a zhodnotit separacni metodu z hlediska dosazené separacni
ucinnosti, citlivosti detekce, doby analyzy a dalSich béZznych validacnich

parametrq.
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RHENIUM A JEHO KOMPLEXY

4.1 Nuklearni medicina

Nukledrni medicina patii mezi nejrychleji se rozvijejici samostatné medicinské
obory. Principidlné se zabyva diagnostikou a 1écbou nadorového bujeni prostfednictvim
cilené aplikace zdroje ionizujicitho zafeni (otevieného radioaktivniho zéfice) do téla

pacienta.

Historie nukledrni mediciny se zaCala psat prvnim publikovanim vyuzitelnosti
RTG zareni Wilhelmem Conradem Rontgenem roku 1895. Pokusy ohledné RTG zéteni
byly provadény asi od 50. let 19. stoleti, ale az Rontgenovi (prvnimu nositeli Nobelovy
ceny za fyziku) se podafilo vyuzit toto nezndmé zaieni (Rontgenem pojmenovano jako
zéateni X) k zobrazovacim technikam. Na Rontgenovu praci navazal téhoz roku Thomas
Alva Edison vynalezem fluoreskopu vyuzivajiciho fluorescence urcitych materidlu
po vyjmuti z RTG pole [1]. Do lékatského odvétvi se RTG zateni dostalo v roce 1908
diky Johnu Hall-Edwardsovi a jeho zalozeni 1ékarského oboru ozatfovaci terapie [2].
Zacatek nuklearni mediciny se datuje mezi roky 1934 a 1946, kdy byla objevena
radioaktivita urcitych izotopti prvkii a prtimyslovd vyroba radionuklidi stabilnich
prvkl, prestoze jiz vroce 1913 Gyodrgy Hevesy uspéSné pouzil radionuklid jako
znackova¢ chemickych procesti [3]. Za tento objev mu byla vroce 1943 udélena
Nobelova cena. Od 50. let 20. stoleti, kdy byla vynalezena scintila¢ni kamera (Hall O.
Anger) a piimocary skener (Benedict Cassen), je nuklearni medicina vyuzivana pro
chirurgicka, nefrologickd, endokrinologicka fyziologickd a jina lékarska vySetieni [4].
Vroce 1971 byla nukledrni medicina uznéna jako samostatnd 1ékaiska specializace

Americkou I€katskou asociaci, ¢im se dostava do povédomi vétSiny 1€kait [5].

Diagnostické metody se v nukledrni mediciné déli na in vivo (asi 95 % vSech
vySetieni) a in vitro. Mirou vyuZziti in vivo metod se nukledrni medicina odliSuje
od ostatnich zobrazovacich technika vyuzivajicich vné&jSich zdroji RTG zéfeni. Zateni
emitovan¢ diagnostickymi radiofarmaky je mnohdy mnohonisobné niz§i nez davka
obdrzena pfi RTG diagnostice. Lze tedy detailn¢ vySetfit velmi nachylné oblasti
a to bez nutnosti invazivniho zasahu nebo chirurgického zakroku. Nukledrni medicinu

wev

primarnich a sekundarnich nadora z pohledu radiacni zatéze pacienta [6].
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Nuklearni medicina je samostatnym medicinskym oborem navazujicim na dalsi
klinické obory (kardiologie, neurologie nebo onkologie). Metody nuklearni mediciny
jsou zaloZeny na indikatorovém (stopovacim) principu aplikovaného radionuklidu.
Po zakoncentrovani radionuklidu mohou byt vhodnou zobrazovaci technikou
diagnostikovany primarni i sekundarni nadory. Primarni nador vznika prvotné v urcitém
organu (napf.: primarnim nddorem plic je bronchogenni karcinom), jako sekundarni

nador urcitého organu se oznacuji metastazy pochazejici z nadoru v jiné ¢asti téla [7].

Jako nador se obecn¢ oznacuji shluky bunck rostouci samostatné bez fizeni
organismu. Nadory mohou vzniknout v jakékoliv tkéani, nejCastéji ale vznikaji ve
tkanich, kde se nejvice mnozi buiiky (dychaci soustava, travici soustava) anebo s
nejvetsi stimulaci bunék hormony (prostata, vajecniky, prsy) [8]. Rakovinové bunky
jsou charakterizovany svou schopnosti rist i bez pfitomnosti vétSiny riistovych faktort,
neschopnosti odpovidat na signaly omezujiciho jejich rast, omezenou citlivosti vici
obrannému mechanismu programované bunécné smrti, teoreticky neomezenou

schopnosti déleni a schopnosti Sifeni se 1 do vzdalenych tkani [9].

Mezi nejcastéjsi faktory ovliviujici vznik a vyvoj rakovinového bujeni je mozné

zaradit:

1. dédic¢nost

Vliv poskozenych gent zdédénych po rodicich, kdy je zarode€nd mutace pfenesena
jiz pohlavnimi buiikami a byla by tedy obsaZena ve vSech buiikéach ditéte, je pomérné
vzacnd (nastdva asi v5 - 10 % nadorovych onemocnénich). Tykd se zejména
nadorovych onemocnéni diagnostikovanych jiz ve velice utlém veéku ditéte (napf.
nadory oka nebo détské nadory ledvin). Jsou vSak znamé piipady tzv. ,,nddorovych
rodin®“ v jejichz rodokmenu je mozné vysledovat ur¢ité typy nadorti pravidelné se
objevujicich pies nékolik generaci.

7w 7

2. ionizujici zafen

Ionizujici zafeni je zodpovédné asi za 5 % vSech Umrti spojenych s nadorovym
onemocnénim. VétSinou se jednd o expozici piirodnimu zafeni. Nejvyznamnéj$im

zastupcem je v piirodé bézné€ se vyskytujici radon a jeho rozpadové produkty.
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3. UV zareni

UV zafeni je spojené se vznikem vétSiny melanomt (nadorovych onemocnéni kiize).
Pfi sniZeni frekvence zamérného slunéni a pouzivani ochrannych pomicek je mozné

snizit moznost vzniku melanomu na minimum.

4. vyZiva
Strava je asi nejCastéjSim faktorem, podilejicim se na vzniku nddorového bujeni.
Jako typicky piiklad je mozné pouzit rakovinu tlustého stieva, ktera fadi Ceskou
republiku na prvni misto v celosvétovém méfitku pacientl stimto onemocnénim
na 100 000 zdravych jedinct. Jako problematické se jevi nadmérné soleni, prejidani,
nedostatek cerstvych potravin, nadbyte¢ny pfijem masa nebo nadbytek smazenych a

jinak na oleji upravenych jidel [10].

DalSimi faktory ovliviiujicimi vznik nadorovych onemocni, jsou zejména
kouteni, konzumace alkoholu, elektromagnetické zafeni, viry, bakterie nebo nechranény

sexualni zivot (spojeny zejména s karcinomem délozniho ¢ipku) [10, 11].

Lécba jiz propuklych nadorovych onemocnéni je zavisla na dobé, kdy byl karcinom
objeven, tedy, v jakém stadiu nemoci se pacient nachdzi. Lécebny proces je rozdélen do
dvou fazi: faze diagnostikovani nadorového onemocnéni a faze terapeutické. Strategie 1écby
(terapie) zavisi na biologickém charakteru nadoru, na jeho velikosti a lokalizaci a na véku
a celkovém stavu pacienta [12]. Terapeuticky lze nadorova onemocnéni fesit pomoci tii

lécebnych zdméri:

1. Kkurativni zamér
Cilem lécby je nemocného vylécit. Jako kritérium uspeSnosti pouzité 1éCby je preziti
pacienta bez navratu onemocnéni po urcitou dobu. U vétSiny nadorti se jako tispésna 1écba
poklada doba bez ndvratu onemocnéni alespon po 5 let, u pomalu rostoucich nadori pak po
10 let.

2. paliativni zamér

Cilem lécby je nemocného zbavit projevii onemocnéni a zpomalit nebo Uplné zastavit
rist nadorového onemocnéni. Nador nicméné neni mozné z téla pacienta odstranit

upln€. Nemocny pak muize zit kvalitnim zivotem jesté po nékolik let nebo desetileti.
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3. symptomaticky zamér

Pacient se jiz nachéazi v takovém stavu, ze vyléeni neni mozné a neda se ani zastavit
postup onemocnéni. Jednd se zejména o onemocnéni spojend s malignimi nadory.
Zakladem 1écby je snaha o udrzeni kvality zivota, tiSeni pfipadné bolesti a feSeni

komplikaci spojenych s rastem nadoru [13-15].

Lécba nadorového onemocnéni (pro kurativni zamér 1écby) je provadeéna
zejména chirurgicky (metoda se stidle nejvétsi nad€ji na Uplné vyléceni),
chemoterapeuticky (lé¢ba vysokou davkou cytostatik predpokladajici vetsi citlivost
nadorovych bunc¢k k toxickému poskozeni vyvolanému podanim cytostatika),
radioterapeuticky (lécba ionizujicim zéfeni), termoterapeuticky (likvidace nddorového
onemocnéni pomoci tepla), imunoterapeuticky (cilend stimulace imunitniho systému
pacienta), hormonaln¢ (podani latek tlumicich u¢inek nékterych hormont) nebo pomoci
biologickych latek (ovlivnéni nddorového bujeni na bunééné urovni pomoci zasahu do

zivotniho pochodu bunky) [16, 17].

Lokalizace, rozsah ¢i charakter nddoru jsou urceny diagnostickymi metodami.
Diagnostika piedchazi terapeutickému procesu a od jejiho vysledku se odviji nasledné
pouzita terapeuticka metoda. Cilem diagnostického procesu je v prvni fad¢ zjistit, zda je
v téle pacienta piitomen nador. Po prokazani rakovinového bujeni v organismu je
diillezitd charakterizace nadoru, zda se jedna o maligni, potenciondlné¢ maligni nebo
benigni nador [18]. Nadorovd onemocnéni jsou diagnostikovdna pomoci zakladnich

skupin metod:

1. metody biochemické

Vyuzivaji vySetfeni krve, moci nebo stolice na urCeni zastoupeni jednotlivych
nadorovych markerti v odebraném vzorku. Jako ptiklad mize byt test na mnozstvi krve
obsazené ve stolici, které mize indikovat rakovinu tlusté¢ho stfeva. Obsahly piehled

markert byl publikovan v [19, 20].

2. metody genetické

Pfedmétem vyzkumu jsou zmény v molekule DNA signalizujici naruSeni bunck

na genetické trovni.
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3. metody bioptické

Zahrnuji odbér tkéné pacienta pomoci bioptické jehly a jeji nasledné zkoumani

pod mikroskopem (histologie).

4. metody cytologické

Sleduji ptfitomnost nebezpecnych bunék ve vzorcich télnich tekutin (zejména

mozkomi$ni mok nebo vypotek).

5. metody zobrazovaci

Hledajici ptitomnost nddorového onemocnéni pomoci rentgenovych a jim podobnych
snimkli [21-23]. Princip pozitronové emisni tomografie (PET) je zndzornén na

obrazku 4.1.

Procesni jednotka

Pienos
datovych
souboru

Anbhilace -

Vytvofeni obrazové podoby

Obr. 4.1 Schéma vySetfeni mozku pomoci pozitronové emisni tomografie (pfevzato

z [24], upraveno)
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Diagnostické metody zobrazovaci (PET, radiodiagnostika nebo hybridni
metody zobrazovani) jsou zaloZeny na aplikaci radiofarmaka s kratkym polocasem
rozpadu a jeho nésledném stopovani (indikaci) v téle pacienta [8]. Principem PET
je lokalizace mista rozlozeni radiofarmaka po jeho aplikaci a ndasledném
zakoncetrovadni zejména v mist¢ rakovinového bujeni vykazujictho vé&tsi
metabolickou aktivitu nez zdrava tkan. Po zakoncentrovani radiofarmaka nasleduje
postupné rozlozeni nuklidu kovu obsazeného v aplikovaném radiofarmaku
doprovéazené uvolnénim pozitronti. Pozitrony reaguji ihned s elektrony z okolni
tkdn€ za vzniku dvou fotonid zafeni gama. Vzniklé fotony odlétaji z mista vzniku
v opacném sméru v témeét dokonalé piimce, diky ¢emuz je mozné vhodnou
zobrazovaci technikou presné¢ lokalizovat misto vyskytu nddoru [24]. Radioizotopy
aplikované do téla pacienta podléhaji v organismu stejné chemické cesté (stejnému
metabolismu) jako neradioaktivni stabilni izotop téhoz prvku. Diky této vlastnosti
je mozny vyzkum metabolismu daného farmaka v laboratornich podminkach

na neradioaktivnim izotopu bez ohrozeni védeckych pracovniki [25].

Zatimco klasické zobrazovaci metody (RTG, magnetickd resonance)
zobrazuji pouze anatomickou strukturu vySetfovanych tkani, diagnostické
zobrazovaci metody maji moznost také sledovat fyziologické a biologické zmény
patologického loZiska a porovnat je s okolni tkani zcela neinvazivnim postupem.
Mohou tedy odhalit pfipadné nemoci jiz vraném stadiu vyvoje. Diky
neinvazivnimu zplsobu lécby je nukledrni medicina vhodnd 1 pro pediatricka
vySetfeni pacientli v kojeneckém véku. Metodami nuklearni mediciny je mozné
sledovat vylucovaci funkci ledvin, pumpovani krve srdcem nebo zakoncentrovani

jodu ve §titné zlaze [26].

Vyhoda oznafeni nddoru pomoci radiofarmaka oproti klasickému RTG

ozafovani je naznacena na obrazku 4.2.
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Externi Oznaceni
ozafovani radionuklidem

Y

v

Obr. 4.2 Srovnani klasického externiho RTG vySetieni s cilenym vySetfenim pomoci

radiofarmak (pfevzato z [27], upraveno)

Z obrazku 4.2 je patrné, ze oproti klasickému RTG zobrazeni, které ozaii
Sirokou oblast lidského téla a miize tedy negativné ovlivnit 1 zdravé lidské buiky,
oznaceni nddoru pomoci radiofarmaka neptedstavuje témeét zadné riziko pro zdravé
buiiky. Vzhledem k tomu, Zze nadorova bunka vykazuje fadové vyssi metabolické
pochody nez buika zdrava, dochéazi témét vyluéné k zakoncentrovani radiofarmaka
pravé do téchto bunck. Nepatrné mnozstvi, které se dostdva do zdravych bunck, je

oproti ozafeni RTG zafenim témé&f zanedbatelné.

4.1.1 Prvky vyuzivané v nukledrni mediciné

Prvky se v piirodé vyskytuji vétSinou jako smés riznych izotopti (riznych nuklidi
stejného prvku). Nuklidy prvka se schopnosti samovolné radioaktivni pfemény jader jsou
oznacovany jako radionuklidy. Béhem pfemény jadra radionuklidu dochazi k uvolnéni
prebytecné energie bud’ ve formé vytvofeni novych cCastic (radioaktivita) nebo jejim
uvolnénim do elektronu v atomovém obalu. Béhem rozpadu tedy dochazi k uvolnéni alfa
Castice, subatomarni ¢astice nebo radioaktivniho zafeni gama. Mezi piiklady vyuziti prvkl
vykazujicich radioaktivitu mizeme zafadit pouziti v technice (jaderné -elektrarny,
odhalovéni skrytych vad materiali, méfeni tloustky materialtr), archeologii (radioizotopova
metoda ureni stafi nalezu pomoci izotopu 'C), zemé&d&lstvi (Slechtitelstvi, ochrana
skladovanych potravin), vojenstvi (jadernd bomba) a piedev§im I¢€katstvi [27]. Kazdy

radionuklid ma sviij charakteristicky polocas rozpadu, druh piemény a aktivitu.
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K radiodiagnostickym vySetfenim je mozné vyuzit radionuklidy mnoha prvka.
Stru¢ny piehled pouzivanych radionuklidi vcetné jejich polocasu rozpadu, druhu
pfemény, energie zafeni a piikladu pouziti jsou uvedeny v tabulce 4.1 [27, 28].
Pod zkratkami jsou uvedeny jednotlivé druhy pfi pfeméné vysilaného zéfeni: zafeni alfa
(o), zéateni beta plus (B+) a beta minus (B-), zafeni gama (y), elektronovy zachyt (EZ)

a izomerni ptechod (IP).

Tab. 4.1 Ptiklady radionuklidli vyuzivanych v medicing vcetné jejich polocasu rozpadu,
druhu pfemény, energie zafeni a ptikladu vyuziti pouzivanych v nukledrni medicing.
Zkratky EZ a IP oznacuji ptechody elektronovym zichytem (EZ) a izomernim
ptechodem (IP) [27, 28].

Radionuklid Polocas P ruvh i Energie zafeni Lit.
rozpadu piemény
e 20 min. p+. pozitrony 0.96 MeV [29]
BN 10 min. p+. pozitrony 1.19 MeV [30]
150 2 min. (+. pozitrony 1,73 MeV [31]
IEE 110 min. p+. pozitrony 0.64 MeV [32]
2p 14.3 dne p+. B- 1,71 MeV [33]
1Cr 27,7 dne EZ. v 320 keV [34]
*ICo 272 dne EZ. v 122 keV [35]
81Ga 78 hod. EZ. v 01; 185:300 keV [36]
8Ga 68 min. [+, pozitrony 1,90 MeV [37]
SlmKy 13,3 sec. IP. v 190 keV [38]
2Rb 1.3 min. p+. pozitrony 3.15 MeV [39]
838r 50,5 dne pt. B- 1.49 MeV [40]
0y 64 hod. p+. B- 2,28 MeV [41]
BT 6 hod. IP, 140 keV 2]
**Mo 67 hod. pt. B-. v 1.21 MeV [42]
Uity 2.8 dne EZ. v 171; 245 keV [43]
1231 13 hod. EZ. v 157 keV [44]
1277 60 dni EZ v 35 keV [45]
Ly & dni pt+. B-. v 80; 284; 600 keV [46]
B3i¥e 36,4 dne EZ. y 172; 203 keV [47]
133Sm 47 hod. pt+. B-. v 103;630; 700 keV [48]
186Re 90,6 hod. pt+. B-. v 1.07 MeV 2]
Him 73 hod. IP. v 78; 167 keV [49]
Ay 7.2 hod. ] 5,87 MeV [20]
1B 1,01 hod. o, p+. B- 6.09; 2,25 MeV [51]
1Ra 11,4 dne a 5,75 MeV [52.53]

* Tuéné je zvyraznén nejpouzivanédjii radionuklid #*=Tc
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Z tabulky 4.1 je patrnd vyuzitelnost technecia pro I€kaiské ucely. Energie
emitované¢ho zareni je dostatecné velkd, aby nebyla piili§ odstinéna okolnimi organy nebo
tkani (je snadno detekovatelnd), a relativné kratky polocas rozpadu nezatézuje organismus

v dlouhém ¢asovém useku.

Jednotlivé radionuklidy vySe vyjmenovanych kovl nachazi své uplatnéni
v rozdilnych radiodiagnostickych metodach v zavislosti na zkoumaném organu. Nékteré
orgéany potrebuji dlouhy polocas rozpadu izotopu, aby se do ngj radionuklid dostal a mohl

se v ném zakoncentrovat, jinymi radionuklid naopak rychle prochézi do dalSich ¢asti t¢la.

4.1.2 Radiofarmaka

Radiofarmaka jsou medicinské piipravky skladajici se s radionuklidu (G¢inna latka)
navazaného na neradioaktivni vhodny nosi¢ (farmakum, voleno na zakladé chovani a
specifické distribuce v organismu) se specifickou farmakokinetikou zajiStujici spravné
misto akumulace. Podle ¢eského I€kopisu dostupného na internetovych strankach Statniho
ustavu pro kontrolu 1é¢iv jsou jako radiofarmaka oznaceny jakékoliv 1éCivé piipravky,
které, kdyz jsou pripraveny k podéni, obsahuji jeden nebo vice radionuklidii (radioaktivnich
izotopll) a jsou urceny k léCebnym nebo diagnostickym uceltim [54]. Oproti jinym 1éCiviim
je mozna zména obsahu latku nesouci vlastni ucinek pripravku. Zvolena radiofarmaka jsou
do téla pacienta davkovana ve stopovém mnozstvi (nano- a pikomolarni koncentrace 10 -
10" mol dm™, hmotnostn& asi 10"° - 10™"* gramit), aby nedochazelo k ovlivnéni funkce
jednotlivych organti ani okolni tkané [55].

Radionuklidy jsou déleny podle doby rozkladu, druhu zafeni (o, B*, B~ nebo )
v klinické praxi pfili§ vyuzivana, B zafice jsou pouzivany pro terapeutické ucely a y zafice
v metodach in vivo diagnostiky. V zavislosti na dob& pfemény jsou radionuklidy
pripravovany hromadné v lékdrenskych koncernech (dny az tydny) nebo piimo
na klinickém pracovisti (minuty, hodiny) tésné pied aplikaci do téla pacienta [56].
Vyréabény jsou v cyklotronech ('''In, “Ga, '*’I, "'C), jadernych reaktorech (*Mo, 'L, *'Cr)
nebo jsou ziskavany jako dcefiné produkty z radionuklidovych generatora (*Tc). Oproti
jinym lécivim se radiofarmaka vyznacuji s ¢asem exponencialné klesajici koncentraci

ucinné latky vlivem radioaktivni pfemény radionuklidu na jiny prvek [55].
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Jako nosicCe jsou vyuzivany chemicky a biologicky aktivni latky anorganickych
soli, molekul organickych latek nebo slozek krve, peptidy a protilatky [57]. Obecné lze
diagnostickd a terapeutickd radiofarmaka rozdé€lit do dvou skupin podle pouzitého
peptidy nebo oligonukleotidy) tvoii tzv. cilici skupiny. Tyto cilici skupiny jsou nasledné
obohaceny malymi organickymi molekulami obsahujicimi jiz zabudovany radionuklid
apo vpraveni do téla pacienta napomahaji vizualizaci napf. nadorti se specifickymi

receptory ve své bunééné membrané (['''In]pentetreotid) [58].

Druhou skupinou jsou pak molekuly radiofarmak Casto odvozené ze zavedenych
1é¢iv nebo pftirodnich latek, jez jsou vétSinou znaCeny zaménou jednoho z atomi
za odpovidajici radioaktivni izotop (napf. [''C]cholin) nebo za izotop jiného prvku
neobsazeného v ptivodni molekule (["*F]cholin) [59]. Pfikladem vyuziti druhé skupiny
radiofarmak mtize byt zobrazeni nadorti zalozenych na nespecifickych mechanismech.
Mezi takova zobrazeni patii pouziti [*™Tc]MIBI (MIBI = metoxyisobutylisonitril)
jako lipofilniho kationtu akumulovaného v mitochondriich viabilnich bun¢k na zakladé¢
potencialového rozdilu na membrané mitochondrii [60-62]. Vyssi akumulace je typicka

pro metabolicky aktivnéjsi buniky (nador).

Podle fyzikalni struktury mizeme radiofarmaka rozd¢€lit na pravé roztoky,
koloidni disperze, suspenze nebo plyny. Nejcastéji se radiofarmaceutické piipravky
podavaji parenteraln€, intravendzné (pravé roztoky, suspenze, disperze), subkutanné
(disperze) nebo intralumbalné (roztoky nebo plyny) [63]. Radiofarmaka se z 93 %
vyuzivaji k diagnostickym tucelim (zobrazeni distribuce, metabolismu v cilovych
organech, posouzeni poruch obvyklé farmakokinetiky) a ze 7 % jsou vyuzivana k piimé
terapii lokalnim ozafenim postizeného organu specifickym radiofarmakem. Nejvice
vyuzivané radiofarmakum obsahujici technecium *™Tc¢ jako G¢innou latku je podavano
injek¢né.

