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ABSTRAKT (C2)

Predlozena prace je komentovanym souborem deviti publikaci dokumentujicich moznosti
vyuziti hmotnostni spektrometrie v oblasti  strukturni charakterizace = vybranych
organometalickych komplexi, analyz 1é¢iv a jejich metabolitii a monitorovani vyznamnych

biomarkert metabolickych poruch a onemocnéni

V pribéhu priace na tématice disertacni prace byly uspésné realizovany nasledné dil¢i

projekty:

e Navrh a realizace postupu mikropreparace vybranych rheniovych komplext
s aromatickymi ligandy za pouziti tetrabutylammonium tetrachlorooxorhenétu jako
vychozi latky; ptiprava oxorhenium(V) komplext s 1,2-dihydroxybenzenem, 1,2,3-
trihydroxybenzenem a 2,3-dihydroxynaftalenem jako ligandy a jejich strukturni
charakterizace s pomoci ESI/MS, APPI-MS a LDI-MS; ESI/MS a UV/Vis studie
kinetického chovani komplexti vznikajicich pifi reakci tetrabutylamonium
tetrachlorooxorhenatu s pyrogallolem a katecholem jako ligandy. Zvlastni pozornost
byla vénovana studiu naslednych chemickych transformaci primarn¢ vzniklych Re(V)
komplexti; strukturni charakterizace vybranych komplexii ferrocenu s médi zlatem a
stfibrem technikami ESI/MS.

e V ramci spoluprace na grantovém projektu zaméfeném na metabolismus cholesterolu
byla navrzena metodologie strukturni charakterizace rozkladnych produktt
katalytického rozkladu hemu a prostudovana moznost chromatografické separace a
strukturni charakterizace fotoizomeru bilirubinu s pomoci hmotnostni spektrometrie.

e Pro potteby molekularné biologické studie mechanizml bunééné apoptoézy byla
uspéSné vyvinuta a prakticky vyuzita metoda stanoveni velmi nizkych
intracelularnich koncentraci sukcinatu s pomoci LC-ESI/MS.

e Vyvoj a validace metody stanoveni rilmenidinu metodou LC-MS/MS , pfiprava a
validace LC-MS metody stanoveni nabumetonu a jeho metabolitu kyseliny 6-
methoxy-2-naftyloctove (6-MNA) pfi upravé vzorku lidského séra pomoci extrakce
na pevné fazi (SPE) a eneantioselektivni stanoveni tramadolu a O-
desmethyltramadolu v lidské moc¢i pomoci GC/MS. VSechny tyto postupy byly

nasledné vyuzity v redlnych farmakokinetickych studiich.



ABSTRACT (EN)

The thesis is submitted as a commented set of reviewed publications documenting and

depicting the possibilities of mass spectrometry in the field of chemical, biological and

pharmaceutical research; namely for the purposes of structure elucidation of selected

organometallic complexes, analyses of drugs and their metabolites, monitoring of important

biological markers.

In course of experimental work, the following objectives were studied and solved:

Proposal and realization of micro-scale preparation of selected rhenium complexes
with aromatic ligands, utilizing tetrabutyammonium tetrachlorooxorhenate as a
starting material, preparation and structure characterization of oxorhenium(V)
complexes with 1,2-dihydroxybenzene, 1,2,3-trihydroxybenzene, and 2,3-
dihydroxynaphtalene as ligands by means of ESI/MS, APPI/MS and LDI-MS;
ESI/MS and UV/Vis study of kinetic behavior of complexes arising from the reaction
of tetrabutylamonnium tetrachlooxorhenate with pyrogallol and catechol as ligands.
Special aim was devoted to the study of subsequent chemical transformation of
primarily formed Re(V) complexes; structure characterization of selected ferrocene
complexes with copper, gold and silver by means of ESI/MS.

Proposal of methodology of structure characterization and quantification of the
products of catalytic degradation of haem, proposal of the methodology aimed at
chromatographic separation and structure elucidation of bilirubin photo isomers; both
above mentioned projects utilized mass spectrometer with selected soft ionization
techniques, alone or in combination with suitable separation technique.

For the purposes of biological study of the mechanisms of cell apoptosis, LC-ESI/MS
assay of trace amount of intracellular succinate was developed and practically
utilized.

Development and validation of LC-MS/MS assay of rilmenidine and nabumeton with
the main metabolite 6-methoxy-2-naphtylacetic acid (6-MNA) in human serum by
solid phase extraction (SPE); development and validation of enantioselective assay of
tramadol and O-desmethyl tramadol in human urine by means of GC/MS. All of that

assays were practically utilized in real pharmacokinetic studies.
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1. Uvod

Hmotnostni spektrometrie je fyzikalné chemickd metoda urcovani hmotnosti atomd,
molekul a jejich ¢asti po prevedeni na kladné a zdporné ionty. Je jednou z nejstarSich
instrumentélnich technik vyuzivanych pro charakterizaci organickych a anorganickych
analytd. Prvotni aplikace, vychazejici zcela z definice této techniky, umoznily velmi piesné
urcit relativni atomové hmotnosti mnoha prvkld. Pozorovand ionizace jednoduchych
anorganickych a organickych molekul byla zprvu chapana jako doprovodny negativni efekt,
dany pfitomnosti pfirozenych kontaminantti z okolniho prostfedi uvnitf hmotnostniho
spektrometru. Zahy vsak byla rozpoznana moznost vyuZiti ionizace organickych latek za
vzniku molekuldrniho iontu a ionth fragmentovych pro tcely ur€eni jejich struktury. Jiz
Joseph J. Thomson na zacatku minulého stoleti ve svych pivodnich pracich predikoval
moZnosti strukturni analyzy organickych latek s pouZitim hmotnostniho spektrometru. K
rychlému rozvoji organické analyzy doslo v druhé poloviné minulého stoleti a to pFedevsim
v souvislosti s rozvojem chemického a farmaceutického primyslu a téz s vyhledavanim
novych ropnych nalezi$t’ na zéklad¢ identifikace organickych markerti ropnych nalezist'.
Vyznamna finanéni podpora ropného primyslu podpofila vyvoj instrumentace pro
hmotnostni spektrometrii, ktera byla jiz pouZitelna v bézné chemické laboratofi. Byla
uspéSné zvladnuta metodika strukturni charakterizace malych organickych molekul a
podrobné rozpracovédna teorie fragmentace organickych molekul umoziujici strukturni
charakterizaci analytu z hmotnostniho spektra. V této souvislosti je vhodné pfipomenout
jména Freda W. McLaffertyho, Klause Biemanna a Vladimira Hanu3e, osobnosti které
vyznamné prispély k zafazeni hmotnostni spektrometrie do skupiny technik organické
strukturni analyzy. Po dlouhou dobu byla aplika¢ni oblast hmotnostni spektrometrie
omezena na nizkomolekularni organické latky s dostatecnou té€kavosti pro elektronovou
ionizaci. Tato situace se dramaticky zménila po uvedeni novych ioniza¢nich technik,
umoziujicich prevést do ionizovaného stavu i latky netékavé a tepelné labilni. S uvedenim
novych sprejovych a desorp¢nich ioniza¢nich technik prakticky zmizelo dosavadni omezeni
a oteviela se moznost studovat i vysokomolekularni latky. Za zdsadni pfinos v této oblasti
byla v roce 2002 udélena Johnu B. Fennovi a Koichimu Tanakovi Nobelova cena.
Hmotnostni spektrometrie ndhle stala ve stiedu zajmu biochemikti a molekularnich biologti
a vyznamné se podilela na feSeni ukolli genomiky, proteomiky, lipidomiky aj. S vyvojem
novych typt iontovych zdroju souvisel i vyvoj hmotnostnich analyzatord vhodnych pro
déleni iontl s velkou hmotnosti a dosahujicich vysokych hodnot rozlisSeni. Zde je nutno