Technecium 99m bylo objeveno v roce 1938 pii ostfelovani molybdenu 99.
Tento zpiisob piipravy byl zachovan v komer¢nich aplikacich do dnesnich dnti, protoze
Ze by se v jednom podniku ozafil uran za vzniku odpovidajiciho *™Tc radiofarmaka
transportovaného do nemocnice k dal§imu vyuZiti. Cely proces vyroby je komplikovan
kratkym polo¢asem rozpadu *™Te¢, ktery ¢ini 6 hodin. Kvuli kratkému polo¢asu rozpadu
neni mozné technecium skladovat po delsi dobu a tedy i piepravovat na velké
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vzdalenosti. Proto je nejdiive v reaktoru ozéaien vysoce obohaceny uran *°U za vzniku
izotopu Mo s polodasem rozpadu 66 hodin, umoziujiciho transport a kratkodobé
pfechovavani. V jiném zafizeni umisténém pobliZ nemocnice potom probihd pfeména
molybdenu 99 na technecium 99m.

Tomograficky zdznam vySetfeni kostni tkan& pomoci *™Tc¢ radioizotopu

jeukazan na obrazku 4.3. Cervené casti zvyraziuji oblast vyskytu nadorového

onemocnéni.

Obr. 4.3 Tomografie kostni tkan& po aplikaci radiofarmaka s *™Tc (pfevzato z [64]).

Schématické zobrazeni ptipravy techneciového radionuklidu v molybdenovém
generatoru z izotopu molybdenu 99 je ukézédno na obrazku 4.4. Podobna pfiprava

se uplatiluje 1 v ptipadé rheniového radionuklidu.
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Obr. 4.4 Priprava techneciového radiofarmaka z uranu 235 (ptevzato z [64], upraveno).
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V souCasné dob¢ jsou radiofarmaka vétSinou dodavdna do nemocni¢niho
pracoviste¢ ve formé ,kitovych piipravka®, ze kterych se po pifidani radionuklidu
pfipravi znacené radiofarmakum o potfebné kvalité s efektivitou znaceni obvykle vyssi

nez 95 %.

Oproti diagnostické nuklearni mediciné terapeuticka nuklearni medicina vyuziva
radioaktivniho izotopu aplikovaného do t€la pacienta z diivodu léCeni rakoviny nebo
kontroly nad rakovinovymi symptomy. Jako terapeutické radionuklidy vyuZivame
nuklidy s vysokou aktivitou a nizkym dosahem zafeni ('L, *°Y, *Sr). Radionuklidy jsou
specificky vychytavany rakovinovou tkani a prod€lavaji nejCastéji f premenu [63].
Prikladem terapie pomoci nukledrni mediciny mutze byt 1écba nadoru stitné zlazy
vyuzivajici schopnosti §titné Zlazy intenzivné vychytavat jod (pouziva se "'T), 1éCeni
kostni metastazy (*’Sr, >Sm, '"*Re) nebo prodlouzeni Zivota pacientii s rezistentnim

karcinomem prostaty (***Ra).

4.1.3 Vyuziti rhenia v radiodiagnostice

Rhenium patii mezi stiibrobilé vzacné, tvrdé a té¢zké kovy s vysokou odolnosti, jehoz
existenci predpoveédél Dimitrij Ivanovi¢ Mendélejev pii vytvafeni své periodické tabulky
prvkl. Mendé¢lejev nazval neznamy prvek dwi-mangan, protoze mél mit podobné vlastnosti
jako mangan. Prvni nepfimd zminka o objeveni rhenia pochazi jiz zroku 1908, kdy
japonskych védec Masataka Ogawa zkoumal mineraly thoria ze Sri Lanky a nalezl v pasech
atomové spektrometrie neznamy prvek. Mylné se domnival, Ze se jednd o jiZ znamy mangan

a proto objevu nevénoval patficnou pozornost a objeveni nového prvku nepublikoval.

Rhenium bylo objeveno némeckymi védci Walterem Noddackem, Idou Tacke-
Noddackovou a Otto Carl Bergem jako jeden ze vzacnéjSich elementii v zemské kiite RTG
spektroskopii v roce 1925 jako stopova piimés v platinovych rudach a mineralech kolumbit,
gadolinit a molybdenit. Z prvkl tvoricich stabilni izotopy bylo rhenium objeveno jako
posledni. Stejné jako vétSina kovl t&€ZSich neZ Zelezo, je rhenium produktem vybuchu

supernovy [65].

V roce 1928 se Noddackovi s Bergem podatilo uspésné izolovat 1 g Cistého rhenia
zpracovanim 660 kg molybdenitu. V zemské kiife ¢ini primemy obsah rhenia pouze 1 — 5 ng

na kilogram zeminy, vétSinou jako pifimés v minerdlu molybdenit. V piirodé
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se rthenium volng& vyskytuje jako smés neradioaktivniho stabilniho nuklidu '"¥Re (37,4%) a
radioaktivniho nuklidu '""Re (62,6%) s poloasem rozpadu 4,12-10" let piechéazejicim S
rozpadem na osmium 187 [66]. Podil radioaktivniho izotopu je tedy téméf dvakrat vyssi nez
stabilniho izotopu. Toto zvlastni chovani v piirodé vytvari po rheniu pouze osmium. Po
uhliku a wolframu mé rhenium tfeti nejvyssi bod tani (3186 °C), diky ¢emuz patii mezi
nejhiife tavitelné prvky. Néazev rhenia je odvozen od latinského nazvu feky Ryn = Rhenus

odkud objevitelé pochazeli.

Dalsi vlastnosti rhenia shrnuje tabulka 4.2.

Tab. 4.2 Vlastnosti rhenia [66, 67]

Atomove cislo 75
Atomova hmotnost 186,207
Paulingova elektronegativita 1.9
Elektronova konfigurace [Xe] 414 5d° 652
Teplota varu [°C] 3596
Hustota pii 20 °C [g cm™] 21.02
Mohrova tvrdost 7.0
Atomovy polomér [pm] 188
Kovalentni ridius [A] 1.41
Poéet stabilnich isotopa 2
Pocet nestabilnich isotopn 27
Ioniza¢ni energie do 1. stupné [kJ moll] 7535 82

Vétsina rhenia (vice jak 80 %) se vyuziva jako ptisada do vysokoteplotnich slitin
wolframu a molybdenu pro letecké motory nebo do platino-rheniovych katalyzatora
vyuzitelnych v rafinérském primyslu pii vyrobé vysokooktanovych benzinl. Nachazi
se také v tepelné namahanych soucéstkach, napt. jako soucédst zarovkovych vldken

nebo jako soucast supravodivych materiali.

Na vzduchu je rhenium odolné vici vzdusné oxidaci, mnohem reaktivnéjSim
se stava v praskové podobé nebo podobé porézni houby. Pii zahtivani v kysliku hoti
na molekulu Re,O;, v kovové podobé se vyborné rozpousti v oxidujicich kyselinach.
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V ptirod¢ se rhenium vétSinou nevyskytuje v €istém stavu v podob€ mineralt nebo rud,
proto se nejCastéji ziskdva rafinaci polétavého prachu molybdenovych koncentrati

nebo termickym rozkladem rhenistanu amonného podle rovnice (1.1) [66]:

2NH4RCO4+7H2—>2Re+2NH3+8H20 (11)

Jedingm popsanym minerdlem rhenia je rhenit (ReS,), ktery byl nalezen v roce
1994 v sopce Kudriavy na Kurilovych ostrovech. Ro¢ni svétovad produkce rhenia
se pohybuje mezi 40 - 50 tunami, pfiemZ nejvétsimi vyrobci jsou Cile, Spojené staty
americké, Peru a Polsko. Ve slouCeninach se rhenium vyskytuje nejcastéji v oxidacnich
stavech Re™, Re™, Re™ a Re™", i kdyZ vyjimkou nejsou ani oxida¢ni stavy Re”, Re™
¢i Re™ [67]. Kyselina rhenista patii mezi silné kyseliny, jeji iont ReO* je bezbarvy.
Rhenium nevykazuje zadnou biologickou aktivitu ani neni soucasti zadnych biologickych

drah ¢i pfemén. Dalsi vlastnosti rhenia vcetné toxicity jsou blize popsany v [68, 69].

Blizkd podobnost s techneciem (radioizotop *"Tc je vyuzivan v 80 %
diagnostickych  vySetfenich) ¢ini zrhenia slibného kandiddta pro diagnostické
a terapeutické aplikace. Vyzkum komplext rhenia je nejCastéji zaméfen na rhenium
v oxida¢nim stavu (+V) z divodu podobnosti s komplexy technecia vytvorenymi kolem
TcO™ jadra [70]. Analoga technecia a rhenia vykazuji nicméné i né&kolik odli§nosti,
které mohou vést k odlisné distribuci v lidském téle. Naptiklad, rhenium v komplexech je
je vice substituéné inertni nez analoga technecia [71]. K radiodiagnostickym tc¢elim jsou
vhodné radionuklidy 'Re a '"Re, jejichz radiodiagnosticky dilezité vlastnosti shrnuje
tabulka 4.3.

Tab. 4.3 Zakladni fyzikalni vlastnosti radionuklidii rhenia dilezité pro klinickou

diagnostiku [72]

Fyzikalni vlastnosti 18R e 185Re

Poloéas rozpadu [h] 90.60 16,98

Energie [ zafeni [MeV] 1,08 2.12
Prinik tkdni [mm] 5 11
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Z tabulky 4.3 je patrny rozdil mezi izotopy rhenia a izotopem technecia,
kdy na rozdil od technecia (polo¢as rozpadu 6 hodin) maji oba izotopy rhenia mnohem
delsi polo€as rozpadu, tudiz pfi jejich ptiprav€ neni nutny mezikrok na stabilnéjsi

meziprodukt vhodny k transportu na pracoviste.

Oba rheniové radionuklidy lze vyuzit k terapeutickym ucelim diky emitaci
B zéateni s doplikovym gama zaienim. Diky niz§imu dosahu B zéfeni lze radionuklid
'Re vyuzit k diagnostice malych nadort, '**Re je vhodnéjsi k diagnostice rozsahlejsich
ploch. Vybér vhodného radionuklidu se tidi ptisnymi faktory, jako jsou polocas rozpadu
nebo technické aspekty produkce radionuklidu. V literatufe jsou publikovana vyuziti
radionuklidii rhenia k diagnostice [73] a 1éCeni rakoviny prsu [74], prostaty [75] a kostni
tkané [76]. Do kostni tkdné€ se rakovinové buiiky vétSinou dostanou v piipadé maligniho
rakovinového bujeni v jiném orgénu krevnim nebo miznim fecistém. Obliba komplexti
rhenia jako radiodiagnostické latky stoupla po prokazani diagnostickych vlastnosti
rheniového komplexu '*Re-HEDP (HEDP = 1,1-hydroxydietiliden difosfat) pouzitého
k diagnostice kostni metastazy [77] a strukturdln¢ ureného v citaci [78].
Radiofarmaceuticka 1é¢iva mohou byt do cilového organu dopravovana prostiednictvim
molekuldrnim pfenasect, jako jsou komplexy se spravnymi ligandy o zndmé struktute,

které splni piisné klinické stabilitni parametry.

Rhenistanova radiofarmaka jsou vyrabéna z radioaktivniho rhenistanového iontu
("®ReOy) pripraveného v generatoru. Vhodnym redukénim ¢inidlem (oxid sificity,
hydrazin, chlorid cinaty, zinek) musi byt nasledné rhenistanovy iont zredukovan na
niz$i oxidacni Cislo (napt. +V), které je vhodnéj$i pro cilenou chelataci vhodnym

ligandem [79].

Snadna ptiprava obou radionuklidii rhenia je dal§i vlastnosti hovofici ve
prospéch pouzivani jeho komplexi v nukledrni medicing. Pfiprava 'Re se provadi
neutronovou aktivaci neradioaktivniho isotopu ' Re. Rhenium '*Re se piipravuje
ve '"W/'"®Re generatoru, kde se radioizotop rhenia oddéluje iontové vyménnymi

metodami shodnymi s vyrobou *™Tc [79].

Dalsi uplatnéni rheniovych komplexi mimo medicinksé aktivity lze nalézt

v publikacich [80-82].
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4.1.4 Ptiklady ligandl rheniovych komplexi

Komplexy s nejvétsim piipadnym vyuzitim v medicinské praxi maji ve svém jadie
nejcasté]ji rhenium v patém oxidacnim stupni. Takovéto jadro je nejreaktivnéjsi a nejvice
pristupné pro piipadné navazani vhodného ligandu. V literatufe jsou obvykle vyuzivany
rheniové prekurzory s rheniem v sedmém oxidacnim stupni a teprve vhodnymi redukénimi
¢inidly je toho oxidacni Cislo snizeno na pozadovanou hodnotu. Ligandy se na rheniové

jadro navézi pomoci vaznych atomt (N, C, O, P, S ptipadné jejich kombinaci) [83-103].

Fosfor, jako jeden z biogennich prvki, je pro lidské télo dulezity pii tvorbé kosti
a zubi, vyskytuje se v prenaseCich ATP a ADP a je soucasti DNA a RNA. V molekulach
oxokomplexti rhenia hraje dvé role, jednou je schopnost vazat ligandy na centralni atom
rhenia (Casto se vykytuje 1 v primarnich reaktantech pouZitych pii syntéze komplext, napf.
[ReO,(PPh;),I]), druhou je schopnost pronikani do kosti v soucinnosti s vapnikem,

kde napomaha léceni a udrzovani dobrého stavu kosti.

Za priklad ligandGi rheniovych komplexti je mozné povazovat heterocyklické
uhlovodiky, zndmé jako ligandy v organické chemii od konce 60. let minulého stoleti,
kdy byla poprvé popsdna deprotonace imidazolové soli zasaditym kovovym
komplexem [104]. Koncem minulého stoleti byly popsany komplexy heterocyklickych
uhlovodiki s médi (+1), stiibrem (+I) a zlatem (+I) [105]. Divodem k syntézam takovychto
komplext je velky katalyticky potencial heterocyklickych uhlovodikii v fadé reakei [106].
V roce 2004 navazal na piedchozi znalosti Kiickmann a kol. reakci prekurzoru obsahujiciho
rheniovy atom [ReOCl;(PPhs),] a heterocyklickych uhlovodiki (Obr. 4.5) typu 1,3-dialkyl-
4,5-dimetylimidazol-2-ylidenu (L¥, kde R = Me, Et, i-Pr). Z vySe popsané reakce vznikly
rheniové oxokomlexy [ReOCI(LM),]™, [ReOCI(L™),]™ a [ReO(OMe)(LM),]™". Z reakce
[ReOCl5(PPhs),] s 1,3-diisopropyl-4,5-dimetylimidazol-2-ylidenu (L) vznikl
dioxokomplex [ReO(L")4]" [107].

H.C CH3 CH3 CH3
HsC
3 %N CH 3 % — Hsc% —<CH3
—CHs N N
N\/ N
H3C/ ( \/ CH3 H3c\(N\/ CH3
LMe CH; | gt CHs | i-pr

Obr. 4.5 Pouzité heterocyklické uhlovodiky jako ligandy L® (pfevzato z [107],

upraveno)
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Ligandy vazané na atom rhenia pies kyslik jsou intenzivné zkoumany vzhledem
k nékterym vlastnostem kysliku. Zna¢ny zajem je o chemii anorganickych sloucenin
obsahujicich atom kysliku v nékolikavazebné interakci s centralnim atomem kovu.
Takovéto slouceniny mohou transportovat kyslik do reakci s fosfiny, sulfidy nebo
alkeny [108], jez jsou vyuZitelné v primyslu a biologickém inzenyrstvi (napf. epoxidace
olefinli nebo biologické napodobovani katalyzy cytochromt [109]). Oxidace
trifenylfosfinu na oxid trifenylfosfinu je dulezitd vzhledem k podobnosti s reakci

prenosu kysliku katalyzovanou cytochrom P-450 oxidézou [110].

Sira jako vazny atom se uplatnila v reakci stereoisomerni tetrathioaltovych
S, ligandii s prekurzorem (NBus)[ReOCls] v metanolovém prostiedi. Z reakce vznikly
dva stereoisomery odvozené od meso-dimerkaptojantarové kyseliny (L,). K dalsi reakci
byl vyuzit stejny rheniovy prekurzor, jako ligand byl pouzit hydrofilicky crown-eterovy
derivat kyseliny jantarové (L,). Vysledné produkty (chemické struktury na obrazku 4.6)
byly strukturné¢ uréeny metodami ESI-MS a podrobeny stabilitnim in vivo, in vitro

a biodistribu¢nim studiim [111].
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Obr. 4.6 Chemicka struktura '**Re-S, komplext L; a L,, (pfevzato z [111], upraveno)

Komplexy s riznymi druhy vaznych atomii vznikly napiiklad v reakci N,N’-o-
fenylenbis(salicyldimin) = sal,phen, patfici do skupiny Schiffovych bazi, s rheniovym
prekurzorem (NBus)[ReOCls] provadéné ve smési etanolu a dichlormetanu. Reakéni

schéma je na obrazku 4.7. Vysledkem reakce je rheniovy komplex trans-
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[ReOCl(sal,phen)]-CHsCl (1). Za pouziti stejného ligandu sal,phenu s jinym
prekurzorem [ReCl5(PPh;),(CH3CN)], dojde k vytvoreni komplexu
[ReCly(PPhs)y(salphen)]-2,5 CHCIl; (3). Pokud pouzijeme komplex (1) do reakce
s ptebytkem trifenylaminu, dojde k vytvofeni tii rheniovych produkti cis-[ReO(PPhs)
(sal,phen)] (2) a dvou komplext obsahujicich rhenium ve tietim oxidacnim stupni

trans-[ReCl(PPhs)(sal,phen)] (4) a trans- [Re(PPhs),(sal,phen)] (5) [112].

sal,phen

+
) 1 =
. ‘/ AN (NBu y)[Re0CI] 5, 0/ PN = \,/
| EtDH, CH 5Cl, ~ | L ~
oH Ho* o0 " ot 0
ol — PPh 5
\ + /
1) @

l[ReC;(PPh;]ZICH;CNl] 3 PPh,
l =N o NIQ
o E—
AT dPngi’ ’
BN ,<; :’
Re. —
do/l\m — ey \
— PFh 5 |

Obr. 4.7 Reakéni schéma syntézy oxorheniovych komplext s ligandem N,N’-o-

fenylenbis(salicyldimin) = sal,phen (pfevzato z [112], upraveno)

Jako specialni ptipady lze popsat komplexy s antimonovymi a arsenovymi
vaznymi atomy jako analoga fosforu [113-115]. Obsahlejsi prehledy pouzitych ligand
jsou v literatute [116-118].

Zvlastni kapitolou jsou ligandy odvozené od hormont a latek podobnych
vyskytujicich se v lidském organismu. Jako priklady mizeme uvést progesteron [119],
p-estradiol [120], a-melanotropin [121] nebo reakce s peptidickymi amino-
kyselinovymi slouceninami [122-124]. Navrzené struktury vyslednych komplext rhenia

s progesteronem a dihydrotestosteronem jsou ukazany na obrazku 4.8.
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Obr. 4.8 Navrzené struktury komplexii rhenia s progesteronem  (a)

a dihydrotestosteronem (b), (podle [119], upraveno)

4.2 Obecné metody stanoveni rheniovych komplexi

Rheniové komplexy je mozné stanovit nejruznéjSimi metodami v zavislosti
na parametru mefeni. Pokud je parametrem meétfeni zména oxidacniho stavu rheniového
atomu, je mozné tuto zmeénu méfit pomoci elektroanalytickych, pfipadné spektrometrickych

metod.

Elektroanalytické metody (nejcastéji cyklickd voltametrie nebo polarografie)
vyuzivaji schopnosti zmény oxida¢niho stavu rhenia v zévislosti na vlozeném potencidlu na
pracovni elektrodu. V zavislosti na kyselosti prostiedi dochazi k rozdilnym zméndm
v oxida¢nim ¢isle atomu rhenia z ptvodniho Re"™. V kyselém prostiedi (napt. 4 mol 1"
kyselina chloristd nebo chlorovodikova) dochazi k redukci na Re™* (-0,4 V oproti SCE),
v neutralnim prostiedi (nap¥. 2 mol 1" roztok chloridu draselného) se zméni oxidaéni ¢islo na
Re' (-1,5 V oproti SCE) a v zasaditém je zména oxidacniho &isla zavisld na pavodni
koncentraci rhenistanu a nejCastéji vede ke smési Re’ a Re' (-1,66 az -

1,75 V oproti SCE) [125, 126].

Spektrometrické metody jsou nejcastéji zalozeny na chemické redukci
rhenistanu chloridem cinatym a néasledném vybarveni vzniklych produktii napiiklad
s thiokyanatanem. Vznikaji zlut¢ az zlutooranzové =zabarvené iontové asociaty
s absorpénim maximem pii 400 nm. Ve vodném prostiedi 1ze takto stanovit rhenistan
do koncentrace 15 ppm, pii extrakci do etheru se limit stanovitelnosti snizi

na 0,24 - 5,00 ppm [127]. Rhenistan obecné vykazuje vysoky absorpéni koeficient
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v blizké UV oblasti (maximum kolem 220 nm), ktery od 270 nm vySe prudce klesa
témér k nule [128].

Sledovani riznych rheniovych specii v reakéni smési pii piipravé komplext
a pripadné rozdéleni vysledného pozadovaného produktu od reaktantli je podle literatury
provadéno metodami vysokoucinné kapalinové chromatografie (HPLC) a kapilarni
elektroforézy (CZE) [129-134]. Prikladem mutze byt HPLC stanoveni farmakologicky
vyznamnych Re komplexi na koloné C;s smobilni fazi tvofenou smési
metanol:dihydogenfosforecnanovy puftr (60:40, v/v) [135], smési hexan:hexan-toluen (98:2,
v/v), piipadné¢ smeési dichlormetan:hexan (90:10, v/v) [136]. Popsané¢ metody CZE
vyuzivaji kiemenné kapildry s vnitinim primeérem 75 pwm, roztok zékladniho elektrolytu 20
mmol dm” Britton-Robinsontv pufr (pH = 2 - 10) nebo 40 mmol dm™ fosfatovy pufr (pH =
6 - 8,5) [137], ptipadné 40 mmol dm™ Britton-Robinsontiv pufr (pH = 2 - 6,5) [138].
V obou ptipadech byla pouzita UV detekce pii 214 nm a béhem separace doslo k odd¢€leni
vysledného komplexu od reaktanti. Metody tenkovrstvé chromatografie, doporu¢ované pro
rychlou kontrolu vzniku Re komplexu pied klinickou aplikaci jsou blize popsany v [139,
140].