zminit ion cyklotronovou rezonanci (ICR), driftovou trubici (TOF) a linearni a orbitalni
-13-



iontovou past. Pfirozenou vlastnosti mékkych iontovych zdroji ionizujicich analyt z
kondenzované faze je nizky rozsah fragmentace primarné vzniklych molekularnich a
kvazimolekularnich iontl, ktery znesnadiiuje urceni struktury analytu na zékladé
charakteristickych fragmenta¢nich cest. V této souvislosti se jako velmi uZzite¢ny ukazal
vyvoj tandemovych instrumentdlnich uspofddani, sdruzujicich vice hmotnostnich
analyzatorti a kolizni celu. Za névrh a konstrukci iontové optiky na bazi kvadrupolu byla
Wolfgangu Paulovi v roce 1989 udélena Nobelova cena. Tandemovy piistroj s trojitym
kvadrupo6lem, umoznujici provadét kolizni disociaci primarné vzniklych iontl, patii mezi
zakladni nastroje pro farmakokinetické, farmakogenetické a stabilitni studie 1é¢iv. Mékké
iontové zdroje jsou po primarni ionizaci analytu schopny zachovat fragmentaci netknutou
strukturu nejen kovalentnich vazeb, ale i vazeb koordinacné kovalentnich a dalSich vazeb
vznikajicich na zaklad¢é slabych interakci. Tim se pro hmotnostni spektrometrii otevira
potencialné¢ velmi zajimava oblast strukturni charakterizace a kvantifikace rtiznych typt
komplexti a molekularnich asociati. Vyznam téchto latek v chemii i biologii vyznamné
roste a aplikace hmotnostni spektrometrie v této oblasti je velmi ptinosna. Vyvoj novych
typl iontovych zdrojii a hmotnostnich analyzatort s rychlym skenovanim vyznamné rozsifil
moznosti spojeni hmotnostniho spektrometru s kolonovymi separacnimi technikami.
Nejstarsi kombinace plynového chromatografu s hmotnostnim spektrometrem (GC/MS)
byla zahy rozsifena o kapalinovou chromatografii (LC/MS), kapilarni elektroforézu
(CE/MS) a superkritickou fluidni chromatografii (SFC/MS). VsSechny zminéné
instrumentalni varianty jsou v soucasnosti komer¢né¢ dostupné a prakticky vyuzivané.
Vysoka selektivita kombinaci hmotnostni spektrometrie s piediazenou separa¢ni metodou
umoznuje analyzovat vzorky s velmi komplikovanou matrici, ¢ehoz je s vyhodou vyuZzivano
pfedevsim v oblasti klinickych a farmakologickych analyz, vyzadujicich analyzovat vzorky
télnich tekutin, ale i v oblasti environmentalni analyzy organickych polutanti ve vzorcich
pudy, vod a ovzduSi. V této souvislosti je vhodné zminit i obecné vysokou citlivost

hmotnostniho spektrometru pouzitého jako strukturné selektivni detektor.

Je zcela nemozné v takto kratkém rozsahu komplexné zhodnotit vyznam hmotnostni
spektrometrie, postihnout vS§echny vyznamné etapy jejiho rozvoje, nebo dokonce predvidat
jeji dalsi rozvoj; pokud vSak zistane zachovan trend vyvoje poslednich dvaceti let, je
mozno o¢ekavat mnohé dalsi vyznamné objevy ve vyvojové i aplikacni oblasti. I v pfipadé
pouhé stagnace si hmotnostni spektrometr udrzi své vysadni postaveni ve skupiné

instrumentalnich analytickych technik.
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2.

Cile prace

Prostudovat moznosti strukturni charakterizace organometalickych komplexi s pomoci

hmotnostni spektrometrie s mékkymi ioniza¢nimi technikami:

Pripravit vybrané komplexy rhenia s organickymi aromatickymi ligandy a
systematicky prostudovat moznosti jejich strukturni charakterizace metodou
ESI/MS, APPI/MS a LDI/MS;

Charakterizovat produkty reakénich prfemén Re(V)-katecholového a Re(V)-
pyrogallolového komplexu v aerobnich podminkach s pomoci UV/Vis a ESI/MS
spektrometrie;

Prostudovat moznosti strukturni charakterizace vybranych komplexi ferrocenu

metodou ESI/MS, APPI/MS a LDI/MS.

Vypracovat metody sledovani vyznamnych biomarkerti s pomoci hmotnostni spektrometrie:

V ramci studie redukce bilirubin ditauratu stfevni bakterii Clostridium perfringens
vypracovat metodiky strukturni charakterizace produktii katabolického rozkladu
hemu,

V ramci studie fotodegradace bilirubinu vyvinout techniky separace fotoizomert
bilirubinu a jejich strukturni charakterizace s pomoci hmotnostni spektrometrie;

V ramci studie role mitochondridlniho komplexu II v iniciaci apoptézy vyvinout

metodu stanoveni intracelularni koncentrace sukcinatu metodou LC-ESI/MS.

Vypracovat metody stanoveni vybranych 1éCiv a jejich metabolith:

Vyvinout rychlou metodu stanoveni rilmenidinu v lidském séru metodou LC—
MS/MS;

Vyvinout metodu stanoveni enantiomert tramadolu a O-desmethyltramadolu v
lidské moc¢i pomoci GC-MS;

Vyvinout metodu stanoveni nabumetonu a kyseliny 6-methoxy-2-naftyloctové v

plasmé pomoci HPLC s UV a MS detekci.
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3. Vyuziti hmotnostni spektrometrie pri studiu koordinac¢nich sloucenin

Pro charakterizaci koordina¢nich slouéenin je mozné vyuzit fadu analytickych metod, jako
je napiiklad nuklearni magneticka rezonance (NMR), infracervena spektroskopie (IR),
rentgenova difrakce (X-ray) a mnoho dalSich. Vyuziti téchto technik vétSinou vyzaduje mit
k dispozici vEétsi mnozstvi materidlu v pfiméfené Cistém piipadné krystalickém stavu.
Obrovskou vyhodou hmotnostni spektrometrie je zejména jeji vysoka citlivost a i kdyz se
sice jednd o metodu destruktivni, neni vétSinou pro ziskani relevantnich dat potteba vice nez
nékolik mikrogramt latky. Dalsi velmi vyhodnou vlastnosti této techniky je jeji vysoka
selektivita, coz umoziuje pracovat i vice ¢i méné komplikovanou smési latek. Pro tento
obrovsky potencial je hmotnostni spektrometrie v poslednich letech v oblasti koordina¢ni

chemie vyuzivana s enormné rychle rostouci intenzitou [1].

3.1. Charakterizace komplexi rhenia (V) s fenoly pomoci hmotnostni
spektrometrie s mékkymi ioniza¢nimi technikami (publikace I)

3.1.1.Teoreticky avod

Rhenium je velmi vzacny kov vyskytujici se v zemské kife jen ve stopové koncentraci. 1
kdyz je diky této jeho omezené dostupnosti velmi drahé, pfes to nachazi pro nékteré své
unikdtni a cenné vlastnosti uplatnéni a to zejména jako katalyzator hydrogenacnich a
dehydrogena¢nich reakci ale i v dalSich oblastech vyzkumu. Rhenium nalezi do VII.
vedlejsi skupiny periodické soustavy prvki a vyskytuje se prevazné v mocenstvi od Re™ po

ReV". Nejstalejsi jsou viak slouceniny rhenia v mocenstvi Re”, Re', Re¥ Re' a Re""' [2].

Svymi chemickymi vlastnostmi se rhenium zna¢né podoba techneciu, které je umisténo ve
skupiné pted nim, 1 kdyZ pii detailnéjSim studiu urcité rozdily chovani nachdzime. Mezi
nejvyraznéj$imi rozdily lze jmenovat napiiklad to, Ze jsou slouceniny rhenia ve vy3Sich
oxidacnich stupnich zpravidla stabilnéjsi nez analogické slouceniny technecia. [3]. Nicméné
zna¢né podobnosti chemického a biologického chovani komplexti rhenia a technecia lze
napiiklad s uspéchem vyuzit pfi vyzkumu a vyvoji novych preparati vyuzivanych
v nukledrni medicin€ [4]. VétSina radiofarmak je dnes zalozena na komplexech kovi
radionuklid s organickymi ligandy. Koordina&ni slougeniny technecia *™Tc vykazuji stéale
vysokou oblibu v oblasti radiodiagnostik. Divodem jsou piedev§im ptiznivé jaderné
charakteristiky tohoto radionuklidu. Jedna se o zafic gama; s dosti kratkym polocasem
pfemény (6 h), takze radiacni zaté€Z pacienta je minimalni. Vyhodou miiZze byt i moZnost
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piipravy pfimo na klinice za pouziti eluci p¥islusného radionuklidu z **Mo/*™Tc

generatoru do sterilniho ,kitu“.

Rhenium, které se téZ pouziva jako soucast diagnostickych a ptfedevSim terapeutickych
radiofarmak je na rozdil od technecia dostupné i ve formé stabilnich izotopl, coz
pochopitelné¢ vyzkumnikiim velmi usnadiiuje praci. Navic pfirozené zastoupeni izotopi
8°Re a ¥'Re v poméru 37,4% ku 62.6% je mozné vyhodn& vyuzit pfi identifikaci iontil

v hmotnostni spektrometrii.

Velmi dilezitym krokem pied aplikaci konkrétniho radiofarmaka je jeho charakterizace. Je
nezbytna detailni znalost slozeni a struktury komplexu tvoiiciho reakéni smés, a stejné tak
jeho degrada¢nich produktl, spolu s kinetickymi aspekty piechodii mezi jednotlivymi
formami komplexti Diskutovand prace se zabyva moZnosti vyuZziti hmotnostni
spektrometrie pro charakterizaci komplex rhenia s nékterymi aromatickymi ligandy.
Ackoliv se zavedenim meékkych ioniza¢nich technik zejména ESI se vyznam hmotnosti
spektrometrie v oblasti analyzy organokovovych a koordina¢nich slou¢enin enormné zvysil,
mira vyuZiti této znamenité analytické metody v oblasti rheniovych komplexti tomu
rozhodné¢ neodpovida. Nase prace si klade za cil upozornit na nékteré vyhody této techniky,
jako je mnapiiklad enormni citlivost, kterda umoznuje pracovat s mikromolarnimi
koncentracemi analytu, coZ je nedocenitelné zejména pro klinické a farmakokinetické

studie.