Ke strukturdlni charakterizaci organokovovych komplexti jsou v soucasnosti
nejCastéji vyuzivany metody nuklearni magnetické resonance (NMR), infracervené
spektrometrie (IR) a rentgenové difrakce (RTG). Vyuziti téchto technik vétSinou vyzaduje
veétsi mnozstvi vzorku o pomérné vysoké Cistoté a v piipadé RTG i v krystalickém stavu.
Vysadni postaveni ma v této aplikacni oblasti metoda hmotnostni spektrometrie (MS),
predevsim diky vysoké citlivosti a schopnosti ziskat relevantni strukturni data 1 pro velmi
nizké koncentrace analyti. Dalsi vyhodou této metody je i vysoka selektivita, kterd najde

své uplatnéni zejména pti analyzach reakénich smési.

Za otce MS je povazovan objevitel elektronu (1897) Joseph John Thomson,
ktery vroce 1899 publikoval v praci [141, 142] objev pohyblivosti iontl plynu
v zavislosti na jejich naboji v elektrickém poli. Francisi Williamu Astonovi se podatilo
v roce 1919 sestrojit prvni aparaturu hmotnostniho spektrometru s elektronovou ionizaci
[143]. Na tomto pfistroji byly experimentalné¢ zméfeny piesné atomové hmotnosti 212
z 287 tehdy znamych prvka [144-146]. Do 30. let pak byly uréeny atomové hmotnosti
vsech doposud znamych prvkl véetné jejich neradioaktivnich izotopii [147-164]. Roku

1935 byl pomoci MS objeven Dempsterem radioaktivni isotop uranu 2°U [165].
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K zasadnimu priniku hmotnostni spektrometrie do oblasti strukturni analyzy
organickych latek doSlo diky instrumentalnimu rozvoji této techniky béhem a po druhé
svétové valce. Jako priklad je mozno zminit objev a konstrukci priletového analyzatoru
TOF (1946) a jeho spojeni s plynovou chromatografii vyvinuté roku 1956 [166, 167].
Prvni kvadrupdlovy hmotnostni filtr byl sestrojen vroce 1953 [168]. Od 60. let
je hmotnostni spektrometr standardné vyuzivany v petrochemickém primyslu, ale rychle
nachézi uplatnéni 1 v dalSich oblastech chemické analyzy, naptiklad ve farmacii. Karl
Djerassi zacal vyuzivat hmotnostni spektrometrii ke studiu biologicky aktivnich latek

[169].

Rychly vyvoj novych ionizacnich technik a novych typia hmotnostnich
analyzatorti, spolu s rozvojem pocitatové techniky dale vyznamné rozsifil aplikacni
oblast hmotnostni spektrometrie v analytické chemii. V této souvislosti je mozno
napiiklad zminit objev chemické ionizace (1966) [170], elektrosprejové ionizace (1968)
[171], ionizace za atmosférického tlaku (1974) [172], ionizace pomoci urychlenych
atomua (1981) [173], ionizace biomolekul pomoci laserové desorpce/ionizace za Ucasti
matrice MALDI (1988) [174, 175], ionizace biomolekul elektrosprejem (1989) [176].
Vyvoj analyzatorti byl nasledujici: analyzator doby letu TOF (1946), kvadrupdlovy
analyzator (1953), ion-cyklotronové resonance s Fourierovou transformaci (1974) [177],
trojity kvadrupolovy analyzator (1978), orbitrap (1999) [178]. V Ceskoslovenské
republice byl do chodu uveden prvni hmotnostni spektrometr roku 1953 [179], detailnéji
popsan v publikaci [180].

Piehlednéjsi a obsahlejsi historie hmotnostni spektrometrie byla sepsana napiiklad

v publikacich [181-185].

Vyvoj mekkych ionizacnich technik zasadnim zpiisobem ovlivnil aplikacni oblast
hmotnostni spektrometrie a umoznil vyuzit tuto metodu pro strukturni charakterizaci

komplexi.

Jako prvni byly pro tyto ucely pouzity hmotnostni spektrometry s ionizaci
urychlenymi atomy (FAB) a desorpci elektrickym polem (FD) [186, 187]. Teprve vyvoj a
komeréni dostupnost sprejovych ionizacnich technik umoznil Sir§i uplatnéni MS
pii strukturni charakterizaci komplext. Elektrosprej (ESI) umoznuje u fady komplexa
ziskat spektra s dominantnim molekuldrnim iontem a nizkym zastoupenim

fragmentovych iontt [188].
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Hmotnostni spektrometrie s elektrosprejem (ESI-MS) ve srovnani s NMR a IR
umoziuje dosdhnout fadové nizsi limity detekce a je pouzitelna i pro vodné roztoky
analyti. Bylo prokazano, ze ESI miZe v pribéhu ionizace ovlivnit sloZeni analyzovaného
vzorku. Pfi ionizaci elektrochemicky oxidovatelnych nebo redukovatelnych latek maze na
kovové kapilafe v iontovém zdroji dochazet k elektrochemické pfeméné ionizované latky.
Uvedenému jevu byla v literatufe vénovana znacna pozornost, bylo experimentalné
prokazano Ze ESI a ostatni ptibuzné ionizacni techniky (DESI, PESI) vykazuji chovani
prutokového galvanostatu [189, 190].

Fotoionizace za atmosférického tlaku (APPI) je v souCasnosti nejmekei komeréné
dostupnou ionizacni technikou, ktera byla s uspéchem vyuzita pro strukturni charakterizaci
komplexti [191]. Velmi nizka energie budiciho zateni UV vybojky umoZiiuje generovat
molekularni a kvazi-molekularni ionty 1 pro kineticky labilni analyty, pficemz rozsah

fragmentace v iontovém zdroji je vétSinou zanedbatelny.

Chemickéa ionizace za atmosferickéh tlaku (APCI) je odvozena od klasické
chemické ionizace (Cl), ale je oproti ni provaddéna za atmosferického tlaku. Pii APCI
ionizaci je eluat rozprasen proudem dusiku do vyhifivané komurky (400 — 500 °C),
kde dochézi k jeho desolvataci. V oblasti koronového vyboje dochdzi priméarné k ionizaci
dusiku, vodnich par a dalSich slozek mobilni faze pfitomnych v iontovém zdroji za vzniku
reakénich iontil, které pak mechanismem pfenosu protonu ionizuji analyt [192]. APCI
ionizace je pouzitelna pro latky stfedn€ nepolarni az po siln€ polarni. Pfi ionizaci vznikaji
primarné molekularni ionty typu [M+H]" nebo [M-H] a bézné jsou i adukty se solventem

[193-195].

Laserova ionizace za piitomnosti matrice (MALDI) je desorpcni fotoionizacni
technika pouzivana pro vzorky v tuhé fazi, probihajici ve vétSin¢ piipadi za snizen¢ho
tlaku. Pouziti této ionizacni techniky je vhodné pro nepolarni i1 vysoce polarni analyty
v hmotnostnim intervalu 500 - 100 000 Da [196-198]. Ionizace MALDI se nejcastéji
kombinuje s priletovym analyzatorem (TOF) v bézné komercné dostupné sestavé MALDI-
vyuziti je strukturni a kvantitativni analyza biopolymerd, proteinli, nukleovych kyselin
nebo lipidi. Prednosti této metody je rychld a jednoducha piiprava vzorku s nizkymi
pozadavky na mnoZzstvi vzorku, nizky limit detekce a pfedevS§im vysoka rychlost analyzy

umoziujici zpracovat velky pocet vzorki za jednotku ¢asu [200].
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Pii MALDI experimentech se vzorek nejprve rozpusti, smichd s vhodnou matrici
(organicka kyselina) a nanese na omytou desticku. Nasledn¢ je vzorek vysusen
(vykrystalizovan) spolecné s matrici, nanaseci desti¢ka pievedena do evakuovaného prostoru
iontového zdroje, kde je analyt pfeveden do ionizovaného stavu sérii kratkych laserovych
pulzii. Béhem ionizace ptednostné dochazi k tvorbé pseudomolekularnich iontd [M+H]",
vyjimkou ale nejsou ani vicenasobné nabité ionty [M+2H]™, [M+3H]™ nebo ionty diméri
[2H+M]"[201].

Vyuziti hmotnostni spektrometrie s mekkymi ioniza¢nimi technikami ke strukturalni

charakterizaci organokovovych slou¢enin rhenia Ize nalézt v publikacich [202-210].

Spojenim hmotnostniho spektrometru s nékterou ze separacnich technik muzeme
ziskat vyhodu separace a nasledné identifikace jednotlivych slozek sloZit¢ smési latek
v jednom méficim cyklu. Zasadnim problémem tohoto propojeni je zatéZovani vakuového
systému hmotnostniho spektrometru priatokem mobilni faze. U plynové chromatografie tento
problém vyiesilo pouzivani kapilarnich kolon misto napliiovych. Kapilarni kolony umoziiuji
pouZzivani mnohonasobné mensiho prutoku nosného plynu, diky ¢emuz je mozné zavést
konec kapilary piimo do iontového zdroje. U kapalinové chromatografie byl problém
v zasad¢ vyfeSen pouZitim sprejovych ionizacnich technik, které jsou kompatibilni
s prutokem kapaliny. Mobilni faze se piimo ucastni ioniza¢niho procesu a jeji nadbytek
je odvadén cCerpacim systémem. V piipadé konvencni HPLC je nutno pred vstupem
do iontového zdroje odvést ¢ast mobilni fdze mimo pfistroj, v piipad¢ pouziti kapildrnich
kolon je mozno do iontového zdroje pfivést cely objem mobilni faze. [211]. U kapilarni
zonoveé elektroforézy jsou prutoky nosného elektrolytu ve srovnani s kapalinovou
chromatografii zanedbatelné, problémem v tomto piipad€ je stabilizace toku a vytvoifeni
zemnici elektroforetické elektrody, nejcastéji realizované privadénim pomocné kapaliny
piimo do elektrospreje. Nevyhodou tohoto feSeni je snizeni citlivosti diky nafedéni

zakladniho elektrolytu vytékajiciho ze separacni kapilary [212, 213].

Spojeni separacni techniky s MS detektorem patii v soucasné farmaceutické analyze
k nejvice vyuzivanym instrumentalnim spojenim umoziujicim stanoveni az do Grovné
desetin ng 1. Uplatnéni nachézi v kvantitativni i kvalitativni analyze G¢innych latek (API)
1 finalnich  farmaceutickych pfipravki. RozSifena jsou stanoveni API plynovou
chromatografii [214-216], kapalinovou chromatografii [217-219] i kapilarni elektroforézou
[220-222] ve spojeni s MS, MS/MS detektorem nebo DAD a FDL detektorem [223-226].
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ANALYZA KOMPLEXU RHENIA S AROMATICKYMI LIGANDY

5.1 Charakterizace komplexii rhenia (V) sfenoly pomoci hmotnostni

spektrometrie s mékkymi ioniza¢nimi technikami (publikace I)

5.1.1 Syntéza komplext

Rheniové komplexy se tfemi alkoholovymi aromatickymi ligandy (1,2-
dihydroxybenzen, 2,3-dihydroxynaftalen a 1,2,3-trihydroxybenzen; struktury naznaceny
na obrazku 5.1) pouzité k dalsim MS experimentiim byly pfipraveny modifikovanym
postupem podle literatury [227-229]. VSechny komplexy byly pfipraveny podle
stejného  postupu. Smés 2 mg rheniového prekurzoru tetrabulyamonium
tetrachlorooxorhenatu (3,42 mmol dm®) a 6,84 mmol dm® (dvojnasobny molarni
piebytek) ligandu byla rozpusténa ve 2 ml acetonitrilu a zahiivana pod refluxem a
argonovou atmosférou 60 minut. Po zchlazeni na laboratorni teplotu bylo rozpoustédlo
¢astecné nebo uplné odpareno na vakuové odparce a produkt byl uchovavan pod inertni
atmosférou. Pro NMR experimenty byly komplexy pfipraveny podle stejného postupu

v deuterovaném acetonitrilu.

OH
OH OH @OH
OH ' ' :OH OH
(A) (B) (C)

Obr. 5.1 Struktury pouzitych ligandt: 1,2-dihydroxybenzen (A), 2,3-dihydroxynaftalen
(B) a 1,2,3-trihydroxybenzen (C)
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5.1.2 Vysledky a diskuze — doplinkovy komentat k publikaci

Ptipravené rheniové komplexy s alkoholovymi ligandy, zobrazené jako anionty
na obrazku 5.2, byly strukturalné charakterizovany metodami IR, 'H a >C NMR a MS.
Odpovidajici 3D modely vytvofené programem MolView [230] jsou pfilozeny v sekci

Pilohy 1/1-3)

s @8
RE.-
o o

(A)

o

D'.f_. ﬁ ,.\.\ ”
O‘ o” o

(B)

OH OH
OO
“Re
D/ ~o
(C)

Obr. 5.2 Anioinicka struktura pfipravenych komplext: bis(1,2-
dihydroxybenzen)oxorhenium™ (A);  bis(2,3-dihydroxynaftalen)oxorhenium™  (B)
a bis(1,2,3-trihydroxybenzen)oxorhenium (C)

Infracervend spektra piipravenych komplextd ukazuji na silnou absorbanci
v oblasti 910 - 1000 cm™. Tato oblast je charakteristicka pro absorbanci terminalni Re=0O
skupiny. Typicka intenzivni aromatickd C=C protahovaci vazba vede k absorban¢nim
pastim v oblasti 1470 - 1520 cm™. Intenzivni absorpéni pasy pii 2962, 2932 a 1509 cm’!
ukazuji na pritomnost nezreagovaného tetrabutylamoniuového kationtu v reakéni smési.

Naméiend IR spektra jsou k praci ptiloZzena v sekci Prilohy 1/4-6.
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U ptipravenych komplexii byla naméfena NMR spektra v deuterovaném
acetonitrilu s ostrymi, dobfe odd&lenymi piky pfi 'H NMR experimentu. Viechny NMR
experimenty byly méfeny na 600 MHz pfistroji. Komplex  bis(1,2-
dihydroxybenzen)oxorhenium (A) vykazuje ve vodikovém spektru posuny
pti 8: 6,82 — 6,80 (m, 6H), 6.72 — 6.71 (m, 6H) ppm a &: 145.64 (4C), 121.36 (4C),
116.48 (4C), 59.53 (4C), 24.44 (4C), 20.44 (4C), 13.88 (4C) ppm v uhlikovém spektru.

Komplex  bis(2,3-dihydroxynaftalen)oxorhenium (B) vykazuje posuny
pti d: 7.61 — 7.59 (m, 4H), 7.25 — 7.22 (m, 8H), 3.09 — 3.06 (m, 14H), 1.62 — 1.57 (m,
8H), 1.37 — 1.33 (m, 8H), 0.97 ppm ve vodikovém spektru a 6: 147.41 (4C), 130.80
(40), 127.25 (4C), 124.79 (4C), 111.22 (4C), 59.76 — 59.73 (m, 4C), 24.71 (4C), 20.73
(4C), 14.19 (4C) ppm v uhlikovém spektru.

Komplex bis(1,2,3-trihydroxybenzen)oxorhenium (C) poskytuje posuny
pFi 8: 9,95 (bs, 2H), 6.57 — 6.55 (m, 2H), 6.35 — 6.34 (m, 4H), 3.09 — 3.06 (m, 8H),
1.62-1.57 (m, 8H), 1.37 — 1.33 (m, 8H), 0.97 ppm v 1H spektru a &: 147.38 (4C),
130.90 (2C), 120.99 (2C), 108.9 (4C), 59.76 — 59.73 (m, 4C), 24.71 (4C), 20.73 (4C),
14.19 (4C) ppm v "C spektru. VSechna spektra jsou k praci pfilozena v sekci Pfilohy
1/7-12.

ESI-MS, APPI-MS, ESI-MS/MS a LDI-MS hmotnostni spektra studovanych
komplexti byla méfena v negativnim modu. Na obrazku 5.3 jsou uvedena ukézkova
spektra pro komplex s 1,2-dihydroxybenzenem, analogicka spektra ostatnich komplexii
jsou uvedena v sekci Pfilohy 1/13-14. Z obrazku 5.3 je zfejmé dominantni zastoupeni
molekuldrnich aniontl pti pouziti vSech ionizacnich technik, zastoupeni fragmentovych
iontl je ve vSech ptfipadech nizké. Ptipravené komplexy neobsahuji protonovatelnou
skupinu, ztohoto divodu hmotnostni spektra v pozitivnim moédu nepiinaseji zadnou
informaci o jejich struktufe. V pozitivnim modu bylo mozné registrovat pouze

tetrabutylamoniovy kation jako protion pouzity pii ptipravé komplext.
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Obr. 5.3 Namétena spektra v negativnim médu pro komplex s 1,2-dihydroxybenzenem
pro ioniza¢ni techniky ESI-MS (a); APPI-MS (b), LDI-MS (¢) a ESI-MS/MS (d).

Krouzkem jsou oznaeny piislusné molekularni anionty.

ESI-MS/MS experimenty umoziiuji rozlisit mezi fragmenta¢nimi ionty vzniklymi
pfimo ze studovaného komplexu a ionty vzniklymi ze slou€enin pifitomnych v reakéni
smési. Dcefiné ionty pozorované pii MS/MS fragmentaci studovanych komplexii vznikly
prevazné Sté€penim aromatické ¢asti na jednom ligandu nebo ztratou ligandu celého. Vyse
popsany mechanismus nicméné nebyl pozorovan u komplexu vzniklého reakci s 2,3-

dihydroxynaftalenem, ktery vykazuje nejvyssi stabilitu ze vSech studovanych komplexi.

Vsechny studované komplexy vykazovaly v negativnim modu charakteristické
izotopové klastry. Tyto klastry byly porovnany s teoreticky vypoctenymi klastry pomoci
programu IsotopePattern (Bruker Daltonics). Shoda mezi teoreticky vypoctenymi
anaméfenymi  izotopovymi  klastry byla vyjadfena na zékladé¢ indexu
podobnosti (S7) [231]. Index podobnosti S/ byl vypocéten podle vzorce 5.1, ve kterém
(i-iy) je rozdil mezi intenzitami signdlu mezi dvéma zastoupenymi ionty, délend malou
hodnotou intensity i,. Symbol N oznacuje pocet signalii produktovych iont, které jsou

porovnavany.
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Zvyse uvedeného vzorce 5.1 je zfejmé, ze SI muze nabyvat hodnot v intervalu <0;1>,
nula charakterizuje Uplnou shodu mezi teoretickym a experimentidlnim izotopovym

profilem.

Vypoctena shoda mezi teoreticky vypoctenymi a naméfenymi daty pro ESI,

APPI a LDI ionizaci je uvedena v tabulce 5.1.

Tab. 5.1 Experimentalni (exp.) a vypocetené (kal.) hodnoty relativnich intenzit 7 [%]
jednotlivych iontl v klastrovém izotopovém zastoupeni s vypoctenymi hodnotami

indexu podobnosti S7 vztazené k jednotlivym typiim ionizace

EST APPI Lnr
I[%] I[%] I[%] I[%] I[%] I[%]
Komplex m/z kal. exp. kal. exp. kal. exp.
417 591 56,9 591 56,9 591 534
418 7.8 4.2 7.8 4.2 7.8 9.5
NP
| bis(l2 419 100 100 100 1000 100  100,0
dihvdroxvbenezen)
oxorhenium- 420 132 14.1 132 14.1 132 10.6
421 1.8 0.4 1.8 0.4 1.8 0,7
(1-SI)*100=01,0  (1-SI)*100=01,0 (1-SI)*100=89,0
449 58,9 49 8 58,9 41.9 58,9 62.3
450 7.9 204 7.9 8.3 7.9 15.6
bis(l.2.3 451 100 100 100 1000 100 1000
trhydroxvbenzene) . : :
oxorhenium- 452 133 11,9 133 16.5 13.3 16.5
453 2.2 0.1 2.2 2.0 2.2 3.8
(1-SD)*100=74,9  (1-SD)*100=79,1 (1-SI)*100=84,2
518 129 11,5 129 138 129 138
bis(2.3- 519 100 100 100 1000 100 1000
dihvdroxwvnaphthalene) _ ; .
oxorhenium- 520 21,8 1% 21,8 154 21,8 245
521 3.3 3 3.3 5.9 3.3 3.9

(1-SD)*100=91,1 (1-SI)*100=81,1 (1-SD*100=92,3
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Celkovy piehled vSech pozorovanych iontil ve spektrech ptipravenych komplext
sodezvou vys§i nez 5 % intenzity pfislusSného molekuldrniho aniontu, spolu
s odpovidajici m/z hodnotou je uveden v tabulce 5.2. Charakteristické izotopové klastry
odpovidajici ptfitomnosti charakteristickych izotopli rhenia byly pozorovany u vSech

studovanych komplext.

Tab. 5.2 Piehled pozorovanych iontl v pfipravenych komplexech s odezvou vyssi
nez5% (s hvézdickou oznaceny fragmentacni ionty pozorované ESI-MS/MS

technikou, tu¢n¢ molekulové hmoty jednotlivych komplexi)

. . bis(1.2 3- . .
bis(1.2-dihvdroxvbenzen . bis(2.3-dihvdroxvnaftalen
bis(1.2-dihy ey _ ) trihydroxvbenzen) bis(2.3-dihy x _ )

oxorhenium ; oxorhenium
oxorhenium -
ornacfeni m'z VEOIeC ornaceni m'z VIOIeC oznaceni m'z VEOIeC

1 311 ReC,H,0, 7¢+ 327 ReCH,O, 12* 393 ReCH,O,

2 327 ReCH,0, 8% 343 ReC/H,O, 13 431 ReCH,0,CL

3* 343 ReC,H,O, 9* 350 ReC,H,0, 14 519 ReC,H,0,

4 331 ReC,H,0,CL 10 451 ReC,HO. 15 3535 ReC,H.O,
5 419 ReC,H O, 11 467 ReC H,O, 16 554 ReC,H,,0.C1

6 435 ReC,H,0

Srovnani naméten¢ho a teoretického izotopového klastru v oblasti molekularniho

aniontu pro komplex s 2,3-dihydroxynaftalenem je ukazan na obrazku 5.4.
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Obr. 5.4 Porovnani naméfené¢ho (vlevo) a teoretického (vpravo) hmotnostniho spektra

rheniového komplexu s 2,3-dihydroxynaftalenem.

Na zdkladé opakovanych méteni je mozno konstatovat, Ze piipravené komplexy
vykazuji podobné chovani pifi ESI-MS experimentech, charakterizované bohaté
zastoupenymi molekularnimi ionty jako nejvySsimi piky a fragmenta¢nimi piky s nizkou
intenzitou. Zaznamenand hmotnostni spektra nizkého rozliSeni jsou jednoducha
a poskytuji v kombinaci se studiem izotopickych klastri dostatecné informace o struktute
ptipravenych komplexti. Pfimé analyzy reakénich smési hmotnostni spektrometrii
prokazaly, ze je mozno ziskat analytické informace o zastoupeni zbytkovych reak¢nich
slozek a vedlejSich produkth reakce, vcetné produktl nasledné oxidace primarné
vzniklych komplexl, bez pouziti separacni metody. V hmotnostnich spektrech nebyly
pozorovany zadné dimerni ani jiné shlukové struktury, v rdmci provedenych stabilitnich
studii byla potvrzena oxidace primarné vzniklych Re™ komplexi na finalni Re™"
produkty. Rozsah naslednych reakci spojenych se ztratou ¢i vymeénou ligandu
v komplexech byl zanedbatelny. Pfi srovnani ESI-MS a APPI-MS experimenti

se neprokazal vznik iontl v elektrospreji na zakladé¢ probihajici elektrochemické reakce.

Ptimé posuzovani rozdili v relativnich intenzitach jednotlivych ionti za pouziti
rozdilnych ionizacnich technik je obtizné vzhledem k odliSnym postuptim nastaveni
parametrti jednotlivych iontovych zdrojii, naladénych s pouzitim specifického
komer¢niho ladiciho roztoku, pouzitelného jen pro dany typ ionizace. Je ziejmé, ze kazdy
ladici proces muze diskriminovat jiné ionty ve spektru. Pfesto vSak je mozno nékteré

rozdily specifikovat: na obrazku 5.3 je patrny narlst relativni intenzity fragmentového
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piku s hmotou 343 u ionizace APPI (¢ast b) ve srovnani s ESI a LDI, zptisobeny vyS$im

faktorem odezvy nebo vyraznéjsi fragmentaci béhem fotoionizace.

Diky pfitomnosti O-substituovanych aromatickych ligandli, vykazuji studované
komplexy vyraznou absorbanci zafeni v UV/Vis oblasti, zejména pti 337 nm. Vzhledem
k této vlastnosti je mozno pfi ionizaci laserovou desorpci pracovat bez pfidavku matrice
v mdédu LDI. Jak vyplyva z obrazku 5.3 (¢) v LDI-MS spektrech pozorujeme vyrazné

zastoupeny molekularni anionty a zanedbatelné mnozZstvi fragmentt.

Tandemova hmotnostni spektrometrie ESI-MS/MS  poskytuje  zdkladni
informace o fragmentech vznikajicich z piivodnich molekularnich ionti studovanych
komplext. Umoznuje také rozliSeni fragmentl ionti od molekularnich ionti latek
pfitomnych piimo v reak¢ni smési. Je tfeba poznamenat, Ze za urcitych okolnosti
mohou byt fragmentacni ionty shodné sionty pfitomnymi v reakéni smési. Toto je
pravé piiklad nami pfipravovanych komplexii, u kterych je mozna koincidence
fragmentového iontu komplexu a molekuldrniho iontu volného ligandu piitomného
v nadbytku v reakéni smési. Hmotnostni spektrum z ESI-MS/MS je ukdzano pro
komplex s 1,2-dihydroxybenzenem na obrdzku 5.3 (ostatni spektra pro dalsi komplexy

jsou uvedena v sekci Prilohy 1/13-14).

Po vyhodnoceni MS spekter byla programem ACD/labs ChemSketch verze
12.01 vytvofena reakéni schémata struktur komplext, primarné vznikajicich pti reakci
rheniového prekurzoru s pfislusnym ligandem. Na obrazku 5.5 jsou jako ptiklad
uvedeny struktury komplexi s 1,2-dihydroxybenzenem jako ligandem. Schema je
doplnéné o dominantni dcefiné ionty vznikajici pfi fragmentaci  bis(1,2-
dihydroxybenzen)oxorheniového aniontu v rdmci provedenych MS/MS experimentu.
Ostatni reakéni schémata pro komplexy s 2,3-dihydroxynaftalenem a 1,2,3-

trihydroxybenzenem jsou uvedeny v sekci Ptilohy I/15-16.
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Obr. 5.5 Struktury molekularnich anionti komplext pfitomnych v reakéni smési
rheniového prekurzoru s 1,2-dihydroxybenzenem a dcefinych iontd vzniklych
pii fragmentaci bis(1,2-dihydroxybenzen)oxorheniového aniontu; symbol L je pouzit

pro obecné oznaceni ligandu.

Zavérem je mozno konstatovat, ze v publikaci I byla prokazana schopnost ESI,
APPI a LDI ionizace efektivné ionizovat za laboratornich podminek syntetizované
komplexy rhenia s aromatickymi ligandy, ziskand hmotnostni spektra poskytla cenné
informace o struktufe vznikajicich komplext. VSechny pouzité mékké ionizacni techniky
poskytly ve spektrech molekularni ionty o vysoké intenzité signdlu, rozsah fragmentace

byl ve vSech ptipadech nizky.
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CHARACTERIZATION OF RHENIUM(V) COMPLEXES
WITH PHENOLS USING MASS SPECTROMETRY WITH
SELECTED SOFT IONIZATION TECHNIQUES

Martin Sticha,' Ivan Jelinek,? Jana Polikova,' and

David Kaliba®

Faculty of Science, Department of Chemistry, Charles University in Prague,
Prague, Czech Republic

Faculty of Science, Department of Analytical Chemistry, Charles University
in Prague, Prague, Czech Republic

The synthesis, characterization, and mass spectra of oxorhenium(V) complexes with 1,2-
dihydroxybenzene, 1,2,3-trihydroxybenzene, and 2,3-dihydroxynaphtalene are reported.
Electrospray ionization, atmospheric pressure photoionization, and laser desorptionl
ionization mass spectra of the complexes showed abundant negatively charged molecular
anions and low fragmentation. Calculated similavity indexes showed significant
conformity between the computed and experimental isotopic patterns of selected ions and
confirmed correct assignment of elemental composition to mlz values. Electrospray
tandem mass spectrometry provided essential information about fragments from
molecular ions of studied complexes, making it possible to distinguish among fragment
ions and the ions arising from compounds present in the reaction mixture. Based on
the results, mass spectrometry utilizing soft common ionization techniques is useful for
monitoring complex formation reaction kinetics and the stabilities of the complexes.
Representative spectra were recorded for micromolar concentrations of the analytes.

Keywords: Complexes; Fragmentation; Mass-spectrometry; Rhenium; Structural analysis

INTRODUCTION

Nuclear medicine relies frequently on transition metal-based radiopharma-
ceuticals introduced to patients in form of organic ligand complexes (Abrams and
Murrer 1993). The choice of radioisotopes is restricted to those fulfilling strict
radiological and pharmacological requirements. Previous research has focused on
technetium and rhenium (Alberto 1996; Dilworth and Parrott 1998). Both metals
possess almost identical chemical properties (Colton 1965; Gerloch and Constable
1994) and their compounds possess a variety of oxidation states from —1 to+7
and form both cationic and anionic species with strong oxidizing to mild reducing
properties. As transition metals, they are able to form coordination complexes with
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CHARACTERIZATION OF RHENIUM(V) COMPLEXES BY MS 2331

complexes (but not with phenolic ligands) by means of LDI, MALDI, and ESI
ionization was reported by Petroselli et al. (2012) and Day, Payne, and Holt (2007).

Atmospheric pressure photoionization (APPI) offers a viable alternative for
ionization of kinetically labile compounds and various types of complexes. Relatively
low ionization energy provided by ultraviolet radiation typically generates molecular
ions or protonated molecules, and relatively few adducts and fragment ions.
Compared to ESI, LDI, and MALDI the extent of molecular ion fragmentation is
usually negligible.

Here is reported the characterization and mass spectra of three structurally
related oxorhenium(V) complexes with phenols as complex forming ligands derived
from catechol. The 1,2-Dihydroxybenzene, 1,2,3-trihydroxybenzene, and 2,3-
dihydroxynaphtalene were used as oxygen donor ligands with a oxorhenium(V)
complex, n-tetrabutylamonium-tetrachlorooxorhenate (#-BusN)[ReOCly]. ESI-MS,
APPI-MS, and LDI-MS were compared for the identification of studied complexes
and other compounds present in the reaction mixture in course of complex
formation.

MATERIALS AND METHODS
Materials

All reagents were obtained commercially and were of highest purity available:
the standards tetrabutylammonium tetrachlorooxorhenate(V) and 1,2-dihydroxy-
benzene were purchased from Sigma-Aldrich; 1,2.3-trihydroxybenzene and 2,3-
dihydroxynaphthalene were purchased from Alfa Aesar; deuterated acetonitrile
(ACN-d3) for NMR (99.8 percent purity) was purchased from Euro-isotop;
acetonitrile (HPLC grade) was purchased from Lach-Ner (dried and deoxygenated
before use); and ESI tuning mix for the ion trap and APCI/APPI tuning mix for
the ion trap were purchased from Agilent.

Instrumentation

Infrared (IR) spectra of prepared complexes were recorded on Nicolet 380
spectrometer using KBr discs. Proton nuclear magnetic resonance ('"H NMR) spectra
were obtained in deuterated acetonitrile (ACN-d;) and recorded using a Bruker
Avance III (600 MHz) spectrometer. APPI-MS and ESI-MS were conducted on an
ion trap instrument Esquire 3000; LDI-MS experiments were performed using matrix
assisted laser desorption ionization with a tandem time of flight analyzer (MALDI-
TOF/TOF) Ultraflex II with a 337 nanometers nitrogen laser (both Bruker
Daltonics, Germany).

Synthesis of the Complexes

The structures of the ligands and prepared complexes are shown in Figure 1
and Figure 2. These complexes were prepared by modified procedure described for
similar compounds by Gerber and others (Gerber, Luzipo, and Mayer 2004, 2006;
Gerber and Mayer 2005; Booysen et al. 2007). The procedure was identical for all
studied ligands. A mixture of 2mg of tetrabutylamonium-tetrachlorooxorhenate
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OH
OH OH OH
: :OH OH OH
(A) (B) (©

Figure 1. Structures of ligands: (A) 1,2-dihydroxybenzene, (B) 1,2,3-trihydroxybenzene, and (C) 2,3-
dihydroxynaphthalene.

(3.42 millimolar) and 6.84 millimolar of appropriate ligand in 2 milliliters of aceto-
nitrile was heated to reflux under argon with constant stirring for sixty minutes.
After cooling to room temperature, the solvent was evaporated under vacuum and
the resulting precipitates were stored under an inert atmosphere.

Spectroscopic Characterization

The infrared spectra of the complexes included strong absorption from 910 to
1000 per centimeter assigned to a characteristic stretch of a terminal Re=0O group.
The typical intense aromatic C=C stretching vibrations gave rise to absorption bands
in the region from 1470 to 1520 per centimeter. Intense bands at 2962, 2932, and
1509 per centimeter corresponded to the presence of the tetrabutylammonium
countercation.

The complexes in deuterated acetonitrile showed sharp, well-resolved peaks in
their "H NMR spectra. The complex bis(1,2-dihydroxybenzene)oxorhenium(-) (5)
provided shifts at (600 MHz, CDCN): é: 6.82-6.80 (m, 6H) and 6.72-6.71 (m, 6H).
Bis(1,2,3-trihydroxybenzene)rhenium(-) (10) had shifts at (600 MHz, CD;CN): o: 9.95
(bs, 2H), 6.57-6.55 (m, 2H), and 6.35-6.34 (m, 4H). Bis(2, 3-dihydroxynaphthalene)
oxorhenium(-) (14) had peaks at (600 MHz, CD;CN): o: 7.61-7.59 (m, 4H) and

O” (IDI \‘\‘OD
“Re.
@O/ o
(5)
OH OH
o, (Ijl 0
;Re’
o o

(10)

“CO 0” ?I N\O~ —
; Re OO
o/ \o

(14)

Figure 2. Structures of prepared anionic oxorhenium complexes: bis(1,2-dihydroxybenzene) oxorhenium
(-) (5); bis(1,2,3-trihydroxybenzene)oxorhenium(-) (10); and bis(2,3-dihydroxynaphthalene)oxorhenium(-)
(14).
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7.25-7.22 (m, 8H). Characteristic shifts of terabutylammonium at 3.09-3.06 (m, 8H),
1.62-1.57 (m, 8H), 1.37-1.33 (m, 8H), and 0.97 (t, j=7.3 Hz, 12H) ppm were present
in all complexes.

Mass Spectrometry

ESI-MS and APPI-MS data were collected in negative ion mode at a scan
range from m/z 260 to 1000. For APPI-MS, the source temperature was 350 degree
Celsius and the nebulizer gas pressure was 20 psi. In all measurements, the flow rate
of dry gas was 5 liters per minute and the temperature was 250°C. The sample was
diluted in acetonitrile and delivered to the nebulizer by a syringe pump (Cole Parmer,
USA) at a flow rate of 100 microliters per minute. Optimized conditions of the mass
spectrometer in negative ion modes were a capillary voltage of 1500 volts, a flow rate
of desolvation gas of 5 liters per minute, and a desolvation temperature of 250 degree
Celsius.

In ESI-MS, the nebulizer gas pressure was 18 psi. In all measurements, the flow
rate of dry gas was 5 liters per minute and the temperature was 250 degree Celsius.
The sample was diluted in acetonitrile and delivered to the nebulizer by a syringe
pump (Cole Parmer, USA) at a flow rate of 8 microliters per minute. Optimized
conditions of the mass spectrometer in negative ion modes were a capillary voltage
of 4000 volts, a flow rate of desolvation gas of 5 liters per minute, and a desolvation
temperature was 250 degree Celsius. The instrument was controlled by the Esquire
Control 5.3.11 software and data were processed via Data Analysis 3.3.56 from
Bruker Daltonics (Germany).

LDI-MS spectra were acquired in negative ion mode at a scan range from m/z
260 to 1000. Sample solutions were spotted on an MTP 384 polished stainless steel
target plate from Bruker Daltonics (Germany). The laser power was adjusted to
obtain high signal-to-noise ratios and maximal resolution. Spectra were obtained
and analyzed with the software FlexControl and FlexAnalysis from Bruker
Daltonics (Germany).

ESI-MS/MS spectra were recorded with a fragmentation cut-off set to
approximately one-third of the m/z of the parent ion. The isolation width of the
parent ion was set to 4 daltons to acquire a full isotope profile of the fragments.
The fragmentation amplitude was varied from 0.8 to 1.2 volts. The fragmentation
time in the ion trap was 40 milliseconds. All other experimental conditions were
identical to those above in conventional ESI-MS.

The similarity between the computed and experimental molecular ion isotopic
clusters was evaluated on the basis of similarity indexes (SI) (Wan, Vidavsky, and
Gross 2002). The corresponding formula is given in (1), where (i — i) is a difference
in signal intensities at a given mass for two peaks, divided by the smaller intensity
value (ip) and N is the number of product-ion signals that are compared:

{ : xloo} a

According to definition, the similarity index may have values from 0 to 1. Peak
patterns with SI =0 are identical. In order to obtain percentual expression of isotopic
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patterns similarity, values of (1 — SI)100 were evaluated. Theoretical isotopic patterns
were generated via Data Analysis 3.3.56 software.

RESULTS AND DISCUSSION

ESI, APPI, and LDI mass spectra of the complexes, together with supplementary
ESI-MS/MS spectra, are shown in Figures 3, 4, and 5. In general, abundant negatively
charged molecular ions of the complexes were observed for all ionization techniques
and the extent of fragmentation was low. Recorded negative ion mass spectra
primarily consisted of intact molecular ions of the complexes and other ions
corresponding to the presence of residual reagents, reaction byproducts, and their
oxidation products. The ligands did not contain functional groups that could be
protonated; therefore, positive ion spectra did not include information about the
structure of prepared complexes. In the positive mode, only the tetrabutylammonium
counter cation was observed.

A survey of observed ions in prepared complexes with abundancies higher than
5 percent of corresponding base peak intensity in comparison to their mass/charge
(m/z) ratio is shown in Table 1. Characteristic isotopic clusters were observed
for all molecular species. The values (1 — SI)100 given in Table 2 indicate significant
conformity between calculated and experimental spectra and correct assignment
of elemental composition to m/z values of observed ions.
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Figure 3. Negative ion mass spectra of ~5x 10 ®molar bis(l, 2-dihydroxybenzene)oxorhenium(-):
(a) ESI, (b) APPI, (¢) LDI, and (d) ESI-MS/MS. Molecular ion peaks are circled.
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Figure 4. Negative ion mass spectra of ~5% 10 ®molar bis(1,2,3-trihydroxybenzene)oxorhenium(-);
(a) ESI, (b) APPL, (c) LDI, and (d) ESI-MS/MS. Molecular ion peaks are circled.

It is evident that all ionization techniques provide abundant molecular ions
for the complexes, residual reactants, and reaction by-products in corresponding
reaction mixtures. Evident isotope pattern proximity between calculated and
experimental ESI spectra of bis(2,3-dihydroxynaphthalene)oxorhenium(-) complex
is documented in Figure 6.

ESI-MS, APPI-MS, and LDI-MS

By ESI and APPI, it was possible to detect negatively charged intact molecular
anions [M] . The complexes showed similar behavior under ESI conditions: abun-
dant molecular anions as base peaks and minor fragment peaks. Recorded spectra
were simple and provided direct information about the structure of the complexes
and the presence of residual reactants and reaction by-products. No dimeric and
other cluster structures were observed. The extent of possible ligand exchange with
acetonitrile as a solvent was negligible. Comparison of ESI and APPI spectra showed
no evidence of ions arising from electrochemical processes in the course of ESI
ionization. Direct comparison of minor differences in ion intensities was difficult
due to different tuning procedures used for the types of ionization. Evidently, differ-
ent tuning procedures discriminated ions in a different manner and made the direct
comparison of intensities impossible. Concerning the ion 343 m/z (fragment of
Re-catechol complex), its higher relative intensity in APPI is due to a higher response
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Figure 5. Negative ion mass spectra of ~5X 107°M bis(2,3-dihydroxynaphthalene)oxorhenium(-);
(a) ESI, (b) APPI, (c¢) LDI, and (d) ESI-MS/MS. Molecular ion peaks are circled.

factor or more pronounced fragmentation in course of photoionization. Moderate
increases of the fragment ion intensities for APPI were also observed for the other

complexes.

Due to the presence of O-substituted aromatic ligands, the complexes studied
in this work showed strong absorption in the ultraviolet, particularly at 337
nanometers and, in principle, did not require the addition of a matrix. In contrast
to previously reported MALDI and LDI work on rhenium complexes (Petroselli
et al. 2012), we observed abundant negatively charged molecular ions as base peaks.

Table 1. Summary of observed ions in prepared complexes with abundancies higher than 5 percent
of corresponding base peak intensity and listed by increasing mass to charge ratio (m/z)

Bis(1,2-dihydroxybenezen)

oxorhenium(-)

Bis(1,2,3-trihydroxybenzene)
oxorhenium (-)

Bis(2,3-dihydroxynaphthalene)
oxorhenium(-)

Entry m/z Formula Entry m/z Formula Entry m/z Formula
1" 311  ReCeH,04 7 327  ReCeH40,4 12# 393 ReCoH¢Os

2 327 R€C6H404 8“ 343 R€C6H405 13 431 ReC 1 0H603C12
4 343 ReCeH,O5 9 359 ReCgH404 14 519  ReCyH,,0s

4 381 ReCqH,0:Cl, 10 451 ReC;HgO- 15 535  ReCy,H 1,04

5 419 ReCquOs 1.1 467 ReclegOg 16 554 R3C20H1105Cl
6 435 ReC2HgOq

“Identified by ESI-MS/MS as fragment ions. Desired products are highlighted in bold.
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Table 2. Experimental (exp.) and calculated (calc.) relative intensities (1 %) of ions in isotopic clusters and
evaluated values of similarity indexes (SI) expressed as (1-SI)100

ESI APPI LDI
I I 1 | I I
Molecular percent  percent percent percent percent percent
Complex Formula m/z calc. exp. calc. exp. calc. exp.
bis(1,2- C2HgOs Re 417 59.1 56.9 59.1 56.9 59.1 53.4
dihydroxybenezen) 418 7.8 4.2 7.8 4.2 7.8 9.5
oxorhenium(-) 419  100.0 100.0 100.0 100.0 100.0 100.0
420 13.2 14.1 13.2 14.1 13.2 10.6
421 1.8 0.4 1.8 0.4 1.8 0.7
(1-S8D100=919 (1-SDH100=91.9 (1-—SI)100=89.0
bis(1,2, 3- C»HgO; Re 449 58.9 49.8 58.9 41.9 58.9 62.3
trihydroxybenzene) 450 7.9 204 1.9 8.3 7.9 15.6
oxorhenium(-) 451 100.0 100.0 100.0 100.0 100.0 100.0
452 13.3 11.9 133 16.5 13.3 16.5
453 20 0.1 2.2 2.0 2.2 3.8

(1-SD100=749 (1-SD100=79.1 (1 —-SI)100=284.2
bis(2,3-dihydroxy- CyH205Re 517 58.6 63.0 58.6 67.5 58.6 62.1

naphthalene) 518 129 11:5 12.9 13.8 12.9 13.8
oxorhenium(-) 519  100.0 100.0 100.0 100.0 100.0 100.0
520 21.8 19.0 21.8 154 21.8 245
521 33 3.0 3.3 59 84 39

(1-SD100=91.1 (1-SN100=81.1 (1 -SI)100=92.3

This is probably due to high stability of these studied complexes, together with the
absence of matrix promoting photochemically induced dissociation reactions.

ESI-MS/MS

ESI-MS/MS provided essential information about fragments arising from
molecular ions of studied complexes, making it possible to distinguish among
fragment ions and the ions arising from compounds present in reaction mixture.
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_ 80 — 80
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i S i)
2 [| 5201 Z
3 ;' 520,03
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\ ﬂ ; ” 521,03
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Figure 6. Experimentally (left) and theoretical (right) isotopic patterns of the bis(2,3-dihydroxynaphthalene)
oxorhenium(-) molecular ion cluster.
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Figure 7. Molecular and fragment ions in the bis(1,2-dihydroxybenzene)oxorhenium(-) reaction by
ESI-MS and ESI-MS/MS.

In some cases, chemical reactions and fragmentation processes yielded the same ionic
structures. The spectra of ions arising from ESI-MS/MS fragmentation of complex
molecular ion as a parent ion are shown in Figures 3, 4, and 5. Ionic structures
in bis(1,2-dihydroxybenzene)oxorhenium(-) (5) reaction mixture are summarized
in Figure 7. It may be concluded that (1) and (3) are fragments, (4) is a molecular
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Figure 8. List of molecular and fragment ions in the bis(1,2,3-trihydroxybenzene)oxorhenium(-) reaction
by ESI-MS and ESI-MS/MS.
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Figure 9. List of molecular and fragment ions in the bis(2,3-dihydroxynaphthalene)oxorhenium(-)
reaction by ESI-MS and ESI-MS/MS.

ion of an intermediate of complex forming reaction, and (2) and (6) correspond to di-
oxo derivatives of a complex and its intermediate. The ionic structures detected in bis
(1,2,3-trihydroxybenzene)oxorhenium(-) (10) reaction mixture are shown in Figure 8.
Tons (7), (8), and (9) are fragments and (11) corresponds to di-oxo derivative. lons
detected in the bis(2,3-dihydroxynaphthalene)oxorhenium(-) reaction mixture are
shown in Figure 9. Here the spectrum of ions corresponding to species accompany-
ing the complex is quite rich and involves complex intermediates [(13) and (16)] and
molecular ion of di-oxo derivative [(15)]. Ion (12) was the only MS/MS fragment
observed.

In general, MS/MS fragmentation pathways are straightforward. Daughter
ions were formed predominantly by a cleavage of the aromatic part on a single
ligand [(3), (9), and (12)] or by a loss of entire ligand [ML] [(1) and (7)]. However,
the latter mentioned fragmentation mechanism was not observed for the bis(2,3-
dihydroxynaphthalene)oxorhenium(-) complex as the most stable. For bis(1,2,3-
trihydroxybenzene)oxorhenium(-), the ion at m/z 327 may be rationalized by a loss
of oxygen from (9). Complementary APPI-MS/MS experiments did not reveal differ-
ences in fragmentation pathways; the spectra of daughter ions were nearly identical.