3.1.2. Vysledky a diskuse — dopliikkovy komentai k publikaci

Byly pfipraveny rheniové komplexy s pyrogallolem, 2,3-dihydroxynaftalenem a
katecholem a tyto latky byly nasledné charakterizovany pomoci hmotnostni spektrometrie s
elektrosprejovou ionizaci (ESI), fotoionizaci za atmosférického tlaku (APPI) a laserovou
desorpci (LDI). Navrzené struktury byly dale potvrzeny pomoci dalSich spektralnich metod,
jako je infracervena spektroskopie (IR), nuklearni magneticka resonance (NMR) nebo
spektrofotometrie v ultrafialové a viditelné oblasti UV-Vis. Pti vSech pouzitych ioniza¢nich
technikach bylo pozorovano mnozstvi zaporné nabitych molekularnich iontti studovanych
komplexu s nizkou fragmentaci. ProtoZe pouzité ligandy neobsahuji funkéni skupiny, které
by bylo mozné protonizovat, neposkytuji spektra v pozitivnim modu Zadné cenné informace
o struktufe pfipravenych komplexti. Zaznamenana MS spektra v negativnim moédu se
skladaji ptfedevSim z dominantnich molekularnich ionti komplexti a dalSich iontd,

odpovidajicich pfitomnosti zbytkovych Ccinidel, reak¢nich slozek a jejich oxidacnich
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produktd, jak je patrno zobrazku 3.1, kde je uvedeno ESI-MS spektrum komplexu
s katecholem [Re(O)(cat),;]” . Dokonce i v MS/MS spektru fragmenta¢nich ionti na dolni
polovin¢é obrazku je dobie patrny charakteristicky izotopovy profil potvrzujici pfitomnost
rhenia. ESI-MS/MS experimenty poskytuji zakladni informace o fragmentech vznikajicich
Zz molekuldrnich iontd studovanych komplext. Diky tomu je mozné rozliSit mezi
fragmentovymi ionty a ionty vzniklymi ze sloucenin pfitomnych v reakéni smési. Obecné
lze fici, ze MS/MS fragmentacni cesty jsou jednoduché. Dcefiné ionty byly vytvoreny
prevazné St€penim aromatické ¢asti na jednom ligandu, nebo ztratou celého ligandu.
Nicméné tento zminény mechanismus fragmentace nebyl pozorovan u bis(2,3-

dihydroxynaftalen)oxorhenium(-) komplexu, ktery je nejstabilné;jsi.

Intens. In] -MS|
¥105] 0 o a 419

-
’ o

”'R e"\o
20] He
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31 327 243 381 I
00 : = = MS2iTET
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1200 311
1250 %, ” o
10004 “f \‘!.b
0
750
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5007 '
2507 I 417
0 -L i - i I||1||| ; - - i, .fl .I
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Obr. 3.1 ESI hmotnostni spektrum komplexu [Re(O)(cat),]” v negativnim mddu (horni ¢ast) ESI-MS/MS
(spodni &ast). Priblizna koncentrace komplexu v roztoku vzorku je 5:10°° mol-I"%,

U vsech druhtt komplext byly pozorovany charakteristické izotopové klastry. Shoda mezi
experimentalné ziskanym a teoreticky vypocitanym izotopovym zastoupenim klastrii
molekularnich iontl byla hodnocena na zakladé indexu podobnosti (SI) [5]. Z hodnot
(1 —SN*100 uvedenych v tabulce 3.1 je ziejma shoda mezi vypocitanymi a experimentalné
ziskanymi daty, kterd tak potvrzuje spravnost uréeni elementarniho slozeni m/z sledovanych

iontu.
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ESI APPI L1

I I 1 1 1 1

Molecular percent percent percent percent percent percent

Complex Formula m/z calc. exp. calc. exp. calc. exp.
bis(1,2- C12HzO5 Re 417 59.1 56.9 59.1 56.9 59.1 534
dihydroxybenezen) 418 7.8 42 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 32 14.1 13.2 10.6

421 1.8 0.4 1.8 0.4 1.8 0.7
(1-58D100=91.9 (1-SD100=91.9 (1-—-SD)100=289.0

bis(1,2, 3- Ci2HgO7 Re 449 58.9 49.8 58.9 419 589 62.3
trihydroxybenzene) 450 79 20.4 7.9 8.3 79 156
oxorhenium(-) 451  100.0 100.0 1000 100.0 100.0 100.0
452 13.3 11.9 13.3 16.5 13.3 16.5

453 22 0.1 2.2 2.0 22 38
(1-8D100=74.9 (1-3SD100=79.1 (1-SI)I00=284.2

bis(2,3-dihydroxy- CaoH120sRe 517 58.6 63.0 58.6 67.5 58.6 62.1
naphthalene) 518 129 11.5 12.9 13.8 12.9 138
oxorhenium(-) 519 100.0 100.0 100.0 100.0 100.0 100.0
520 21.8 19.0 21.8 154 21.8 24.5

521 3.3 3.0 3.3 5.9 3.3 39

(1 —51)100=91.1 (I-8SDH100=81.1 (1—-SDI00="923

Tab. 3.1 Experimentalni (exp.) a vypoéitané (calc.) hodnoty relativnich intenzit | [%)] jednotlivych ionti
V izotopovém zastoupeni klastrii s vypoctenymi hodnotami indext podobnosti SI.

V praci bylo prokazano, Ze hmotnostni spektrometrie sESI, APPI a LDI ioniza¢ni
technikou je uziteCny nastroj pro charakterizaci struktury Re komplexti s aromatickymi
alkoholovymi ligandy a pro analyzu jinych slouc¢enin pfitomnych v reakéni smési v prubéhu
komplexni pfipravy. Ziskana hmotnostni spektra poskytla jednoznaéné informace o
molekulovych hmotnostech a struktufe studovanych slouéenin, diky dominantnim
molekulovym iontliim komplexl a strukturné charakteristickym fragmentim pfitomnym ve

spektrech.

3.2. Studium komplexii rhenia s pyrogallolem a katecholem (publikace I1)

3.2.1. Teoreticky avod

Soucasna nukledrni medicina Casto pouziva radiofarmaka na bazi komplexii vybranych
radionuklidii s vhodnymi organickymi ligandy [6]. Podobné jako u jinych 1éCiv, tak i pouziti
radiodiagnosticky pripravki se musi fidit pfisnymi pravidly, ktera mimo jiné vyzaduji

-19-



podrobné analytické idaje o slozeni aplikovaného piipravku. Vzhledem k tomu, Ze se velmi
Casto pracuje s radionuklidy, které maji kratky polocas pfemény v fadu n€kolika hodin, jsou
tyto preparaty bézn¢ podavany ve formé reakéni smési. Urceni skute¢ného slozeni takto
aplikované smési a piipadné dals$i studium struktury degradacnich produkti miize byt
extrémné obtizné. Navic nizkd koncentra¢ni hladina sledovanych latek, se kterou se
V klinické praxi bézné¢ setkdvame, muze byt pro fadu metod strukturni analyzy limitujici.
Hmotnostni spektrometrie s mékkymi ionizacnimi zdroji, kterou lze navic vhodné
kombinovat s vykonnymi separa¢nimi technikami, jako je vysokoucinna kapalinova
chromatografie (HPLC) a kapilarni zénova elektroforéza (CZE), se ukazuje jako rychla a
spolehlivd metoda pro charakterizaci a kvantifikaci komplexii. Cilem této prace bylo
sledovat chovani latek vzniklych reakci tetrachlorooxorhenatu s 1,2,3-trihydroxybenzenem
a 1,2-dihydroxybenzenem. Zvlastni pozornost byla vénovana pfeméné primarné vzniklych

Re (V) komplext spojené s ptrechodem kovu do vys$Sich oxida¢nich stupni.