CONCLUSIONS

Mass spectrometry using electrospray ionization, atmospheric pressure
photoionization, and laser desorption/ionization was shown to be useful for struc-
tural characterization of rhenium complexes with phenolic ligands and for other
compounds present in reaction mixtures in course of complex preparation. The mass
spectra obtained gave unambiguous information about molecular weights and the
structures of the compounds because intact molecular ions and structurally charac-
teristic fragments were observed. Direct information about the composition of the
reaction mixture was accessible without, in principle, problematic and laborious
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chromatographic separation. The uncertainty of correct structural characterization
of observed ions, based on low-resolution MS data, was greatly reduced by the
complementary evaluation of characteristic isotopic patterns and comparison with
theoretical profiles.

The synthesis of three structurally similar rhenium complexes prepared by the
reaction of rhenium precursor tetrabutylamonium-tetrachlorooxorhenate with
aromatic alcohol ligands; 1,2-dihydroxybenzene, 1,2,3-trihydroxybenzene, and 2,3-
dihydroxynaphtalene was performed in acetonitrile. In addition, complexes of bis
(1,2-dihydroxybenzene)oxorhenium(-), bis(1,2,3-trihydroxybenzene)oxorhenium(-),
and bis(2,3-dihydroxynaphthalene)oxorhenium(-) were characterized by '"H NMR
and infrared spectroscopy. Comparisons of data available from these methods
clearly demonstrated the reliability and information obtained by mass spectrometry.

One may conclude that mass spectrometry utilizing soft ionization techniques
is powerful for monitoring complex formation reaction kinetics and their stabilities.
Representative spectra were recorded for micromolar concentrations of the analytes.
Though it is less suitable for characterization of closely related structures, such as cis
and frans isomers, its sensitivity is superior to commonly used NMR making it
unique for real clinical and pharmacokinetic studies. The ESI-MS/MS results
provide an initial understanding of the mechanism of rhenium oxo-complex
fragmentation.
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5.2 Analyticka studie komplexii rhenia s aromatickymi ligandy metodou UV/Vis

spektrometrie a ESI-MS (komentar k publikaci II a III)

Cilem publikace II a III bylo detailni prostudovani vzniku komplext pfi reakci
rheniového prekurzoru s aromatickymi ligandy a optimalizace piipravy komplexd.
Pro tyto ucely byla vyuzita technika ESI/MS a UV-Vis absorp¢ni spektrometrie. Byly
vyzkouSeny dv¢€ alternativni metody pfipravy: (1) reakce za laboratorni teploty
s pfidavkem triethylaminu jako akceleratoru a (2) reakce za varu na olejové lazni po
dobu 60 minut snaslednym zrdnim reakéni smési za laboratorni teploty. Jako
rozpoustédlo byl pouzit acetonitril. Obé techniky piipravy poskytly v kratkém Casovém
intervalu rozdilné reakéni meziprodukty. Pfi delSim Case stani za laboratorni teploty vSak
ob¢ techniky poskytly stejné findlni produkty. V rdmci optimalizace syntézy
pozadovanych produkt byl detailn¢ prozkouméan vliv piidavku trietyhlaminu (TEA)
jako akceleratoru reakce do reakéni smési na rychlost tvorby Re™" kompexu se dvéma

navazanymi ligandy jako finalniho produktu reakce.

Pii reakcich provadénych s 1,2,3-trihydroxybenzenem jako ligandem za laboratorni
teploty v acetonitrilu s pfidavkem akceleratoru TEA se ukazal jako rozliSujici ptidavek
TEA v nadbytku 4 ekvivalentii vzhledem k latkovému mnozstvi prekurzoru. Jak je ukdzano
na obrazku 5.6, pfi pifidavku TEA niz8§im neZ 4 eq. se vytvoii jako finalni produkt 1,2,3-

trihydroxybenzen-chloro-dioxorhenium™",  zatimco pfi pfidavku vy$8im nez 4 eq.

se stdva dominantnim produktem reakce bis(1,2,3-trihydroxybenzen)-dioxorhenium ™",
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Obr. 5.6 Reakéni schéma a vyslednd struktura ptipravenych komplext rhenia s 1,2,3-
trihydroxybenzenem v zavislosti na nadbytku pfidaného akceleratoru TEA do reakcni
smési. Reakce probihaly za ptistupu vzduchu, ptislusné reakéni ¢asy jsou uvedeny vedle

Sipek. Symbol O, naznacuje kyslikaté prostiedi reakce.

Akcelerator TEA vystupuje v reakcich jako baze, ktera je schopnéd neutralizace
chlorovodiku vzniklého jako vedlejsi reakéni produkt z rheniového prekurzoru. Nizky
nebo nulovy obsah TEA v reakéni smési vyznamné sniZzuje rychlost reakce prekurzoru
s ligandem a zvysuje pravdépodobnost vymeny ligandu za chloridové ionty. Pfi obou
reakénich cestach dochdzi k postupné zméné oxidac¢niho ¢isla rheniového iontu z +V

na +VII pfi zachovani struktury a poctu vazanych ligandi.
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Reakéni smési  obsahujici  dominantni  rheniové  komplexy  bis(1,2,3-
trihydroxybenzen)-oxorhenium™ (na obrazku 5.6 ¢islo 1) a bis(1,2,3-trihydroxybenzen)-
oxorhenium™' (na obrazku 5.6 ¢islo 2) se diky rozdilnému oxidaénimu ¢&islu rhenia
vyrazn€ 1i§i svym zbarvenim. Vzhledem k rozdilné barevnosti obou komplexti bylo
mozné sledovat pfeménu z komplexu 1 na komplex 2 metodou UV/Vis spektrometrie.
Série absorp¢nich spekter snimanych v pétiminutovych casovych intervalech po dobu
padesdti minut, uvedend na obrazku 5.7, dokumentuje preménu zluté¢ zbarveného
kompexu 1 na Cerveny komplex 2. Reakce probihd za laboratorni teploty v pfitomnosti

2 ekvivalenti TEA.
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Obr. 5.7 UV/Vis zaznam piemény komplexu bis(1,2,3-trihydroxybenzen)-oxorhenium™
na bis(1,2,3-trihydroxybenzen)-oxorhenium™'. Reakéni podminky: 2 eq. TEA; Casové

intervaly At =5 min
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Vliv zéavislosti mnoZstvi TEA ptidaného do reakéni smési na rychlosti reakce
premény komplexu 1 na komplex 4 byl sledovan metodou UV/Vis spektrometrie
na zékladé nartistu absorbance komplexu bis(1,2,3-trihydroxybenzen)-dioxorhenium™" 4
pti 430 nm. Vliv zévislosti pfidavku TEA na rychlost reakce byl zkouman v rozmezi 2 -
16 ekvivalentt TEA vzhledem k latkovému mnozstvi prekurzoru. Z obrazku 5.8 je
patrné, ze nejrychleji reakce probiha pii 12 nebo 16 ekvivalentech TEA, nicméné rozdil
mezi 12 a 16 ekvivalenty je témét zanedbatelny. K nejvétsi zmeéné v rychlosti reakce
dochazi mezi 2 a 8 ekvivalenty, kdy rozdil v absorbancich odecitanych ve stejném

Vv v

¢asovém horizontu je témét Ctyfnasobny.
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Obr. 5.8 Casova zavislost absorbance odeétené pii 430 nm, odpovidajici absorpénimu
maximu komplexu bis(1,2,3-trihydroxybenzen)-dioxorhenium™", v reakéni smési
obsahujici 2-16 ekvivalenti TEA. Pocate¢ni koncentrace: 1,42 umol dm™ prekurzor

a 3,81 umol dm™ ligand.
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VSechny vzniklé komplexy v reakcich prekurzoru s ligandy byly strukturdlng
charakterizovany metodou hmotnostni spektrometrie a nuklearni magnetické resonance.
Reakéni schéma dokumentujici reakci rheniového prekurzoru s 1,2-dihydroxybenzenem
jako ligandem vcetné NMR spekter jednotlivych komplexti (necharakterizovanych
v publikaci I) je ukazéno v sekci Ptilohy I1/1-2.

Stejné jako v piipad¢ reakci rheniového prekurzoru s 1,2,3-trihydroxybenzenem, i
pfireakcich s 1,2-dihydroxybenzenem hralo dualezitou roli mnozstvi piidaného
triethylaminu jako akceleratoru do reakéni smési. Rozdilovym z hlediska tvorby
reak¢nich produkti se opét ukazal pridavek piebytku 4 ekvivalenti TEA vzhledem
k latkovému mnozstvi rheniového prekurzoru (reakéni schéma v sekci Piilohy 11/3). Pii
pfidavku TEA vy$$im nez 4 ekvivalenty doSlo k tvorbé findlniho produktu bis(1,2-
dihydroxybenzen)-dioxorhenia™". Pokud byl pfidavek TEA mensi nez 4 ekvivalenty,
vyslednym produktem reakce byl komplex bis(1,2-dihydroxybenzen)oxorhenium
s theniovym atomem v +VI oxida¢nim stupni. Tento komplex velmi zvolna piechéazi na
komplex bis(1,2-dihydroxybenzen)-chloro-oxorhenia vzniklym pravdépodobné vyménou
atomu kysliku za atom chloru a zménou oxidacni stupné rhenia na +VII. Vzhledem
ke své elektroneutralit¢ nebylo mozné tento komplex charakterizovat metodou ESI-MS
piimo, ale az po jeho derivatizaci p-bromanilinem za vzniku komplexu N-(bis(1,2-
dihydroxybenzen)oxorhenium)-parabromanilinu. Reakéni schéma  derivatizace

je znazornéno na obrazku 5.9.

@:OJ |,o© o /©/ @ @
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Obr. 5.9 Schéma reakce komplexu bis(1,2-dihydroxybenzen)-chloro-oxorhenium s p-
bromanilinem za vzniku N-(bis(1,2-dihydroxybenzen)oxorhenium)-parabromanilinu

vhodného k ESI-MS stanoveni
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Ptiblizné struktury v obou cestdch zastoupenych rheniovych komplexi byly
vytvoreny na zéklad¢ ziskanych dat z hmotnostniho spektrometru a NMR a piekresleny

do 3D podoby programem MolView (ptilozeny v sekci Piilohy 11/4-8).

Zavérem je mozno konstatovat, ze informace z publikaci II a III pfispély
ke znalosti reakénich mechanismt, kinetiky vzniku a stability rheniovych komplex
s aromatickymi ligandy. Vysledky ukazaly na ochotu primarné¢ vzniklych rheniovych
komplexti pfechazet v komplexy jiné a to vramci oxidacnich reakci a vyménnych
reakci ligandl. Vyrazné rozdily v barevnosti rdznych rheniovych komplexti umoznily
pro studium kinetiky jejich ptremén vyuzit UV/Vis absorpéni spektrofotometrii, jejiz

vysledky vyznamné doplnily ESI-MS méteni.
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Abstract Selected rhenium complexes with pyrogallol
(1,2,3-trihydroxybenzene) and catechol (1,2-dihydroxy-
benzene) as strongly bound ligands were prepared by a
reaction of rhenium precursor tetrabutylammonium-tetra-
chlorooxorhenate with twofold molar excess of ligand in
presence of various amounts of triethylamine. The struc-
tures of formed complexes and their consequent reaction
products were estimated by means of mass spectrometry
with electrospray ionization. The kinetics of reactions in
course of complex formation and consequent decomposi-
tion were primarily followed by UV-Vis absorption spectra
measurement, complemented by single or continuous
electrospray mass spectrometry analyses.
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ESI-MS - Structural analysis - UV=Vis absorption
spectrometry - Reaction kinetics
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Introduction

Rhenium complexes composed of S-emitting '*°Re and
188Re isotopes coordinated with suitable organic ligand
gain increased interest in radiopharmaceutical medicine,
Besides suitable radiological properties given by a metal
ion itself, detailed knowledge of overall chemical proper-
ties of formed complexes, namely their exact structures,
chemical stabilities and possible degradation pathways are
essential pre-requisites for their clinical application. It
should be noted that substantial information is accessible
from experiments with non-radioactive analogues. Present
nuclear medicine frequently uses transition metal-based
radiopharmaceuticals injected to patient’s body in a form
of short half-life radionuclide ion coordinated with suit-
able organic ligand (Abrams and Murrer 1993; Schrot-
terova and Nekovar 2006). Much alike other human drugs,
radio-diagnostic agents must obey strict rules requesting
detailed analytical information about the composition of
applied formulation. As they are commonly administered
in forms of reaction mixtures, the determination of their
actual composition, depicting the structures of individual
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complexes and their degradation products, might be
extremely difficult.

Rhenium complexes composed of f-emitting '**Re and
1%8Re isotopes coordinated with a suitable ligand start to
play important role in radiopharmaceutical medicine, as
targeted radio-diagnostics and palliative agents in bone
antitumor therapy. Both metals possess close chemical
properties (Gerloch and Constable 1994; Colton 1965).
They show, in their compounds, a wide variety of oxidation
states ranging from (—I) to (+VII) and form both cationic
and anionic species with strong oxidizing to mild reducing
properties. As other transition metals, they form stable co-
ordination complexes with numerous inorganic and organic
ligands, the stability of whose depend on actual redox
states and properties of central metal ion and coordinated
ligands. Perrhenate and pertechnetate are common starting
material for the preparation of coordination complexes
with organic ligands. Their ability to coordinate organic
ligands and form stable complexes is insufficient; they
have to be selectively reduced prior to complex formation.
Reliable and reproducible procedure, yielding rhenium
coordination complex with favorable chemical and phar-
macological properties as a dominant reaction product still
remains a crucial breakthrough waiting to be achieved.
Successful attempt to eliminate reduction step and bind
perrhenate ion in porphyrin inclusion complex has been
described (Konirova et al. 2003); however, its clinical
perspective has not been studied yet.

The spectrum of suitable analytical methods allowing to
cover individual complexes arising and else decomposing
in reaction mixture is rather restricted. As a consequence,
there is a lack of exact analytical data describing individual
chemical reactions between Re(V) species with various
ligands and other components present in a reaction mixture.
Accordingly, relevant data about the stabilities of the
complexes and their possible decomposition routes are
missing. Evidently, standard methods of structure analysis,
such as X-ray diffractometry, nuclear magnetic resonance
(NMR) and infrared spectrometry (IR), are of limited use
(Nicholson et al. 2003; Valliant et al. 2001; Shaker et al.
2010; Kowalczyk and Szynkowska 2012), as they are not
suitable for analyses in mixtures. Clinical practice often
relies on thin-layer chromatography with radiochemical
detection as a technique making it possible to distinguish
between initial perrhenate and formed complex, with
additional details remaining hidden. The use of more
selective analytical techniques, such as high-performance
liquid chromatography and capillary zone electrophoresis
revealed more detailed information about intricacy of
processes proceeding in a reaction mixture within the time
span of its clinical applicability (Koudelkova and Jedi-
nakova-Krizova 2003; Kohlickova et al. 1999; Kohlickova-
Koudelkova et al. 2002).

@ Springer

Mass spectrometry with soft ionization techniques
proved to be fast and reliable method for the structure
characterization and quantification of various complexes.
Electrospray ionization (ESI) usually provides mass spectra
with dominant molecular ion and minor fragment ions
(Henderson et al. 1998). As compared with NMR and IR
techniques, electrospray mass spectrometry (ESI-MS)
makes it possible to achieve substantially lower detection
limits and is applicable to analytes in aqueous solutions
(Hori et al. 1996, 1997; Fedorova et al. 2014; Tisato et al.
2004). Similarly, laser-induced photodesorption (LDI) and
matrix-assisted photodesorption (MALDI) proved to
effectively ionize the complexes, providing mass spectra
with dominant molecular ions and low extent of fragmen-
tation (Wyatt 2011; Wyatt et al. 2006). Atmospheric
pressure photoionization (APPI) is, at present, the softest
commercially available ionization technique that was suc-
cessfully utilized for structure characterization of com-
plexes (Van Berkel 2003). Low-energy UV lamp excitation
light enables to generate intact molecular ions for Kineti-
cally labile analytes with negligible extent of fragmenta-
tion. The structure analysis of selected Re(+I) complexes
by means of LDI, MALDI and ESI ionization can be found
in Refs. (Petroselli et al. 2012; Day et al. 2007).

In our previous contribution (Sticha et al. 2015), we
pointed out on suitability of low-resolution ESI-MS for fast
and reliable structural identification of selected Re com-
plexes in a mixture. We proved the existence of various
complex species arising from reaction of Re(V) precursor
with phenolic complex-forming ligands. The aim of this
study is to investigate the kinetic behavior of major com-
plex compounds arising from the reaction of tetrabuty-
lammonium-tetrachloroxorhenate with pyrogallol (1,2,3-
trihydroxybenzene) and catechol (1,2-dihydroxybenzene)
as strongly bound ligands. Special aim is devoted to the
study of subsequent chemical transformation of primarily
formed Re(V) complexes leading to the variety of complex
structures. ESI-MS kinetic data are compared to those
obtained by conventional UV-Vis kinetic measurements.
We believe that the acquired information on chemical
structure of formed complexes and corresponding reaction
rates will contribute to better knowledge of chemistry of Re
coordination compounds with possible impact on proposal
of diagnostic kits with improved properties.

Experimental
Materials and measurements
Tetrabutylammonium-tetrachlorooxorhenate [(n-Buy.

N)(ReOCly)] was purchased from Sigma-Aldrich (Gilling-
ham, Dorset, UK). Pyrogallol (1,2,3-trihydroxybenzene)
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(99%) and catechol (1,2-dihydroxybenzene) (99%) ligands
were purchased from Alfa Aesar (Karlsruhe, Germany).
Acetonitrile, HPLC-grade, was purchased from Lach-Ner
(Neratovice, Czech Republic). Triethylamine (TEA) and p-
bromoaniline were purchased from Sigma-Aldrich
(Gillingham, Dorset, UK) and used as a 10% (w/w) stock
solution in acetonitrile. Electrospray tuning mix for ion trap
was purchased from Agilent (Santa Clara, USA). Nitrogen
used as a drying and nebulizing gas was delivered by LC—
MS-NGM 11 nitrogen generator (Bruker Daltonics, Ger-
many). Helium 4.6 was purchased from Linde Gas a.s.
(Prague, Czech Republic).

Solid substances were weighted using Sartorius 7085011
microbalances (Sartorius GmbH, Gottingen, Germany).

Electrospray mass spectrometry experiments were con-
ducted on an ion trap instrument Esquire 3000 (Bruker
Daltonics, Germany) and controlled by the Esquire Control
5.3.11 software and data were processed via Data Analysis
3.3.56 software (Bruker Daltonics, Germany). EST-MS data
were collected in negative-ion mode at a scan range from
m/z 300 to 650. In all ESI-MS measurements, the nebulizer
gas pressure was 124.1 kPa at a flow rate of 5 L min '; the
desolvation temperature was 300 °C and capillary voltage
was adjusted to 4000 V. The sample solutions were
delivered to nebulizer by a syringe pump (Cole Parmer,
USA) at a flow rate of 8 pL min~".

UV-Vis absorption spectra were measured by Evolution
60 spectrometer (Thermo Scientific, USA), using 3-mL quartz
cuvettes with 1 cm optical length and processed by means of
VISIONIlite Scan 5 software (Thermo Scientific, USA). The
spectra were sequentially collected at selected time intervals
in a range of 300-700 nm, with increment step 5 nm. The

Preparation of complexes (I-IV) with pyrogallol
ligand

Mixture of rhenium precursor tetrabutylammonium-tetra-
chlorooxorhenate [(n-BusN)(ReOCly)]| (1.76 mg,
1.0 umol) and pyrogallol (0.76 mg, 2.0 pmol) was dis-
solved in acetonitrile (3 mL) at room temperature. After
complete  dissolution, 2-16 equivalents of TEA
(8.4-52.5 uL of 10% TEA solution in acetonitrile) were
added. Alternatively, for the purposes of long-term kinetic
measurements, the reaction mixture without added TEA
was prepared.

Preparation of complexes (V-IX) with catechol
ligand

Reaction compounds [(r-BuuN)(ReOCl,)] (1.76 mg,
1.0 umol) and catechol (0.66 mg, 2.0 pmol) were dis-
solved in acetonitrile (3 mL) at room temperature. After
complete  dissolution, 2-16 equivalents of TEA
(8.4-52.5 pL of 10% TEA solution in acetonitrile) were
added. For ESI-MS determination of uncharged complex
VII, p-bromoaniline (1.72 mg, 1.0 pmol) was added to the
reaction mixture.

All prepared complexes are closer described in
Table 1.

The similarity between the computed and experi-
mental molecular ion isotopic clusters was evaluated on
the basis of similarity indexes (SI) (Wan et al. 2002).
Peak patterns with SI =0 are identical. To obtain
percentual expression of isotopic patterns similarity,
values of 100-SI were evaluated. Theoretical isotopic

scheme, molecular formula and theoretical mass for each  patterns were generated via Data Analysis 3.3.56
compound were collected by ChemSketch ACD labs software.
(Canada) and IsotopePattern (Bruker Daltonics, Germany).
Table 1 Chemical names, labels and formulas of studied rhenium complexes
Entry Complex Label Formula
I Bis(1,2,3-trihydroxybenzene)oxorhenium [Re¥(0)(PG),|~ C,,HgzO+Re
IT Bis(1,2,3-trihydroxybenzene)oxorhenium [Re¥(0)(PG),] " C,,H;0:Re
I 1,2,3-trihydroxybenzene-chloro-dioxorhenium [R(:V”Cl(O)z(PG)]_ﬂ CeH5ClOsRe
v Bis(1,2,3-trihydroxybenzene )dioxorhenium [Re""(0),(PG)»]~ C,,HzOsRe
v Bis(1,2-dihydroxybenzene)oxorhenium [Re¥(0)(Cat),]~ C,,HgOsRe
VI Bis(1.2-dihydroxybenzene)oxorhenium [Re"0)(Cat),]° C,,HyOsRe
VII Bis(1,2-dihydroxybenzene)-chloro-oxorhenium [Re"'™(0)Cl(Cat),]" C,,HsClOsRe
VI N-(bis(1,2-dihydroxybenzene)oxorhenium)-parabromoaniline [REV”(0)(Cat)2-p-BA]_" C,;3H2BrNOsRe
IX Bis(1,2-dihydroxybenzene)dioxorhenium [REV”(O)Z(CaI)ZI i C;2HgOgRe
* Deprotonated ion
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Results and discussion
Rhenium-pyrogallol complexes

As it is depicted in reaction scheme (Fig. 1), actual molar
ratio of triethylamine (TEA) to rhenium precursor tetra-
butylammonium-tetrachlorooxorhenate [(n-Buy.
N)(ReOCly)] decisively alters the rate and course of
chemical reactions (running at room temperature) yielding
single complexes.

Based on the series of proved experiments, it was pos-
sible to conclude that molar ratio of TEA equal or higher
than 4, yields [ReY™(0),(PG),]” (compound TV) as a
dominant final reaction product synthesized in reaction of
[(n-BuyN)(ReOCly)] and pyrogallol (PG), while lower
TEA concentration leads to the formation of [Re¥'"
CI(O),(PG)]™ complex (IIT). Such observation is evidently
related to the stoichiometry of complex-forming reaction
and necessary amount of TEA for complete neutralization
of hydrogen chloride as a reaction by-product. ESI-MS
monitoring of the reaction of [(n-BuyN)(ReOCly)] with

twofold excess of PG in presence of two equivalents of
TEA is shown in Fig. 2.

[Re¥(0)(PG)5]~ complex (I) is formed almost immedi-
ately, followed by its exponential decay in favor to
[ReY(OXPG),]~ (compound IT) within 60 min. The same
process is documented by UV-Vis absorption spectra
(Fig. 3).

Initial yellowish color of the reaction mixture given by
dominant [ReY(0)(PG),]~ complex changes to carmine
solution with prevailing [Re¥'(0)(PG),]" as a stable reac-
tion intermediate. Within 60 min, the absorption maximum
at 370 nm almost completely disappears in favor to arising
530 nm peak. Well-defined isosbestic point at 425 nm
shows a simple reaction mechanism of [ReV(0)(PG),]~ to
[ReVI(O)(PG)Q]” chemical transformation. Higher concen-
trations of TEA significantly accelerate subsequent oxida-
tion to [ReY*(0),(PG),]". As it follows from Fig. 4,
prevailing [ReY(0)(PG),]~ formed within 60 min in a
reaction mixture with two TEA equivalents was completely
oxidized to [ReY"(0)»(PG),]~ when additional six equiv-
alents of TEA were added.

Fig. 1 Scheme of possible OH
reactions between precursor [(n- |O| OH
Bu,N)(ReOCl,)] and pyrogallol Ol e !
in presence of various amounts £
of TEA reaction route 1 ci a OH reaction route 2
TEA<4 y wﬁ Z4eq.
oH oH |- OH " OH
0 _0
o\ue'M 0\|R‘|e' ’
VAN AN
(o] o] o O
/ miz 451 1 miz 451
o o OH 1 OH o o OH
e S
N
0/ \O 0/ o
i miz 450 v miz 467
l (cn
oo |-
Oxl\r‘@uu]
O/ \CI
”I m/z 377
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Fig. 2 Time evolution of the ESI-MS signals for a reaction of [(n-
BuyN)(ReOCl,)] with pyrogallol in acetonitrile; two equivalents of
TEA are added to reaction mixture. Extracted ion current (EIC) at m/
z451 exponentially decreases in favor to EIC at m/z 450), as complex |
is converted to II. Initial concentration: [(n-BusN)(ReOCl,)]
(0.018 mg, 0.01 pmol) and pyrogallol (0.008 mg, 0.02 pmol)

095 400 500 a0 700

Fig. 3 UV-Vis absorption spectra depicting the conversion of a
yellowish complex I to carmine-colored complex II; two equivalents
of TEA are present in reaction mixture. Arrows indicate increase and/
or decrease of absorption maxima of both species. Spectra are
collected within 60 min and shown at time differences 6 min. Initial
concentration: [(n-BuyN)(ReOCly)] (1.76 mg, 1.0 pmol) and pyro-
gallol (0.76 mg, 2.0 pmol)

Simultaneously arising absorption maxima at 430 and
560 nm indicate the formation of stable brown-colored
[Re¥™(0),(PG),] . More detailed dependence of the rate
of reaction yielding [Re¥"(0),(PG),]~ complex on the
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Fig. 4 UV-Vis absorption spectra depicting the conversion of
carmine complex II to brown-colored complex IV; eight equivalents
of TEA are present in reaction mixture. Arrows indicate increase and/
or decrease of absorption maxima of both species. Spectra are
collected within 60 min and shown at time differences 6 min. Initial
concentration: [(n-BuyN)(ReOCl,)] (1.76 mg, 1.0 pmol) and pyro-
gallol (0.76 mg, 2.0 pmol)
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Fig. 5 Time-based dependencies of the height of absorption maxi-
mum at A =430nm (4, of compound IV) in a [(n-Buy
N)(ReOCl,)]-PG reaction mixture with 2-16 equivalents of TEA
added. Initial concentration: [(rn-Bu,N)(ReOCl,)] (1.76 mg,
1.0 pumol) and pyrogallol (0.76 mg, 2.0 pmol)

molar excess of TEA is elsewhere documented in Fig. 5.
Time-based dependence of the height of absorption maxi-
mum at 430 nm confirms the significant influence of TEA
up to the molar excess of 12 equivalents; higher concen-
trations do not else accelerate the reaction.

Different reaction routes were observed within long-
term UV-Vis monitoring of the reaction in absence of TEA
and were collected over 3 months at time 0; 0.5; 1.0; 4.8;
5.6; 6.9; 18.8; 43.6: 219; 381; 573; 693; 1076 and 2542 h.
As it is visible in Fig. 6 part (a), the formation of [ReYY(-
O)PG),]" complex is significantly prolonged; the maxi-
mum peak height at 530 nm is achieved within tens of
hours.
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Absorbance

0950 400

Fig. 6 UV-Vis absorption spectra depicting the reaction of [(n-
BusN)(ReOCly)] with pyrogallol in absence of TEA. Immediately
formed yellow complex I (A, = 370 nm) is converted to carmine
complex II (Amax = 530 nm). Arrows indicate increase and/or

Further long-term conversion of [ReY(O)(PG),]°
involves ligand exchange reaction with CI™ ions as a by-
product of the reaction between [(n-BuyN)(ReOCl,)] and
PG. The oxidation of rhenium ion is accompanied by a
cleavage of a single ligand, yielding blue—green [Re"(-
O)2C1(PG)Jn as a final reaction product. This is evident
from Fig. 6 part (b) where absorption maximum at 530 nm
diminishes in favor to simultaneously arising maxima at
460 and 630 nm.

The structures of the complexes arising in [(n-Buy.
N)(ReOCly)]-PG reaction mixture were confirmed with
ESI-MS spectra shown in Fig. 7. Spectrum A reflects the
composition of a reaction mixture with two equivalents of
TEA immediately after its initialization. Dominant
molecular ion cluster of [ReY(O)PG):]™ at m/z 451 was
observed. Spectrum B reflects the composition of the same
reaction mixture 60 min after its initialization. Dominant
peak cluster at m/z 450 corresponds to prevailing depro-
tonated [Re"'(O)PG),]~ complex. Minor peak cluster at
miz 467, visible both in spectra A and B, corresponds to
traces of [ReV”(O)z(PG)Z]‘ complex at early stages of its
formation. In spectrum C, peak cluster at m/z 467 confirms
the presence of [ReV(0),(PG),]~ as a major reaction
mixture constituent in a reaction mixture with eight
equivalents of TEA, 60 min after its initialization. Peak
cluster at m/z 343 corresponds to a fragment ion [ReVH(O)z
(PG)]™ as a product of elimination of a single ligand
moiety. The last spectrum D reflects the composition of the
same reaction mixture after 3 months. Peak cluster at m/
z 377 documents the presence of deprotonated [ReV(-
0),CI(PG)]™ as a final and else stable reaction product.
Elemental composition of all observed Re—PG complexes
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decrease of absorption maxima of both species. Spectra are shown
within the time intervals of 0.0—43.6 h (a) and 219-2542 h (b). Initial
concentration: [(n-BuyN)(ReOCly)] (1.76 mg, 1.0 pmol) and pyro-
gallol (0.76 mg, 2.0 pmol)

was verified by a comparison of theoretical and experi-
mental molecular ion isotopic patterns, that all possess
close resemblance.

Rhenium—catechol complexes

Comparative kinetic measurements monitoring the forma-
tion and subsequent chemical transformations of the com-
plexes arising in catechol (Cat)-[(n-BusN)(ReOCly)]
reaction mixture were performed. As in previous experi-
ments, the decisive role of TEA on complex formation and
consecutive transformations was confirmed. Proposed
reaction scheme based on UV-Vis and ESI-MS measure-
ments, described below, is shown in Fig. 8. Molar ratio of
TEA to [(n-BuyN)(ReOCly)] higher than four equivalents
immediately yields [ReY(0)(Cat),]~ (compound V) that is
consequently converted to stable [Re¥(0),(Cat),]~
(compound IX) as a final oxidation product. Corresponding
reaction rates are comparable to those observed with PG as
a ligand.

Absorption spectra shown in Fig. 9 document the rate of
[ReV(0)(Cat),] ™ to [Re™(0),(Cat),]~ complex oxidation
in presence of eight equivalents of TEA. The conversion to
[Re¥"(0),Cat),]|~ is accomplished within 60 min; the ini-
tial pale yellow color of reaction mixture stains to deep
magenta as the concentration of oxidized product with
absorption maxima at 365, 460 and 540 nm increases.

The difference between Cat and PG ligands, in terms of
the structures of formed complexes and the rates of indi-
vidual reactions, becomes significant for TEA concentra-
tions lower than four equivalents, markedly, in its absence
in reaction mixture. As it is evident from UV-Vis
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Fig. 7 Directly injected negative ESI-MS spectra reflecting the
composition of [(z-BuyN)(ReOCl,)]-PG reaction mixture sampled
and analyzed in a stage with a prevailing complex I; b prevailing

absorption spectra shown in Fig. 10, the rate of the con-
version of initially formed [Re¥(O)(Cat),]” to [Re“'(-
0)(Cat), ] intermediate (compound VI) (4. = 510 nm)
in presence of two equivalents of TEA is significantly
prolonged.

400 420 440 460 480 m/z

complex II; ¢ prevailing complex IV and d prevailing complex IIL
Details are given in a supporting text

Unlike pyrogallol, catechol lacks the free and dissocia-
ble hydroxyl group after complexation with rhenium;
therefore, [ReY(O)(Cat),]° intermediate remains
uncharged in ESI, APPI and APCI and its structural char-
acterization by MS is impossible. Its presence in reaction
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Fig. 8 Scheme of possible
reactions between [(n-
BuyN)(ReOCly)] and catechol in
presence of various amounts of

TEA reaction route 1

TEA<4V

vil

Absorbance

05

045 400

500 600 700

Anm

Fig. 9 UV-Vis absorption spectra depicting the conversion of pale
yellow complex I to deep magenta complex IX: eight equivalents of
TEA are present in reaction mixture. Arrow indicate an increase of
absorption maxima at A = 365, 460 and 540 nm, characteristic for
complex IX. Spectra are collected within 60 min and shown at time
differences 6 min. Initial concentration: [(n-BusN)(ReOCly)|
(1.76 mg, 1.0 pmol) and catechol (0.66 mg, 2.0 jtmol)
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Fig. 10 UV-Vis absorption spectra depicting the conversion of a
complex V to purple complex VI (4n.x = 510 nm). The second
arising absorption maximum at A = 620 nm indicates the formation
of complex VII as a product of concomitant Re oxidation and ligand-
exchange reaction; two equivalents of TEA are present in reaction
mixture. Arrows indicate increase and/or decrease of absorption
maxima of both species. Spectra are collected within 60 min and
shown at time differences 6 min. Initial concentration: [(n-Buy
N)(ReOCly)] (1.76 mg, 1.0 umol) and catechol (0.66 mg, 2.0 pmol)
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Fig. 11 UV-Vis absorption spectra depicting the long-term transfor-
mation of complex VI to blue complex VII (/. = 620 nm). Arrows
indicate increase and/or decrease of absorption maxima of both
species. Spectra are shown within the time interval of 0.0-43 h. Initial
concentration: [(n-BuyN)(ReOCly)] (1.76 mg, 1.0 umol) and catechol
(0.66 mg, 2.0 pmol)

mixture is presumed entirely from a similarity between
absorption spectra describing the formation of deproto-
nated [ReVI(O)(PG)z]_ and those corresponding to the
formation of [ReV](O)(Cat)z]" analogue. Its further and
relatively slow oxidation is accompanied by a ligand-ex-
change reaction with residual Cl™ ions present in the
reaction mixture, yielding [Re"™(0)Cl(Cat),]° (compound
VII) as a final and stable reaction product. Its formation
documents the rise of second maximum at 620 nm. Rate
and overall extent of the conversion of [ReY(O)(Cat),]° to
[ReV”(O)Cl(Cat)E]O is documented in a series of absorption
spectra shown in Fig. 11. Absorption maximum at 510 nm
diminishes in favor to increasing maximum at 620 nm. The
color of reaction mixture consequently changes from
magenta to blue. It should be noted that complex [Re""(-
0)CI(Cat),]" is also neutral; however, its ESI-MS structure
identification is possible after the reaction with p-bro-
moaniline yielding complex [ReV"(O)(Cat)zfrBA]_
(compound VIII) as an ESI-ionizable reaction product.
ESI-MS spectra depicting the structure of complexes
arising in Cat—[(n-BuyN)(ReOCl,)] reaction mixture are
shown in Fig. 12. Spectrum A reflects the composition of a
reaction mixture with eight equivalents of TEA immedi-
ately after its initialization. Abundant molecular ion cluster
at mfz 419 reflects the dominance of [Re"(O)(Cat),]™
complex. Spectrum B with a dominant ion cluster at m/
z 435 and fragment ion at m/z 327 documents the compo-
sition of the same reaction mixture 60 min after its ini-
where complex [ReV(0),Cat),]~
predominates. Spectrum C reflects the final composition of
a reaction mixture with two equivalents of TEA, where the
presence of [Re"{O)Cl(Cat),]" is confirmed by a domi-

tialization,

nant molecular ion cluster at m/z 588, and fragment at m/
z 480, corresponding to reaction product with p-
bromoaniline.

Elemental composition of all observed complexes was
verified by a comparison of theoretical and experimental
molecular ion isotopic patterns, that all possess close
resemblance. Table 2 summarizes theoretical monoiso-
topic, and obtained masses of rhenium complexes observed
and identified in negative ESI-MS spectra complemented
by solution colors, oxidation state of individual rhenium
complexes and calculated similarity index. As it is evident
from Table 2, the color of reaction mixture is determined
by the prevailing complex in solution. Characteristic iso-
topic clusters were observed for all molecular species. The
values 100-SI given in Table 2 indicate significant con-
formity between calculated and experimental spectra and
correct assighment of elemental composition to m/z values
of observed ions.

Conclusions

This study documents the diversity of chemical reactions
between rhenium precursor tetrabutylammonium-tetra-
chlorooxorhenate and pyrogallol (PG) or catechol (Cat) as
strongly bound, structurally similar ligands. Irrespective of
the selected ligand, observed reactions can be diversified to
fast ones, involving immediate formation of Re(V) com-
plex, and the slower ones, involving oxidation of central
rhenium ion accompanied with possible ligand-exchange
reactions. While the former mentioned do not depend on
the actual ligand structure, the later ones show the depen-
dence on exact ligand structure and the actual composition
of a reaction mixture.

The presence of triethylamine (TEA) in reaction mix-
ture plays a decisive role in observed reaction schemes
and their actual rates. TEA molar ratio higher than four
equivalents results in formation of [ReY(0,)(PG),]~ and
[Rev”(Oz)(Cat)z]' complexes as dominant reaction
products. Lower amount or even the absence of TEA
decelerates the rates of the reactions and increases the
probability of ligand-exchange reactions. Within long-
term reaction monitoring with less than four equivalents
of TEA, we identified deprotonated [Re“™(0,)CI(PG)]™
and [ReV"(O)C](Cat)ZJO as dominant and stable reaction
products.

The absence of free chargeable group in a complex
prohibits its structure identification with ESI-MS. Unlike
pyrogallol complexes, Re(VI) and Re(VII) catechol ana-
logues remain often uncharged and, thus, hidden for ESI-
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Fig. 12 Directly injected negative ESI-MS spectra reflecting the
composition of [(n-BuyN)(ReOCl,)]-Cat reaction mixture sampled
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complex IX: ¢ prevailing complex VII identified after its derivatiza-
tion with p-bromoaniline as complex VIII

79



Chem. Pap. (2017) 71:819-830

829

Table 2 Theoretical monoisotopic and measured molecular ion masses of studied rhenium complexes

Entry Theoretical monoisotopic m/z Measured m/z Rhenium oxidation state Solution color Similarity index/%
| 450.98 450.8 \Y Yellowish 91.7
11 449.97 449.8 VI Carmine 91.2
11 376.92 376.9 Vil Blue—green 90.4
v 466.98 466.9 Vil Brown 97.8
A% 418.99 418.8 \Y Pale yellow 96.1
VIII 587.95 587.7 Vil Yellowish 96.7
IX 434.99 434.8 VI Deep magenta 95.7

Additional descriptors covering the properties of individual complexes (Re oxidation state, observed color) and reliability of MS structure

identification (similarity index) are enclosed

MS. However, the final [ReY™(O)Cl(Cat),]" complex was
successfully converted to a chargeable product via
derivatization with p-bromoaniline.
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Abstract Oxorhenium(V) complexes composed of B-emit-
ting '*°Re and '**Re isotopes are of current interest in radio-
pharmaceutical medicine. Rhenium complexes of 1,2.3-
trihydroxybenzene were prepared by reactions of a
Re(V) precursor (tetrabutylammonium tetrachlorooxorhenate)
with twofold molar excess of the ligand in acetonitrile. The
structural formulae of the complexes and their consequent
reaction products, as well as those of the final reaction prod-
ucts  bis(1,2,3-trihydroxybenzene)-dioxorhenium(VII) and
1.2,3-trihydroxybenzene-chloro-dioxorhenium(VII), synthe-
sized in two different reactions differing in the amount of
triethylamine added to the reaction mixture, were estimated by
means of physicochemical and spectroscopic methods. ESI-
MS spectra in negative mode were also obtained. The reac-
tions during the course of complex formation and consequent
decomposition were primarily followed by ESI-MS, and time-
dependent ESI-MS signals were recorded and compared to
those obtained by UV/Vis absorption spectroscopy.

Introduction
Current nuclear medicine frequently uses transition metal-

based radiopharmaceuticals injected into the patient’s body
in the form of a short half-life radionuclide coordinated by

< David Kaliba
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Department of Analytical Chemistry, Faculty of Science,
Charles University in Prague, Hlavova 8, 123 48 Prague,
Czech Republic

(%)

Department of Chemistry, Faculty of Science, Charles
University in Prague, Hlavova 8, 123 48 Prague, Czech
Republic

a suitable organic ligand [1]. Oxorhenium(V) complexes of
B-emitting rhenium isotopes ('*°Re and '**Re) are begin-
ning to play an important role in radiopharmaceutical
medicine. Because of their similarity to technetium ana-
logues already used in medicine, many tasks concerning
the preparation and clinical utilization of such complexes
have been already solved. Re and Tc have almost identical
chemical properties [2, 3]. Their complexes show a wide
variety of oxidation states, ranging from (—I) to (4VII),
and form both cationic and anionic species with strongly
oxidizing to mildly reducing properties. Coordination
compounds of ®™Tc are well established in nuclear diag-
nostics, while '®°Re and '**Re analogues seem to be uti-
lizable in bone antitumor therapy [3].

The range of suitable analytical methods for determi-
nation of individual complexes in reaction mixtures is
rather restricted. As a consequence, there is a lack of exact
analytical data describing individual chemical reactions
between Re(+V) species with a ligand and additional
components present in a reaction mixture. Accordingly,
relevant data on the stabilities of such complexes and their
possible decomposition routes are missing. Concerning the
analysis of transition metal complexes in terms of their
exact structures and stabilities, most information has come
from kinetic studies related to their catalytic properties
[4-7]. Based on such kinetic studies, the rhenium core has
been recognized as an effective catalytic center for oxygen
transfer reactions or in ammonia synthesis [§-10].

Pyridine, y-picoline, and o-chloropyridine have been
examined as ligands for stable complexes formed from
Re(V) precursor. Kinetic studies of the formation and
consequent degradation of the complexes were based on
analysis by infrared spectrometry [11]. The effects of
various nucleophiles, pyridine N-oxides, triaryl phosphates,
2,7-nonadiyne and glucose as rhenium complex-forming
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ligands were monitored in vitro and in vivo, and corre-
sponding structure investigations were presented [12-14].

Metal complexes for use in human medicine can be
characterized by a wide spectrum of analytical methods,
depending on the required information; the changes in
rhenium oxidation states can be monitored by electroana-
lytical and spectrometric methods [15-17]. Quantification
of the components in complex-forming reaction mixtures is
usually achieved by means of TLC, HPLC and capillary
zone electrophoresis (CZE) [18-24]. Structural character-
ization of such complexes utilizes common methods, such
as X-ray crystallography, NMR and IR [25-27]. Mass
spectrometry with soft ionization techniques has also
proved to be a suitable method for the analysis of various
complexes. Electrospray ionization usually provides mass
spectra with dominant molecular ion and minor fragment
ions [28, 29]. Compared with NMR and IR, ESI-MS can
achieve substantially lower detection limits and is appli-
cable to analytes in aqueous solution [30-32].

In our previous contribution, we pointed out the suit-
ability of low-resolution ESI-MS for fast and reliable
structural identification of selected rhenium complexes in
mixtures [33]. We discovered that the stabilities of rhenium
compounds, especially with aromatic ligands, depended on
the presence of oxygen as well as on the presence of
additional compounds (accelerants) binding HCI formed as
a by-product. The goal of this study was to investigate the
products of reaction of the rhenium precursor tetrabuty-
lammonium tetrachlorooxorhenate and aromatic ligand
1,2,3-trihydroxybenzene in acetonitrile under various con-
ditions, in particular the amount of triethylamine added to
the reaction mixture as an accelerant. The products have
been characterized by electrospray mass spectrometry,
NMR and IR spectroscopy. Special attention is paid to the
subsequent transformations of initial product complexes,
leading to a variety of final products. The ESI-MS
extracted ion current data are compared to those obtained
by conventional UV/Vis absorption spectroscopy mea-
surements. We hope that information on the chemical
structures of such complexes and their subsequent reaction
products, along with additional data on the complex-
forming reactions, will contribute to the development of
new rhenium diagnostic kits with improved clinical
properties.

Experimental
Materials and instrumentation
Tetrabutylammonium tetrachlorooxorhenate ((n-Buty)[-

ReOCl,]) and trimethylamine (TEA) were purchased from
Sigma—Aldrich, ligand 1,2,3-trihydroxybenzene (PG) was

@ Springer

purchased from Alfa Aesar, acetonitrile for NMR (CD5;CN)
99.8% purity was purchased from Euriso-top, acetonitrile
HPLC grade was purchased from Lach-Ner, and electro-
spray tuning mix for mass spectrometry with ion trap was
purchased from Agilent. All other reagents used in the
synthesis were commercially available and used without
further purification.

Electrospray mass spectrometry experiments were con-
ducted on an ion trap instrument Esquire 3000 Bruker
Daltonics. '"H and '*C NMR spectra were recorded on
CD;CN solutions on a Bruker Varian (300.54 and
100.11 MHz) NMR spectrometer. The 'H and '*C chemi-
cal shifts ¢ are given in ppm. Coupling constants J refer to
Jum in "H and Jee in C NMR unless denoted otherwise.
IR spectra were recorded on a NICOLET 380 FTIR
Thermo Scientific instrument using KBr disks. UV/Vis
absorption spectra were recorded on a Thermo Evolution
60 UV/Vis absorption spectrometer using 3-ml glass or
plastic cuvettes with a 1 cm length.