3.2.2. Vysledky a diskuse — dopliikovy komentai k publikaci

Jak je ukazano na obrazku 3.2 nechame-li spolu reagovat tetrachlorooxorhenat a ptislusny
ligand, pribéh reakce je silné zavisly na ptitomnosti triethylaminu (TEA). S ohledem na
molarni pomér TEA Ize ziskat odlisné konecné produkty reakce. Je mozné konstatovat, ze
dominantnim kone¢nym produktem v piitomnosti ctyfikrat vyssiho molarniho poméru TEA
je [ReV"'(0)2(PG),]” (schéma 2), zatimco nizsi koncentrace pridavku TEA vede k tvorb&
komplexu [Re¥"'CI(0),(PG)] (schéma 1). Z nam&fenych vysledki vyplyvé zjevna souvislost
mezi stechiometrii vznikajictho komplexu a nezbytnym mnozstvim ptidavku TEA pro

kompletni neutralizaci chlorovodiku jako vedlejSiho produktu reakce.
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Obr.3.2 Schéma moznych reakci mezi [(n-BusN)(ReOCly)] a PG v piitomnosti riznych mnozstvi TEA

Na dalsim obrazku 3.3 je zdokumentovan prubéh pomalého samovolného piechodu
Re¥ — Re"' v komplexu s pyrogallolem v pfitomnosti 2 ekvivalentii TEA. V tomto piipade
sice nedochdzi ke zméné elementarniho slozeni, ale diky zméné oxida¢niho stupné rhenia
vznikd nenabita forma komplexu, ktera poskytuje signal v negativnim moédu teprve po
deprotonaci. Tento latka vSak neni kone¢na a proces oxidace pokracuje az ke stabilnimu
modrozelenému produktu 3, [Re"'CI(0),(PG)] ktery obsahuje jen jeden ligand a rhenium

zde vystupuje v nejvyssim oxidaénim stupni VII.
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Obr. 3.3 UV-VIS absorpéni spektra zobrazujici konverzi svétle Zlutého komplexu 1 na karminové Cerveny
komplex 2 v piitomnosti 2 ekvivalenti TEA. Sipky ukazuji narist amebo pokles absorpénich maxim obou
komplexii. Spektra byla shromazd’ovana po dobu 60 minut a zobrazovana v ¢asovém intervalu 6 minut. Prava
Cast zobrazuje izotopické profily komplexii rhenia namétené za pouziti ESI-MS v negativnim moddu.
[ReY(O)(PG),] (&ast A) a [[ReV(O)(PG),] - H] (¢4st B).

Dale byla provedena srovnavaci kinetickd méfeni sledovani vzniku a nasledné chemické
transformace komplext vzniklych v reakéni smési katecholu s [(n-BusN)(ReOCl,)]. Stejné
jako v pfedchozich pokusech byla potvrzena vyznamna role TEA pii vzniku jednotlivych
komplexti a jejich transformaci. Byl vSak zaznamenan urcity rozdil v kone¢ném produktu v
pritomnosti méné nez 4 ekvivalentt TEA. V tomto piipadé byl ziskan produkt 7
[ReV!'(O)CI(Cat),]°, ktery bylo mozné pozorovat pomoci ESI-MS az po derivatizaci s
p - bromoanilinem za vzniku komplexu 8. Proces derivatizace je schematicky zachycen na
obrazku 3.4.

0 NH,
0 (o]
CLS =, KD
™ o[ S ® o} o

Obr.3.4 schéma derivatizace produkt 7 [Re""'(O)CI(Cat),]° p-bromoanilinem

Ziskané informace mohou piispét k lepSimu poznéni koordinacnich sloucenin rhenia

s moznymi dopady na oblast vyzkumu a vyvoje novych radiofarmaceutickych preparati.
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3.3. Syntéza fosfinferrocenamidi a thioamidii z karbamoylchloridi a strukturni

chemie komplexi kovi 11.skupiny s témito logandy (publikace 111)

3.3.1.Teoreticky tvod

Ferroceny byly zpoc¢atku vyuzivany zejména pro ptipravu enantioselektivnich katalyzatora,
které nachazeji uplatnéni napiiklad pfi vyvoji novych materiala [6]. Derivaty ferrocenu pro
své jedinené vlastnosti, jako jsou redoxni aktivita, elektrondonorovy charakter, nebo
schopnost konjugace, lakaji pozornost chemikl jiz od samého objeveni pocatkem
padesatych let. Neni proto divu, ze si vyzkum téchto latek vyzadal podporu spolehlivych
analytickych metod poskytujicich relevantni informace o struktufe a vlastnostech nové
ptipravenych preparati. Jednou z fundamentalnich technik v tomto ohledu je hmotnostni
spektrometrie. Jednodussi a méné polarni derivaty ferrocenu je mozné diky jejich dobré
tepelné stabilité a dostateCné tékavosti analyzovat pomoci elektronové ionizace (EI), kterd
poskytuje realitvné jednoducha spektra s obvykle velmi intenzivnimi molekularnimi ionty.
[7-9]. Vzhledem k aromatické povaze ferrocenu neni piekvapivé, Ze je mozné ve spektrech

vypozorovat znaénou podobnost s fragmentacnimi mechanizmy analogickych areni.

Hmotnostni spektrometrie sionizaci elektrosprejem (ESI/MS), piipadné s dalSimi typy
ionizaci pracujicimi za atmosférického tlaku (API) vyhovuji analyze tepeln¢ labilnich
slou¢enin, jako jsou nékteré derivaty ferrocenu a jejich komplexy. Ukazalo se, Ze struktury
nalezené v elektrospreji jsou velmi blizké tém formam, které se vyskytuji v roztoku.
Urc¢itym usnadnénim pfi interpretaci spekter ferrocenu a jeho derivati, je i charakteristické
zastoupeni piirozenych izotopti Zeleza. Zelezo, jako centrdlni atom ferrocenu je
polyizotopicky element, ktery je v piirodé zastoupen Ctyfmi stabilnimi izotopy
*Fe (5,85%), *°Fe (91,75%), °'Fe (2,12%) a *’Fe (0,28%) [10].

Diskutovana prace se zabyva pfipravou a charakterizaci novych fosfinferrocenamida a
thioamidu, jejichz uplatnéni v Katalyze a koordina¢ni chemii jako fosfin-donoru, rok od
roku roste. Atraktivita téchto sloucenin spoc¢iva zejména v jejich strukturdlni modularité a

jednoduché ptiprave [11].
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3.3.2. Vysledky a diskuse — doplitkovy komenta¥r k publikaci

VSechny ptipravené¢ latky byly precistény sloupcovou chromatografii a nasledné
charakterizovany spektralnimi metodami (IR, NMR, ESI-MS). Hmotnostni spektra v3ech
piipravenych latek spoletné s vypocitanymi teoretickymi hodnotami izotopického
zastoupeni jednotlivych elementll jsou pfilozeny v ptiloze. Ve vSech piipadech byla

konstatovana velmi dobra shoda mezi naméfenymi a kalkulovanymi spektry.

Hmotnostni spektrometrie s elektrosprejovou ionizaci byla vyuZita pro charakterizaci
fosfinferrocenamidi a thioamid piipravenych podle schématu na obrdzku 3.5. Reakce
probihala ve dvou krocich. Nejprve dochazelo k lithiaci a nasledné byl pfidan N,N-
dimethylkarbamoyl  chlorid v ptipadé¢  ptipravy  struktury 2, nebo  N,N-
dimethylthiokarbamoyl chlorid pokud mél vznikat produkt 3.

i@gpphz - if’j?"ﬂpph?
Fe . - Fe
2. CIC(E)NMe- /IE
dC::'h__Br ﬂC::?L__q
MNMes
1 2[E=D},3I:E=S}

Obr. 3.5 Piiprava fosfinferrocenamidu 2 a thioamidu 3 z 1'-(difenylfosfino)-1-bromoferrocenu 1 a pfislusného
karbamoylhalidu

Ptiprava fosfinoferrocenkarboxamidli byla také zalozena na kondenzacnich reakcich za
pouZziti 1'- (difenylfosfino) ferrocen-1-karboxylové kyseliny (Hdpf), ktera je vhodna pro
funkcionalizaci aminti. Dal$i amidy byly syntetizovany béznymi postupy, jak je zobrazeno
na obrdzku 3.6. Amid 4 byl potom pieveden na fosfinoxid 40 nebo sulfid 4S béznou

oxidaci peroxidem vodiku resp. v pfitomnosti elementarni siry.
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Obr.3.6 Piiprava amidu 4 a ptislusného P-oxidu a P-sulfidu Legenda: EDC = 1-ethyl-3-(3-
(dimethylamino)propyl)karbodiimid, HOBt = 1- hydroxybenzotriazol

Ligandy pfipravené a popsané v ptedchédzejicich odstavcich byly potom pouZzity pro syntézu
komplexit s médnymi a stiibrnymi ionty postupem schematicky znazornéném na obrazku

3.7.
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Obr.3.7 Syntéza Cu(I) a Ag(I) komplexii
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V ESI - MS spektrech komplexi 6a — 7¢ byly v pozitivnim médu nalezeny piky [ML,]" a
jejich fragmenty [ML]". Spektrum struktury 6b je na obrazku 3.8.
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Obr.3.8 ESI — MS spektrum komplexu 6b v pozitivnim modu naméfené (horni ¢ast) a kalkulované (dolni
Cast)

U analogického komplexu se st¥ibrem 7b nebyl pik [ML2]" patrné diky nizsi stabilité ve
spektru prakticky viibec pozorovan. Na druhou stranu ion [ML]" poskytoval velmi dobry
signal s charakteristickym rozlozenim izotopu potvrzujici pFitomnost izotopu stiibra
WAg /1%Ag v poméru intenzit 100:93. Naméfené hmotnostni spektrum bylo ve velmi
dobré shodé s vypocitanymi hodnotami pro ion [ML]"® se sumarnim vzorcem

Ca4H22FeENOPAG, jak je patrno z obrazku 3.9.
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Obr.3.9 ESI — MS spektrum komplexu 7b v pozitivnim modu namétené (horni ¢ast) a kalkulované (dolni
Cast)

Pro doplnéni byla syntetizovana je$té serie komplext sionty zlata, kde se u
amidofosfinovych ligandl ucastnila koordinace pouze fosfinova skupina. Proces ptipravy

téchto komplexi je schematicky zachycen na obrazku 3.10.

Ph complex E MRz
2
ligand = Al = 8
[AuClitht)] —————= Fe E 8b ] MHMe
— tht -
G 8c O  NMe,
N
gad 2 8d S  NMes

Obr.3.10 Syntéza Au(I) komplext 8a-d (tht = tetrahydrothiofen)

Ve spektrech ESI-MS byly vtéchto piipadech pfitomny ionty vznikajici ztratou
chloridového iontu [M - CI]" a v ptipadé 8a az 8c téZ adukty s alkalickymi kovy . [M + Na]”
a [M + K]*. Pro komplex 8c je spektrum na obrazku 3.11. Ve spektru je také velmi dobie
zietelny charakteristicky izotopicky profil prozrazujici pfitomnost atomu chloru s jeho
dvéma izotopy *°Cl / ¥'Cl v poméru 3:1. Ztrata atomu chloru se pak jasn& projevi ve zméng

izotopickeho profilu u piku m/z 638.
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Obr.3.11 ESI — MS spektrum komplexu 8c v pozitivnim modu

U této struktury byla rovnéz studovéana fragmentace provedenim MS? a také MS?
experimentu. Naméfend data jasné potvrdila navrZzeny mechanismus fragmentace a dale

dopInény o zjisténi, Zze ion [M - CI]" se dale rozpada ztratou N,N-dimethylaminu.

Vysledky prezentované prace potvrzuji, Ze hmotnostni spektrometrie ma své nezastupitelné
misto v oblasti charakterizace koordina¢nich sloucenin. Ionizace elektosprejem je navic
schopna poskytnout velmi cenné informace o chovani komplexti v roztoku, ¢imz je schopna

vhodné doplnit udaje ziskané naptiklad mefenim rentgenovych spekter.