Synthesis of complex (1)

A mixture of (n-Buty)[ReOCly] (0.88 mg, 1.42 pmol) and
PG (0.48 mg, 3.81 pmol) in acetonitrile (3 ml) was stirred
at room temperature under air. After 10 min, 2-16 equiv-
alents of TEA (8.4-52.5 pl of 10% TEA solution in ace-
tonitrile) were added. The resulting yellow color solution
contained major complex bis(1,2,3-trihydroxybenzene)-
oxorhenium(V) (1). Complex was characterized in solu-
tion. "H-NMR (300 MHz, CD;CN): ¢ = 9.94 (bs, 2H),
6.56 (m, 2H), 6.35 (m, 4H) ppm; "*C-NMR (100 MHz,
CD;CN): & = 108.8, 599, 47.6, 247, 20.8, 14.1,
9.50 ppm.

Synthesis of complex (2)

When the procedure for complex (1) was used with a small
amount of TEA (0-4 equivalents, 0-16.8 pl), the complex
bis(1,2,3-trihydroxybenzene)-oxorhenium(VI)  (2) was
formed itself as an intermediate in the reaction with air
access after 60 min of standing in air at room temperature.
The resulting color of the solution was cyan. Complex (2)
was characterized in solution and provides shifts at 'H-
NMR (300 MHz, CD;CN): 0 = 9.93 (bs, 2H), 6.56 (m,
2H), 6.35 (m, 4H) ppm; 3C-NMR (100 MHz, CD;CN):
6 = 108.8, 59.8, 47.6, 24.8, 20.8, 14.21, 9.51 ppm.

Synthesis of complex (3)
The reaction of (n-Buty)[ReOCly] (0.88 mg, 1.42 pmol)
with PG (0.48 mg, 3.81 umol) in acetonitrile (3 ml) was

performed at room temperature with 0—4 equivalents of
TEA (0-16.8 pl). The final green solution of 1,2,3-
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trihydroxybenzene-chloro-dioxorhenium(VII) (3) as the
major complex was obtained from the cyan solution of
complex (2) after 3 months of standing in a closed flask
with slight air access. Complex (3) was characterized in
solution and provides shifts at: "H-NMR (300 MHz, CD;.
CN): 6 = 7.05 (m, 2H), 5.36 (m, 4H) and 5.20 (m, 2H)
ppm; "*C-NMR (100 MHz, CD;CN): § = 70.6, 28.7, 4.21,
4.14 ppm.

Synthesis of complex (4)

The reaction of (n-Buty)[ReOCl,] (0.88 mg, 1.42 umol)
with PG (0.48 mg, 3.81 pmol) in acetonitrile (3 ml) was
performed at room temperature, and after 10 min, 16
equivalents of TEA (52.5 pl of 10% TEA solution in
acetonitrile) were added. The resulting yellow-colored
solution containing the major compound (1) changed in the
presence of TEA to a brown solution with bis(1,2,3-

trihydroxybenzene)-dioxorhenium(VII) (4) as the major
complex after 60 min. After evaporation of acetonitrile, the
crude product was recrystallized from state solvent used for
recrystallization of (4) to obtain 0.63 mg of a yellow solid
with 90% yield. "H-NMR (300 MHz, CD;CN): 6 = 7.61
(m, 2H), 7.23 (m, 2H), 3.06 (bs, 2H), 1.59 (m, 2H), 0.96
(m, 2H) ppm; *C-NMR (100 MHz, CD;CN): & = 147.3,
130.7, 127.0, 124.7, 111.1, 59.6, 24.6, 20.7, 14.21 ppm. IR
(KBr, cm™"): 722(s), 779(s), 1476(s), 1521(s), 2681(s),
2959(s), 3228(s).

Results and Discussion

As depicted in Scheme 1, the molar ratio of TEA to pre-
cursor decisively alters the rate and course of the subse-
quent chemical reactions yielding single complexes. Based

Scheme 1 Structures and labels OH
of the prepared Re complexes
(1)-(4) with reaction times. The [+ ] -CI OH
presence of air is signified by O, CI’R\B +
Cl
TEA<4eq. OH TEA >4 eq
0, 0,
A‘tin 10M
. OH -
ol ]
..._-O Ra---—O OH
\@ ° b
(1)
Ozl 60 min 0O, | 60 min
Y
. OH -
0 o 1
0\ u O le
~
Q/ \ . OH
(8]
(4)
Ozl 3 months
o -
a |
oo
o/ %
(3)
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on a series of experiments, it was possible to conclude that
TEA molar ratios higher than 4 equivalents yield complex
(4) as a final reaction product, while lower TEA concen-
trations lead ultimately to complex (3). TEA acts as a base,
which neutralizes HCl (a reaction by-product). Lower
amounts or even the absence of TEA lowers the rates of the
reactions and so increases the probability of ligand
exchange reactions, thus playing a decisive role in the
sequence of complex-forming reactions. The reaction
routes involve oxidation of the rhenium center from its
initial oxidation state of +V to +VII, while the ligand
remains chemically unaltered.

As it is evident from Table 1, the color of the reaction
mixture is determined by the prevailing complex in solu-
tion. Table 1 also summarizes the theoretical monoisotopic
and obtained masses of the complexes obtained by elec-
trospray mass spectrometry.

An electrospray mass spectrometry extracted ion current
(EIC) study of the reaction between the precursor with
twofold excess of PG plus 2 equivalents of TEA is shown
in Fig. 1. Complex (1) is formed almost immediately,
followed by its exponential decay in favor of complex (2)
within 60 min. Time-based ESI-MS measurements enabled
us to specify different reaction pathways yielding alterna-
tive rhenium complexes. Mass spectrometry with electro-
spray ion source is suitable for the observation of
previously selected ions. In this case, for the chemical
transformation (1) — (2), the selected ions were measured
at m/z 451 and 450, respectively. The relative abundance
of (1) with m/z 451 exponentially decreases with time,
because of the decrease in its concentration. Conversely,
the relative abundance of (2) (m/z 450) increases with time,
reflecting its Increasing concentration in solution.

Due to the presence of O-substituted aromatic ligands,
the complexes studied in this work show strong absorptions
in the UV/Vis region. The dominance of complex (1)
immediately after mixing the reactants and the dominance
of (2) within 60 min is also revealed by the complementary
UV/Vis transition study shown in Fig. 2. The yellowish
color of the initial reaction mixture, corresponding to the
major product (1), gradually converts to a cyan-colored
solution in which (2) prevails as a stable reaction

Vu\ﬂ .
u%

~ 10!
e
SN
=
0
8
: w«
0.5 “!\?
(2)
. - MWWW.J
WWWI‘W
|
10 20 30 40 50
Time (min)

Fig. 1 Time evolution of the ESI-MS signals for the reaction of
[ReOCly] with PG and 2 equivalents of TEA

intermediate; the absorption maximum of (1) at 370 nm
almost completely disappears, in favor of peak at 530 nm
connected with the rising concentration of (2) in 60 min. A
well-defined isosbestic point at 425 nm points at a simple
transformation of (1) into (2).

Higher concentrations of TEA (more than 4 equivalents)
significantly accelerate conversion to final complex (4). For
TEA equivalents higher than 4, it proved to be impossible
to detect (2) as an intermediate. UV/Vis transition mea-
surements in the presence of 8 equivalents of TEA in the
reaction mixture are shown in Fig. 3. The new rhenium
complex (4) can be prepared after 60 min of standing at
laboratory temperature. Simultaneous increases in absorp-
tion maxima at 430 and 560 nm indicate the formation of
the brown-colored complex (4).

Table 1 Formulae, theoretical monoisotopic and experimentally obtained masses of rhenium complexes observed in negative ESI-MS spectra,
together with solution colors and oxidation states of individual rhenium complexes

Complex Formula Theoretical monoisotopic (m/z) Measured (m/z) Oxidation state Solution color
| C,,HgOsRe 450.9 451 \Y Yellow

2 C,,H,0,Re" 4499 450 VI Cyan

3 CgH,CIOsRe™ 376.8 377 vl Green

4 C»,HgOgRe 466.9 467 VII Brown

* Detected as the deprotonated molecule
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Fig. 2 UV/Vis absorption spectra for conversion of yellow complex
(1) into cyan colored (2); 2 equivalents of TEA; time intervals
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Fig. 3 UV/Vis absorption spectra for conversion of yellow complex
(1) to brown complex (4); 8 equivalents of TEA; time intervals
At = 5 min

The dependence of the rate of formation of complex (4)
on the molar excess of TEA in the reaction mixture is
shown in Fig. 4. The time dependence of the height of the
absorption peak at 430 nm confirms the significant influ-
ence of TEA on the Re(V)-Re(VII) reaction rate. However,
more than 12 equivalents of TEA do not further accelerate
the reaction. The rate of the complex formation reaction
yielding complex (4) depends significantly on the addition
of TEA as a base, binding C1~ ions which are the reaction
by-product. From Fig. 4, showing the increase in the
absorption maximum at 430 nm when the reaction is
exposed to air, depending on TEA addition (2-16 equiva-
lents), it can be seen that the rate of reaction significantly
increases with increasing excess of TEA. It is evident that
reaction rate is the highest for 12 or 16 equivalents of TEA;
however, the most significant change in the rate was
observed in the interval of 2-8 equivalents of TEA, such
that the difference in absorbance of the solution between 2
and 8 equivalents is almost fourfold.
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Fig. 4 Time dependencies of absorbances at A = 430 nm, corre-
sponding to absorption maximum of (4), in reaction mixtures with
2-16 equivalents of TEA (initial concentrations 1.42 pmol precursor
and 3.81 umol PG)
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Fig. 5 UV/Vis absorption spectra for conversion of the yellow
complex (1) to the purple (2) at t = 0-43.6 h (a) and long-term
transformation of (2) to the green oxidized product (3) at
t = 219-2542 h (b)

A different reaction scheme was observed during long-
term monitoring of the reaction in the absence of TEA.
Data were collected for 3 months, at times of 0, 0.5, 1.0,
4.8, 5.6, 6.9, 18.8, 43.6, 219, 381, 573, 693, 1076 and
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Fig. 6 Direct injected negative
ESI-MS spectra for complexes
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2542 h. Compared to the reaction in the presence of TEA,
production of (2) is significantly prolonged, such that the
maximum peak height is achieved within 10 h (Fig. 5A at
t = 0-43.6 h). Further long-term conversion of (2) in the
absence of TEA is possibly altered by the presence of C1™
as a by-product. As it is evident from Fig. 5b at
t = 219-2542 h, the absorption maximum at 530 nm
diminishes in favor of simultaneously arising maxima at
460 and 630 nm, in accordance with the increasing con-
centrations of green complex (3).

The structures of the complexes dominating in the pre-
cursor—PG reaction mixture under the selected conditions
and time intervals were confirmed by ESI-MS, as shown in
Fig. 6. Spectrum 1 reflects the composition of a reaction

a Springer

360 380 400 420 440 460 480
m/z

mixture with two equivalents of TEA immediately after its
initialization. A dominant molecular ion cluster from
complex (1) was observed. Spectrum 2-H reflects the
composition of the same reaction mixture 60 min after
initialization. The dominant peak cluster at m/z 450 cor-
responds to complex (2), detected as a deprotonated
molecule. The peak m/z 451 is slightly higher than would
correspond to the isotopic contribution, because of the
presence of unconverted (1). The minor peak cluster at m/z
467 visible in both spectra 1 and 2-H corresponds to traces
of complex (4) at early stages of its formation. In spectrum
4, the peak cluster at m/z 467 confirms the presence of (4)
as a major constituent in the reaction mixture with 8
equivalents of TEA in 60 min after its initialization. The
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peak cluster at m/z 343 corresponds to a fragment ion with
one ligand still attached to rhenium, as a result of the
elimination of one ligand moiety. The final spectrum 3-H
reflects the composition of the same reaction mixture
3 months after initialization. The peak cluster at m/z 377
indicates the presence of (3) as final complex detected as
the deprotonated molecule. Its structure, together with
those of all the other complexes, was also confirmed by a
comparison of theoretical and experimental isotopic pat-
terns, which all show good agreement (see Fig. 7). The
theoretical isotopic patterns were calculated from the
monoisotopic masses of the atoms by Bruker Daltonics
Isotopic Pattern. Complexes (2) and (3) were detected as
deprotonated molecules, labeled as 2-H and 3-H.

Conclusion

The present study documents the complexity of chemical
reactions between tetrabutylammonium tetrachloroox-
orhenate as Re(V) precursor and 1,2,3-trihydroxybenzene
as a strongly binding ligand. The observed reactions can be
divided into a group of fast processes, involving initial and
immediate reaction between the precursor and 1,2,3-trihy-
droxybenzene, and consequent transformations of complex
(1) to (2) as an intermediate and finally (4) and slower
processes, involving backward reactions with reaction
byproducts. Triethylamine plays a decisive role in the
sequence of complex formation reactions. TEA molar
ratios higher than 4 equivalents result in the formation of
complex (4), while lower amounts or even the absence of
TEA significantly decelerate the rate of reactions and also
increase the probability of ligand exchange reactions,
namely the cleavage of 1,2,3-trihydroxybenzene and
relinkage of chloride. In a long-term monitoring of the
reaction mixture without added TEA, (3) was identified as
the major reaction product. The ability of rhenium to bind
1,2,3-trihydroxybenzene as a ligand is preserved, irre-
spective of its actual oxidation number. This observation is
interesting from the perspective of relatively rare infor-
mation about Re(VII) complexes with organic ligands and
also the possible role of Re(VI) and Re(VII) complexes in
medical applications. Based on observed electrospray mass
spectra of Re(VII) complexes with abundant molecular
ions and observed long-term stability even in aqueous
solutions, their high chemical stability was presumed. In
general, preparation of Re(VII) complexes directly from its
highest oxidation state is usually impossible and successive
oxidation of lower oxidation state complexes is the only
way of their preparation.

9} Springer
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5.3 Separace reakéni smési obsahujici rheniové komplexy s aromatickymi

ligandy metodou kapilarni zonové elektroforézy (komentar k publikaci I'V)

Analytickd kontrola radiofarmak zahrnuje stanoveni radionuklidické,
radiochemické a chemické Cistoty pfipravené substance. Chromatografie na tenké vrstveé
(TLC) s radiometrickou detekci byla po mnoho let vyuzivana k analyze rheniovych
radiofarmak, zejména pro stanoveni vytézku radiochemické komplexace. Vyhodou TLC
je jeji rychlost a instrumentdlni nendroCnost, nepatii vSak mezi techniky s vysokou
separacni ucinnosti schopnou rozlisit a selektivné kvantifikovat strukturné blizké
analyty. Elektromigracni metody (napft. kapilarni zénova elektroforéza) jsou vhodnym
kandidatem k separaci reakéni smési obsahujici rheniové nebo techneciové komplexy
[137, 138, 140]. Kapilarni elektroforéza s hmotnostnim detektorem byla také tspé$né
vyuzita ke strukturalni charakterizaci rheniového komplexu s glycylglycylcysteinem

a cysteinglycynem syntetizovanych v ligand vyménujicich reakcich [232].

Cilem publikace IV je vyvoj a cCasteCna validace metody kapilarni zénové
elektroforézy pro separaci slozek reakéni smési béhem ptipravy rheniového komplexu,
vznikajiciho pfi reakei rheniového prekurzoru tetrabutylamonium tetrachloroxorhenatu

s ligandem 1,2,3-trihydroxybenzenem v pfitomnosti 16 ekvivalentd TEA.

Reakéni smés obsahujici dominantni rheniovy komplex bis(1,2,3-
trihydroxybenzen)dioxorhenium™" (postup ptipravy dle publikace II a III) byla
separovana metodou CZE s DAD detekci v boratovych a fosfatovych nosnych

elektrolytech.

Vliv pH nosného elektrolytu na efektivni elektroforetickou mobilitu jednotlivych
slozek reakce byl zkouman v rozmezi hodnot 6,50 — 11,70 pro fosfatovy a 6,50 - 11,50
pro boratovy nosny elektrolyt. Koncentrace ko-iontd nosnych elektrolytti byla
upravovana v rozmezi 5 — 10 mmol dm” tak, aby vodivost nosnych elektrolytti byla
konstantni. Rheniovy komplex, 1,2,3-trihydroxybenzen (ligand v nadbytku) i rhenistan
(rozkladny produkt) migruji jako anionty. Dle pfedpokladu byla zména efektivni
elektroforetické mobility pii zméné pH pozorovana pouze u ligandu, ktery mé charakter
slabé kyseliny. V1iv pH na migra¢ni cas 1,2,3-trihydroxybenzenu v boratovém nosném
elektrolytu je ukdzan na obrazku 5.10. Témét symetrické piky pozorované v slabé
kyselych a slabé zasaditych nosnych elektrolytech se méni na tvar frontujiciho

trojuhelniku pfi siln¢ alkalickém pH.
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Obr. 5.10 Vliv pH na migraéni Cas ligandu 1,2,3-trihydroxybenzenu v boratovém
nosném elektrolytu (5 — 10 mmol dm?™) vrozmezi hodnot pH 6,50 — 11,50.
CZE podminky: 25 °C, 25 kV, 16 - 30 pA, detekce pti 200 nm. Pocatecni koncentrace
ligandu 0,20 mg ml™.

Sledovani prubehu efektivni elektroforetické mobility sledovanych latek na pH
(Obr. 5.11) ukazala, Ze vznikly komplex i rhenistan maji jako silné elektrolyty prakticky
konstantni hodnotu elektroforetické pohyblivosti ve sledovaném intervalu pH. Ligand
vykazuje jakozto slaba kyselina charakteristicky sigmoidni charakter, ze kterého je
mozné odecist zdanlivou hodnotu jeho disociaéni konstanty. Odec¢tena hodnota pK, 9,20
je nizsi nez tabelovana hodnota [233], pravdépodobné v diisledku tvorby komplexu
s boratovym ko-iontem. Obrazek zavislosti efektivni pohyblivosti sloZek reakéni smési

na pH fosfatového pufru je ukdzan v sekci Prilohy IV/1.
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Obr. 5.11 Zavislost efektivni pohyblivosti nezreagovaného ligandu, rhenistanu
a komplexu na ménici se hodnoté pH v 10 mmol dm™ boratovém pufru. CZE podminky:
25°C, 25kV, 12 - 30 pA, detekce 200 nm. Pocatecni koncentrace slozek reakce: ligand
(0,16 mg ml™"), prekurzor (0,29 mg ml™).

Elektroforetickd separace sledovanych slozek reakéni smési je mozna
v boratovych 1 fosfatovych nosnych elektrolytech v celém sledovaném rozsahu pH.
Opakovana méieni prokdzala, ze z hlediska dosazitelné citlivosti, separacni uc¢innosti
a minimalni doby analyzy je vyhodné pouZit neutralni ¢i slabé bazicky boratovy nosny
elektrolyt. Vysledny elektroferogram dokumentujici separaci sledovanych slozek
reak¢ni smeési v boratovém pufru o pH 7,50 je ukdzén na obrazku 5.12. V tomto nosném
elektrolytu byly urCeny i zékladni validacni parametry stanoveni sledovanych slozek
reakéni smési. Hodnoty koeficientu determinace, limitu detekce, limitu kvantifikace

a linearniho rozsahu, vypoctené pro ligand a prekurzor, jsou uvedeny v tabulce 5.3.
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Obr. 5.12 Elektroferogram reak¢ni smési obsahujici ligand (1), komplex (2) a rhenistan

(3) po 60 minutach reagovani a piidavku 16 ekvivalentd triethylaminu v 10 mmol dm™

boratovém pufru (pH 7,50). CZE podminky: 25 °C, 25 kV, 20 pA, detekce pii 200 nm.

Pocate¢ni koncentrace: ligand (0,16 mg ml™), prekurzor (0,29 mg ml™)

Tab. 5.3 Validacni parametry pro CZE analyzu reakéni smési obsahujici rheniovy

komplex
Linearni i i
1.OD LOQ Standardni Standardmi
Amnalvt R? rozsah chybw chyvby
1 1
(ug ph) (hgpl)  (rgp) smérnice iseku
Rhenistan 0,989 1-10 0,152 0,458 1245 10.1
Ligand 0,992 1-10 0,184 0,543 098 157
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Data ziskand metodou kapildrni zonové elektroforézy ukazala, ze reakéni smés
obsahujici rheniovy komplex, nezreagovany ligand a prekurzor je mozné uspeSné
rozseparovat na jednotlivé slozky reakce v boratovém i fosfatovém pufru. VSechny slozky
reakce bylo mozné odé¢lit od sebe béhem 10 minut. Kapilarni elektroforéza také prokazala
chovani vysledného komplexu a prekurzoru jako silného elektrolytu, jejichz
elektroforetickd pohyblivost neni zavisla na pH nosného elektrolytu. Hodnoty limitu
detekce a limitu kvantifikace odpovidaji dfive publikovanym védeckym pracem
vénujicim se separaci rheniového komplexu s odlisnym ligandem. Data ziskana kapilarni
elektroforézou mohou napomoci rychlejsi separaci komeréné dostupné reakéni smeési
a tedy 1 moznosti kontroly vzniku a vytézku vysledného komplexu pied vlastni aplikaci

do téla pacienta.
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Abstract A capillary zone electrophoretic method has
been developed for a separation of a reaction mixture of a
rhenium complex. The rhenium complex was synthesized
in a reaction of a rthenium precursor and 1,2,3-trihydrox-
ybenzene in acetonitrile with triethylamine addition. The
capillary electrophoretic method has been used for the
separation in borate and phosphate buffer (pH 6.30-11.80).
All components in the reaction mixture (unreacted pre-
cursor, ligand, and final rhenium complex) have been
determined by capillary zone electrophoresis with UV-Vis
detection in an aqueous running electrolyte within 10 min.
Dependencies of effective electrophoretic ion mobility on
the pH value have been determined for the ligand, unre-
acted precursor, and final complex in both electrolytes.
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Introduction

Medical inorganic chemistry is rapidly developing. It offers
new possibilities in pharmaceutical industries, which have
been traditionally dominated by organic chemistry so far.
In developing diagnostics radiopharmaceuticals, a rising
attention is paid to the incorporation of radionuclides with
optimal decay characteristics into tracer molecules. In this
respect, technetium-99 m is an ideal choice (y-emitter,
Eyax = 140 keV, 1, = 6 h). It is well established in
nuclear medicine and available from commercial
Mo/ Te generator columns [1-5]. Furthermore, the
radionuclides of rhenium, the Group 7 congener of Tc, are
B-emitters with suitable properties for therapeutic appli-
cations ("®Re, Eyax = 1.07 MeV, t,,, =90h, '"®Re,
Eyax = 2.12 MeV, 1, = 17 h) [6, 7]. In addition, the
rhenium isotopes possess approximately the same photon
emission energy as that of **™Tc. Owing to this property, it
is possible to monitor the biodistribution of rhenium
radiopharmaceuticals with the same equipment employed
for the *"™Te agents [8]. The oxidation state +V has been
investigated most commonly among the numerous oxida-
tion states of technetium and rhenium, owing to its diverse
coordination chemistry.

Transition metal-oxo-complexes show a fascinating
variety of structures and reactivities. There is a consider-
able interest in the chemistry of inorganic compounds
containing an oxygen atom that is multiply bonded to a
transition metal. Oxo-complexes are catalysts for organic
reactions, provide a model for active sites in heterogenous
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Fig. 2 Dependence of the migration times of the unreacted precursor,
unreacted ligand, and complex upon the pH of 10 mmol phosphate
buffer. CE conditions: 25 °C, 25kV, 13-25 pA, and 200 nm
detection. Initial concentration conditions: ligand (0.16 mg cm %)
and precursor (0.29 mg cm %)

mobility of the complex 1 remains constant within the
studied pH range. Obviously, the same characteristic was
observed for the precursor. PG behaves as a weak acid and
provides a characteristic sigmoidal dependence. Its point of
inflection at pH 10.20 cormrelates with the tabulated
pK value of PG [23].

Separation in borate buffers

The effective ion mobility dependencies on the pH value
for the complex 1, perrhenate, and PG within the pH
interval 6.20-11.60 are shown in Fig. 3. In case of the
perrhenate and the complex 1, the dependencies are linear
with zero slopes. A slight increase of an effective elec-
trophoretic mobility of the complex 1 for the highest pH
values indicates a possible dissociation of PG ligands non-
coordinated hydroxyl group. PG behaves as a weak acid.
However, the rate of PG dissociation and ionic mobility is
significantly shifted, compared to the measurements in the
phosphate buffers. This difference can be explained by a
formation of a complex with boric acid promoting PG
acidic character. A borate buffer of pH 7.50 was selected
for the compounds’ reasonable migration time, better
separation, greater absorbance, and fairly good peak
shapes. All components were separated and quantified in
the borate buffer (pH 7.50), as displayed in Fig. 4.

Linearity
The calibration curves were plotted (concentration vs. peak

area) in the concentration range from 1.000 to
10.00 pg mm® for the thenium precursor and PG. The
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Fig. 3 Dependence of the migration times of the unreacted precursor,
unreacted ligand, and complex upon the pH of 10 mmol borate buffer.
CE conditions: 25 °C, 25 kV, 12-30 pA, and 200 nm detection.
Initial concentration conditions: ligand (0.16 mg cm *) and precursor
(0.29 mg cm ™)
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Fig. 4 Electropherogram of the standard mixture solution containing
PG (/), complex (2), and unreacted precursor (3) after 60 min of
reacting with the addition of 16 equivalents of TEA. 10 mmol borate
buffer, pH 7.50. CE conditions: 25 °C, 25 kV, 13-25 pA, and 200 nm
detection. Initial concentration conditions: ligand (0.16 mg cm G
and precursor (0.29 mg cm =]

linearity of the calibration curves for the final complex has
not been developed. The response was linear with the
coefficient of determination (R?) = 0.989 for the rhenium
precursor and 0.992 for the PG. Regression equations,
linear ranges, and values of coefficient of determination are
shown in Table 1.

Concentrations of the PG, complex 1, and perrhenate
were calculated based on calibration curves and plot areas.
After 60 min of reacting, the concentration of the PG has
decreased by 85% from the initial concentration
0.16 mg em™? (average area 151 AU) to 0.025 mg em™?
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Table 1 Analytical data for the determination of analytes

Analytes R Linear range/pug mm 3 LOD/ug mm % LOQ/ug mm *  Standard errors of intercept  Standard errors of slope
Precursor 0989  1-10 0.152 0.458 124.5 10.1
Ligand 0992 1-10 0.184 0.543 99.8 157

(area 22.7 AU). The concentration of the perrhenate
decreased from 0.29 to 0.07 mg em ™ (75%).

Conclusion

A capillary zone electrophoresis was used as a fast sepa-
ration method suitable for a monitoring of the
rhenium(VII)-pyrogallol complex formation directly in a
reaction mixture. An optimized capillary zone elec-
trophoresis (CZE) method provided highly resolved peaks
of a rhenium(VII)-pyrogallol complex, pyrogallol (PG),
and perrhenate—major reaction mixture compounds.
Based on the obtained calibration data, it was possible to
quantify these compounds. The proposed CZE method is
considered to be a complementary method to HPLC. It is
going to be utilized for an optimization of rhenium com-
plex preparation procedures and for a purity check of
isolated complexes.

CZE provided additional data concerning the acid-base
characteristics of the separated compounds. The measured
dependencies of the effective electrophoretic mobility of
the rhenium(VII)-PG complex on the pH value in phos-
phate and borate buffers are linear with zero slopes. This
confirms the rhenium complex to have a character of a
strong electrolyte, migrating as a singly charged anion
throughout monitored pH range. A slight increase in
effective ion mobility for studied borate buffer with highest
pH value is probably connected with an additional disso-
ciation of a non-coordinated hydroxyl group on a PG
ligand. A significant difference in a degree of dissociation
of a PG in borate and phosphate buffers indicates the for-
mation of the PG-borate buffer by-product with an
increased acidity and ionic mobility.

Experimental

Tetrabutylammonium tetrachlorooxorhenate [(n-Bug.
N)(ReOCly)] and triethylamine (TEA, used as a 10% (w/w)
stock solution in acetonitrile) were purchased from Sigma-
Aldrich (Gillingham, Dorset, UK). Ligand 1.2 3-trihydroxy-
benzene (99%) was purchased from Alfa Aesar (Karlsruhe,
GER). Acetonitrile HPLC grade was purchased from Lach-
Ner (Neratovice, CZE). Electrospray tuning mix for ion trap
was purchased from Agilent (Santa Clara, USA). Boric acid

@ Springer

(98%), sodium tetraborate (99%), sodium hydrogenphosphate
(99%), and sodium dihydrogenphosphate monohydrate (99%)
for background electrolytes were purchased from Lachema
(Brno, CZE). Sodium hydroxide (99%) was purchased from
Fisher Scientific (Pardubice, CZE).

Instrumentation

A capillary electrophoresis system 7100 (Agilent Tech-
nologies, Walbronn, GER) equipped with an on-line
diodearray detector (DAD) operated at 200 nm was used.
Table 2 summarizes experimental CZE parameters for the
individual buffers. For each electropherogram, spectra
were registered in the range 200-600 nm each 2 nm, at
regular steps 0.8 s for a total time of 5-20 min.

Solid substances were weighted using Sartorius 7085011
micro balances (Sartorius GmBH, Gottingen, GER). The
pH values of background electrolytes were followed by pH
XS pH50 lab (Verkon, CZE), calibrated by calibration
solutions containing potassium hydrogen phthalate (pH
4.00), disodium hydrogen phosphate/potassium dihydrogen
phosphate (pH 7.00), and sodium hydrogen carbon-
ate/sodium carbonate (pH 10.01) (Merck, GER).

The electrospray mass spectrometry (ESI-MS) experi-
ments were conducted on an ion trap instrument Esquire 3000
(Bruker Daltonics, GER) and controlled by the Esquire Con-
trol 5.3.11 software and data were processed via Data Analysis
3.3.56 software (Bruker Daltonics, GER). ESI-MS data were
collected in a negative ion mode at a scan range from m/
z = 300-650. In all ESI-MS measurements, the nebulizer gas
pressure was 124.1 kPa at a flow rate 5 dm® min~", the des-
olvation temperature was 300 °C, and capillary voltage was

Table 2 Experimental parameters for CZE measurements

Parameter Borate buffer ~ Phosphate buffer
Voltage applied/kV 25 25
Hydrodynamic injection/mbar 30 30

Injection time/s 30 30

DAD detector/nm 200 200

Current/A 12-30 13-25

Cassette temperature/°C 25 25

Analysis time set/min 5 10

Buffer concentration/mmol 5-10 5-10

pH 6.23-11.59 7.52-11.83
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Scheme 1

o OH
Cl\ue_/(\%l OH Tristhylamine
o % " H

10 min

adjusted to 4000 V. The sample solutions were delivered to
the nebulizer by a syringe pump (Cole Parmer, USA) ata flow
rate § mm”® min~".

'H and ""C NMR spectra were recorded on CD;CN
solutions on a Bruker Varian (300.54 and 100.11 MHz)
NMR spectrometer (Bruker Corporation, USA). IR spectra
were recorded on a NICOLET 380 FTIR ThermoScientific
instrument using KBr discs (ThermoScientific, USA).

Bis( 1,2, 3-trihydroxybenzene )dioxorhenium(VII)
(1, C,HgOgRe)

The reaction of 0.88 mg (n-Buty)[ReOCl;] (1.42 pmol)
with 0.48 mg 1,2,3-trihydroxybenzene (PG, 3.81 pumol) in
3 cm® acetonitrile was performed at the room temperature.
After 10 min, 16 equivalents of TEA (52.5 mm® of 10%
TEA solution in acetonitrile) were added. The resulting
yellow colored solution containing the major compound
bis(1,2,3-trihydrox ybenzene)dioxorhenium(V) (C;2HgO7.
Re) changed in the presence of TEA to a brown solution
with bis(1,2,3-trihydroxybenzene)dioxorhenium(VII) (1,
C12HgOgRe) as the major complex after 60 min. After
evaporation of acetonitrile, the crude product was recrys-
tallized from a state solvent used for a recrystallization of 1
to obtain 0.63 mg of a yellow solid with 90% yield. IR and
NMR spectra were found to be identical with the ones
described in [24]. Mass values: theoretical monoisotopic m/
z=4669 (M™) and obtained by ESI-MS m/z = 466.6
(M7). The reaction scheme of a complex preparation and
structure of intermediate are shown in Scheme 1.

complex

Electrophoresis

The separation was performed in fused silica capillaries
[50 em(41.5 emtodetector) x 50 pm LD.] from Polymicro

Re
lab.temperiaure o \0 l: SOH

lab.temporiaure | €0 min

OH
o i
NP i
A
18]
o OH
i

Technologies (Phoenix, AZ, USA) operated at 25 °C. Cap-
illaries were rinsed with 100 mmol aqueous sodium
hydroxide for 60 min and distilled water for 60 min before
the use. At the beginning of the day, the capillary was rinsed
with water for 10 min (90 kPa), flushed with an aqueous
NaOH 100 mmol for 10 min, and rinsed with water for 5 min
(90 kPa). For the separation, the capillary was previously
flushed with BGE for 1.5 min (90 kPa) and after the separa-
tion, in the post-conditioning; it was rinsed with water
(1.5 min, 90 kPa) and BGE (1.5 min, 90 kPa). In every three
injections, the post-conditioning was changed as follows:
rinse with water for 10 min (90 kPa), flush with aqueous
NaOH 100 mmol (90 kPa, 5 min), and rinse with water for
5 min (90 kPa).

All 5-10 mmol phosphate and borate electrophoresis
buffers were prepared by weighing adequate amounts of
sodium hydrogenphosphate, sodium dihydrogenphosphate,
boric acid, and sodium tetraborate, respectively, and dilu-
tion in ultrapure water. The pH values of prepared running
buffers were adjusted to appropriate value by a saturated
solution of sodium hydroxide.
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ZAVER

Predkladana disertacni prace je komentovanym souborem ¢ty védeckych
publikaci otisténych v mezinarodnich impaktovanych ¢asopisech. V préci jsou uvedeny
a diskutovany moznosti syntézy rheniovych komplexi v aerobnich i anaerobnich
podminkach v reakcich tetrabutylamonium tetrachlorooxorhendtu jako rheniového
prekurzoru s aromatickymi ligandy 1,2-dihydroxybenzenem, 1,2,3-trihydroxybenzenem
a 2,3-dihydroxynaftalenem. B&hem syntézy byla zjiSténa nestabilita nckterych
komplext, které¢ piechazeji na jinou stabilnéjsi formu vétSinou doprovazanou zménou
oxidacnich ¢isla rheniového centralniho atomu. Jako kli€ovy pfi optimalizaci ptipravy
se ukazal ptidavek trietylaminu jako akceleratoru reakce do reakéni smési. V zavislosti
na molarnim pifebytku pfidaného trietylaminu dochazelo ke wvzniku rozdilnych
vyslednych komplext. Jako rozhodujici pro pribéh studovanych komplexotvornych

reakci se ukdzal ptidavek 4 ekvivalenti TEA vzhledem k prekurzoru.

Hmotnostni spektrometrie s mékkymi ionizacnimi technikami (elektrosprejova
ionizace, fotoionizace za atmosférického tlaku, chemicka ionizace za atmosférického
tlaku a laserova desorpcni ionizace) byla uspésné vyuzita ke strukturni charakterizaci
vSech typi komplexti vzniklych pfireakei prekurzoru s ligandy a ke studiu kinetiky
jednotlivych konverznich a degradac¢nich reakci. Na zakladé dat z hmotnostni
spektrometrie byly navrzeny struktury zkoumanych komplexii a pfifazena oxidacni Cisla
rheniovému atomu. Strukturalni data z hmotnostni spektrometrie byla porovnana s daty
z nuklearni magnetické resonance a infraervené spektrometrie. Nezavisle na pouZitém
ligandu mohou byt pozorované reakce rozdéleny na rychlé (zahrnujici okamzité
zformovani rheniového komplexu) a na pomalé (zahrnujici oxidaci centralniho atomu
doprovazenou moznymi zménami ligandu navézaného na centralni atom). Je moZzno
konstatovat, ze pfiprava rhenium™"-komplexi s organickymi ligandy pfimo z Re™"
(rhenistanu) bez ptedchozi redukce je nemozna a jedinou cestou pripravy stabilnich

+VII

komplexi Re™" je kontrolovana postupna oxidace komplexti s niz§im oxida¢nim cislem

centralniho atomu.

Druha ¢ast disertacni prace se zabyva monitorovanim a separaci reakéni smési
obsahujici rhenium™"-1,2,3-trihydroxybenzenovy komplex, prekurzor a nezreagovany
ligand metodou kapilarni zénové elektroforézy. Optimalizovand metoda kapilarni

elektroforézy ve vodnych zakladnich elektrolytech byla tspésné vyuzita k separaci vSech
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slozek reakéni smési a poskytuje dokonale rozdélené piky. Nové vyvinutd metoda
kapilarni elektroforézy byla cCasten¢ analyticky validovéana. Na zaklad¢ ziskanych
experimentalnich dat byly zjistény zavislosti elektroforetické mobility jednotlivych slozek
na pH zékladni elektrolytu. Z dat je patrné, Zze rheniovy komplex vykazuje linerani
zavislost s nulovou smérnici, coz potvrzuje charakter silného elektrolytu nesouciho
jednotkovy zéporny naboj. Hodnota pH zékladni elektrolytu ovliviiuje elektroforetickou
mobilitu pouze nezreagovaného ligandu pfitomného v reakéni smési. Rozdil v migracnim
chovani ve fosfatovém a boratovém pufru miize byt vysvétlen rozdilnym stupném
disociace ligandu v disledku tvorby komplexu s borem, ktery je kyselejsi nez samotny
ligand. Kapilarni elektroforéza také prokazala svou vhodnost pro ptipadné hlubsi vyuziti
v medicinské praxi pfi ovérovani probéhnuti reakce u bézné dostupnych kith pied aplikaci

do téla pacienta.

Vsechny cile disertacni prace byly UspéSné splnény. Data ziskand pii méfeni
disertacni prace mohou v budoucnu napomoci ovlivnit rychlost reakce syntézy
rheniovych komplexii (prokédzani vhodnosti ptidavku TEA do reakéni smési), strukturalni
charakterizaci téchto komplexd (hmotnostni spektrometrie s mékkymi ionizacnimi
zdroji) a separaci reakéni smési a kontrolu vytéznosti reakce (metoda kapilarni

elektroforézy ve vodném nosném elektrolytu).
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9 PRILOHY
9.1 Publikacel

Seznam pfiloh:

1) 3D model komplexu bis(1,2-dihydroxybenzen)oxorhenium vytvofeny
programem MolView

2) 3D model komplexu bis(2,3-dihydroxynaftalen)oxorhenium vytvofeny
programem MolView

3) 3D model komplexu bis(1,2,3-trihydroxybenzen)oxorhenium vytvoieny
programem MolView

4) Infradervené¢ spektrum bis(1,2-dihydroxybenzen)oxorheniového komplexu
(KBr, ACN)

5) Infracervené spektrum bis(1,2,3-trihydroxybenzen)oxorheniového komplexu
(KBr, ACN)

6) Infracervené spektrum bis(2,3-dihydroxynaftalen)oxorheniového komplexu
(KBr, ACN)

7) Vodikové  spektrum  bis(1,2-dihydroxybenzen)oxorheniového  komplexu
(600 MHz, ACN-d3)

8) Uhlikové  spektrum  bis(1,2-dihydroxybenzen)oxorheniového  komplexu
(600 MHz, ACN-d3)

9) Vodikové spektrum bis(1,2,3-trihydroxybenzen)oxorheniového komplexu
(600 MHz, ACN-d3)

10) Uhlikové  spektrum  bis(1,2,3-trihydroxybenzen)oxorheniového komplexu
(600 MHz, ACN-d3)

11) Vodikové  spektrum  bis(2,3-dihydroxynaftalen)oxorheniového  komplexu
(600 MHz, ACN-d3)

12) Uhlikové  spektrum  bis(2,3-dihydroxynaftalen)oxorheniového  komplexu
(600 MHz, ACN-d3)

13) Naméiena spektra v negativnim médu pro komplex s 1,2,3-trihydroxybenzenem
pro ionizac¢ni techniky ESI-MS (a); APPI-MS (b), LDI-MS (c) a ESI-MS/MS (d)

s dominantnimi molekulovymi piky.
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14) Naméiena spektra v negativnim modu pro komplex s 2,3-dihydroxynaftalenem
pro ionizac¢ni techniky ESI-MS (a); APPI-MS (b), LDI-MS (c) a ESI-MS/MS (d)
s dominantnimi molekulovymi piky.

15) Reakéni schéma bis(1,2,3-trihydroxybenzen)oxorheniového komplexu

16) Reakéni schéma bis(2,3-dihydroxynaftalen) oxorheniového komplexu
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1) 3D model komplexu bis(1,2-dihydroxybenzen)oxorhenium  vytvoieny

programem MolView
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2) 3D model komplexu bis(2,3-dihydroxynaftalen)oxorhenium vytvofeny

programem MolView
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3) 3D model komplexu bis(1,2,3-trihydroxybenzen)oxorhenium vytvoieny

programem MolView
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4) Infracervené

spektrum  bis(1,2-dihydroxybenzen)oxorheniového

(KBr, ACN)
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5) Infracervené spektrum bis(1,2,3-trihydroxybenzen)oxorheniového komplexu

(KBr, ACN)
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6) InfraCervené spektrum bis(2,3-dihydroxynaftalen)oxorheniového
(KBr, ACN)
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7) Vodikové spektrum bis(1,2-dihydroxybenzen)oxorheniového komplexu (600
MHz, ACN-d3)
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8) Uhlikové spektrum bis(1,2-dihydroxybenzen)oxorheniového komplexu (600
MHz, ACN-d3)
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9) Vodikové spektrum bis(1,2,3-trihydroxybenzen)oxorheniového komplexu (600
MHz, ACN-d3)
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10) Uhlikové spektrum bis(1,2,3-trihydroxybenzen)oxorheniového komplexu (600
MHz, ACN-d3)
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11) Vodikové spektrum
MHz, ACN-d3)

bis(2,3-dihydroxynaftalen)oxorheniového komplexu (600
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12) Uhlikové spektrum bis(2,3-dihydroxynaftalen)oxorheniového komplexu (600
MHz, ACN-d3)
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13) Naméfena spektra v negativnim modu pro komplex s 1,2,3-trihydroxybenzenem
pro ionizac¢ni techniky ESI-MS (a); APPI-MS (b), LDI-MS (c) a ESI-MS/MS (d)

s dominantnimi molekulovymi piky.
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14) Naméiena spektra v negativnim modu pro komplex s 2,3-dihydroxynaftalenem

pro ionizac¢ni techniky ESI-MS (a); APPI-MS (b), LDI-MS (c) a ESI-MS/MS (d)

Relative abundance [%]
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s dominantnimi molekulovymi piky.
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15) Reakéni schéma bis(1,2,3-trihydroxybenzen)oxorheniového komplexu
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16) Reakéni schéma bis(2,3-dihydroxynaftalen) oxorheniového komplexu
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9.2 Publikace II a II1

Seznam piiloh:

1)

2)

3)

4)

S)

6)

7)

8)

Uhlikové  spektrum  1,2,3-trihydroxybenzen-chloro-oxorhenium  komplexu
(400 MHz, ACN-d3)
Vodikové spektrum 1,2,3-trihydroxybenzen-chloro-oxorhenium komplexu
(400 MHz, ACN-d3)
Reakéni schéma a vysledna struktura pfipravenych komplext rhenia s 1,2,-
dihydroxybenzenem v zavislosti na objemu pfidaného akceleratoru TEA
do reak¢éni smési. Reakce probihaly za piistupu vzduchu, reakéni Casy jsou
uvedeny vedle Sipek.
3D model komplexu bis(1,2,3-trihydroxybenzen)dioxorhenium vytvofeny
programem MolView
3D model komplexu 1,2,3-trihydroxybenzen-chloro-oxorhenium vytvoteny
programem MolView
3D model komplexu bis(1,2-dihydroxybenzen)dioxorhenium vytvoieny
programem MolView
3D model komplexu bis(1,2-dihydroxybenzen)-chloro-oxorhenium vytvoreny
programem MolView
3D model komplexu N-(bis(1,2-dihydroxybenzen)oxorhenium)-parabromanilin

vytvofeny programem MolView
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1) Uhlikové spektrum

MHz, ACN-d3)

1,2,3-trihydroxybenzen-chloro-oxorhenium komplexu (400
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2) Vodikove spektrum 1,2,3-trihydroxybenzen-chloro-oxorhenium komplexu (400

MHz, ACN-d3)
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3) Reakéni schéma a vysledna struktura pfipravenych komplext rhenia s 1,2-
dihydroxybenzenem v zavislosti na objemu piidan¢ho akceleratoru TEA do

reak¢ni smési. Reakce probihaly za ptistupu vzduchu, reakéni ¢asy jsou uvedeny

vedle Sipek.
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4) 3D model komplexu bis(1,2,3-trihydroxybenzen)dioxorhenium vytvoteny

programem MolView
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5) 3D model komplexu 1,2,3-trihydroxybenzen-chloro-oxorhenium vytvoieny

programem MolView
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6) 3D model komplexu bis(1,2-dihydroxybenzen)dioxorhenium vytvoieny

programem MolView
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7) 3D model komplexu bis(1,2-dihydroxybenzen)-chloro-oxorhenium vytvoieny

programem MolView
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8) 3D model komplexu N-(bis(1,2-dihydroxybenzen)oxorhenium)-parabromanilin

vytvotfeny programem MolView
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9.3 Publikace IV

Seznam piiloh:

1) Zavislost migracniho casu nezreagovaného ligandu, prekurzoru a komplexu
na ménici se hodnoté pH v 10 mmol dm™ fosfatovém pufru. CZE podminky: 25 °C,
25 kV, 12 - 30 pA, detekce pii 200 nm. Pocatecni koncentrace slozek reakce: ligand
(0,16 mg ml™"), prekurzor (0,29 mg ml™).
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1) Zéavislost migra¢niho Casu nezreagovaného ligandu, prekurzoru a komplexu

na ménici se hodnoté pH v 10 mmol dm™ fosfatovém pufru. CZE podminky:

25 °C, 25 kV, 12 - 30 pA, detekce pfi 200 nm. Pocatecni koncentrace slozek

reakce: ligand (0,16 mg ml™), prekurzor (0,29 mg ml™).

u, 10"/ cm*V.s

35
30 -
] [ ] e ®
n
25 -
20
15 4
A A A A A
B
10 4
[ ] ® Jigand
@ rhenistan
L A komplex
0 T T T T
7 8 9 10 11
pH

12
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