ESI — MS spektra vSech ptipravenych latek rozpusténych v methanolu byla méfena na

piistroji Bruker Esquire 3000.
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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 desorption|
ionization mass spectra of the complexes showed abundant negatively charged molecular
anions and low fragmentation. Calculated similarity 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 fiom
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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inorganic and organic ligands whose stabilities depend on individual redox states of
central metal ion and coordinated ligands. Coordination compounds of **™Tc¢ are
well established in nuclear diagnostics; among other radionuclides, there is consider-
able research interest in '**Re and '"®*Re for applications in bone antitumor therapy
(Blower et al. 1990; Volkert and Deutsch 1993). For rhenium based radiopharma-
ceuticals, defined reduction of perrhenate and its stabilization via suitable complex
formation remain crucial breakthroughs to be achieved. Significant effort has been
spent on methods of preparation and structural characterization of rhenium
complexes with aromatic organic ligands (Bandoli et al. 2002; Gerber, Luzipo, and
Mayer 2004, 2006; Gerber and Mayer 2005; Booysen et al. 2007; Machura and
Kusz 2008; de Souza et al. 2010; Machura, Wolff, and Gryca 2014). In these studies,
it was confirmed that aromatic amines and alcohols are the most useful groups
for Re to produce complexes with excellent chemical and radiochemical stability.
Such promising properties warrant further investigation into their potential use
in radiopharmaceutical development and practice.

The availability of analytical methods suitable for identification and
quantification of metal complexes is an essential prerequisite for the chemical and
pharmacological characterization of radiopharmaceuticals. Commonly used X-ray
diffraction, nuclear magnetic resonance (NMR), and infrared spectroscopy (IR)
usually provides detailed structural information but require higher amounts of
sample. Mass spectrometry is an excellent method for quantification and structural
elucidation of analytes at trace concentrations comparable to common therapeutic
levels. The introduction of soft ionization techniques to mass spectrometry (MS)
revealed the possibility of quantification and structure characterization of various
types of complexes. Fast atom bombardment (FAB-MS) and field desorption
(FD-MS) techniques were the first for the structural identification of metal
complexes (Henderson and McIndoe 2005). Since the introduction of electrospray
ionization (ESI), the use of mass spectrometry in the field of organometallic and
metal coordination chemistry has been significantly extended (Henderson et al.
1998; Traeger 2000). Because of the soft nature of ESI, an intact molecular ion is
usually observed with minor fragmentation. ESI-MS was suitable for the character-
ization of technetium and rhenium complexes (Hori et al. 1996, 1997; Tisato et al.
2004; Tubaro et al. 2004). Compared to other methods of analysis, the sensitivity
of ESI-MS allows characterization of sample at micromolar concentrations, thus
making it very useful for clinical and pharmacokinetic studies. Similar favorable
characteristics are also present for recently developed ionization techniques based
on electrospray, such as probe electrospray ionization (PESI) and desorption spray
ionization (DESI). Recent reports have demonstrated that PESI and DESI sources
are suitable for direct analysis of many kinds of samples, including organometallic
compounds and metal complexes (Chen et al. 2008a, 2008b).

Similarly, laser desorption/ionization (LDI) and matrix assisted laser desorption/
ionization (MALDI) are useful for metal complexes. As a consequence of LDI or
MALDI ionization in the condensed phase, the majority of complexes gave simple
and interpretable mass spectra (Wyatt, Stein, and Brenton 2006; Wyatt 2011).
However, direct photochemical degradation and other photochemical reactions in
course of LDI and MALDI ionization reduced the abundance of molecular ions
in favor of fragments. The comparison of the analysis of selected rhenium(+I)
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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 (n-BusN)[ReOCl,]. 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-ds) 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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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): 9: 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, CD3;CN): ¢: 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, CD3;CN): ¢: 7.61-7.59 (m, 4H) and

o} i ﬁ o o @
e - R e W
@fo/ o
(5)

(1)

“Re
O A T

(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).



Downloaded by [UniverzitaKarlovaV Praze] at 01:34 16 September 2015

CHARACTERIZATION OF RHENIUM(V) COMPLEXES BY MS 2333

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:

. 2
> {5100}
N

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

SI =
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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
(mlz) 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, (c) LDI, and (d) ESI-MS/MS. Molecular ion peaks are circled.
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Figure 4. Negative ion mass spectra of ~5x 10 ®molar bis(1,2,3-trihydroxybenzene)oxorhenium(-);
(a) ESI, (b) APPI, (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 ~5x107°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 ReC¢H4O; 7" 327  ReCgH404 12* 393 ReC;oH¢Os

2 327 RCC6H404 8* 343 R€C6H4O5 13 431 RCC10H6O3C12
3 343 ReCeH,0s 9" 359 ReCsH,Oq 14 519  ReCyH ;205
4 381 RCC6H403C12 10 451 ReC12H807 15 535 RCC20H1206

5 419 ReC12H305 11 467 ReClegOg 16 554 RCC20H1205C1
6 435 ReC;,HgOg¢

“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 (I %) of ions in isotopic clusters and
evaluated values of similarity indexes (SI) expressed as (1-SI)100

ESI APPI LDI
I I 1 1 1 1

Molecular percent percent percent percent percent  percent
Complex Formula m/z calc. exp. calc. exp. calc. exp.
bis(1,2- Cy,HsOs 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-S1100=91.9 (1-SD100=91.9 (1 -—SI)100=289.0
bis(1,2, 3- C,HsO; Re 449 58.9 49.8 58.9 41.9 58.9 62.3
trihydroxybenzene) 450 7.9 20.4 7.9 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 13.3 16.5 13.3 16.5
453 22 0.1 22 2.0 22 3.8

(1-SD100=74.9 (1—SD100=79.1 (1 —SI)100=84.2
bis(2,3-dihydroxy-  CyHj;OsRe 517 58.6 63.0 58.6 67.5 58.6 62.1

naphthalene) 518 12.9 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 24.5
521 33 3.0 33 5.9 33 3.9

(1-SD100=91.1 (1—-SD100=81.1 (1 —S[)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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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.
Ions (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)]. lon (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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Rhenium complexes composed of p-emitting *°Re and ®Re 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
properties 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.
Selected rhenium complexes with pyrogallol (1,2,3-trihydroxybenzene) and catechol (1,2-
dihydroxybenzene) as strongly bound ligands were prepared by a reaction of rhenium precursor
tetrabutylammonium-tetrachlorooxorhenate with twofold molar excess of ligand in presence of
various amounts of triethylamine. The structures of formed complexes and their consequent
reaction products were estimated by means of mass spectrometry with electrospray ionization. The
rate of reactions in course of complex formation and consequent decomposition were primarily
followed by UV-VIS absorption spectra measurement, complemented by single or continuous

electrospray mass spectrometry analyses.

Keywords: rhenium complexes, mass spectrometry, ESI-MS, structural analysis, UV-VIS
absorption spectrometry, reaction kinetics
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Introduction

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 suitable
organic ligand (Abrams & Murrer, 1993; Schrotterova & 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 complexes and their degradation products, might be extremely difficult.

Rhenium complexes composed of B-emitting **°Re and '®®Re 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 & 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
coordination 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
pharmacological properties as a dominant reaction product still remains crucial breakthrough
waiting to be achieved. Successful attempt to eliminate reduction step and bind perrhenate ion in
porphyrine inclusion complex has been described (Konirova et al., 2003), however, it’s clinical
prospective have 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 diffractrometry, nuclear magnetic resonance
(NMR) and infrared spectrometry (IR), are of limited use (Nicholson et al., 2001; Valliant et al.,
2001; Shaker et al., 2010; Kowalczyk & 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,
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additional details remain 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 time span of its
clinical applicability (Koudelkova & Jedinakova-Krizova, 2003; Kohlickova et al., 1999;
Kohlickova et al., 2002).

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 (Hederson et
al., 1998). As compared with NMR and IR techniques, ESI-MS makes it possible to achieve
substantially lower detection limits and is applicable to analytes in aqueous solutions (Hori et al.,
1996; Hori et al., 1997; Fedorova et al., 2014; Tisato et al., 2004). Similarly, laser induced photo
desorption (LDI) and matrix assisted photo desorption (MALDI) proved to ionize effectively the
complexes providing mass spectra with dominant molecular ions and low extent of fragmentation
(Wyatt, 2011; Wyatt et al., 2006). Atmospheric pressure photoionization (APPI) is, at present, the
softest commercially available ionization technique that was successfully utilized for structure
characterization of complexes (Van Berkel, 2003). Low energy UV lamp excitation light enables to
generate intact molecular ions for Kinetically labile analytes with negligible extent of fragmentation.
The structure analysis of selected Re(+1) complexes by means of LDI, MALDI and ESI ionization
can be found in ref. (Petroselli et al., 2012; Day et al., 2007).

In our previous contribution (Stichal et al., 2015), we pointed out on suitability of low
resolution ESI-MS for fast and reliable structural identification of selected Re complexes 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 major complex compounds arising from the reaction of tetrabutylamonnium-
tetrachlooxorhenate ~ 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 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.
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Experimental
Materials and measurements

Tetrabutylammonium-tetrachlorooxorhenate [(n-BusN)(ReOCl,)] was purchased from Sigma-
Aldrich (Gillingham, Dorset, UK). Pyrogallol (1,2,3-trihydroxybenzene) (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, Germany). Helium 4.6 was

purchased from Linde Gas a.s. (Prague, Czech Republic).

Solid substances were weighted using Sartorius 7085011 micro balances (Sartorius Gmbh,
Gottingen, Germany).

Electrospray mass spectrometry (ESI-MS) experiments were conducted 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).
ESI-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 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 8 uL min™.

UV-VIS absorption spectra were measured by Thermo Evolution 60 spectrometer (Thermo
Scientific, USA), using 3 mL quartz cuvettes with 1 cm optical length and processed by means of
Vision Lite Scan 5 software (Thermo Scientific, USA). The spectra were sequentially collected at
selected time intervals in a range 300 - 700 nm, with increment step 5 nm. The scheme, molecular
formula and theoretical mass for each compound was collected by ChemSketch ACD labs (Canada)

and IsotopePattern (Bruker Daltonics, Germany).

Preparation of complexes (I — 1V) with pyrogallol ligand

Mixture of rhenium precursor tetrabutylammonium-tetrachlorooxorhenate [(n-BusN)(ReOCl,)]
(1.76 mg, 1.0 umol) and pyrogallol (0.76 mg, 2.0 umol) was dissolved in acetonitrile (3 mL) at
room temperature. After complete dissolution, 2 to 16 equivalents of TEA (8.4 uL to 52.5 uL of
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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 [(n-BusN)(ReOCl,)] (1.76 mg, 1.0 umol) and catechol (0.66 mg, 2.0
umol) were dissolved in acetonitrile (3 mL) at room temperature. After complete dissolution, 2 to
16 equivalents of TEA (8.4 uL to 52.5 uL of 10% TEA solution in acetonitrile) were added. For
ESI-MS determination of uncharged complex 1X, p-bromoaniline (1.72 mg, 1.0 umol) was added to
reaction mixture.

All prepared complexes are closer described in Table 1.

Table 1. Chemical names, labels and formulas of studied rhenium complexes

Entry Complex Label Formula
I Bis(1,2,3-trihydroxybenzene)oxorhenium [ReV(0)(PG),] C12HsO;Re
I Bis(1,2,3-trihydroxybenzene)oxorhenium [ReV'(0)(PG),] C1H;O7Re

I 1,2,3-trihydroxybenzen-chloro-dioxorhenium [ReV'CI(0)2(PG)]  CsH4ClOsRe

IV Bis(1,2,3-trihydroxybenzene)dioxorhenium [ReV"'(0),(PG).] C1HsOgRe
\Y Bis(1,2-dihydroxybenzen)oxorhenium [ReY(O)(Cat),] C12HsOsRe
VI Bis(1,2-dihydroxybenzen)oxorhenium [Re¥'(0)(Cat),]° C1HsOsRe
Vil Bis(1,2-dihydroxybenzene)-chloro-oxorhenium  [Re¥"(O)CI(Cat),]°  C1,HgClOsRe
VI N-(bls(1,2-d|hydroxybenzgqe)oxorhen|um)- N-[Re(O)(Qa}t)Z]-p- C1sHLBINORe
parabromoaniline bromaniline
IX Bis(1,2-dihydroxybenzene)dioxorhenium [ReV"(0),(Cat),] C1HsOsRe

The similarity between the computed and experimental molecular ion isotopic clusters was
evaluated on the basis of similarity indexes (SI) (Wan et al., 2002). The corresponding formula is
given in (1), where (i - ip) 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:

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

software.
Results and discussion
Rhenium - pyrogallol complexes
As it is depicted in reaction scheme (Fig. 1), actual molar ratio of triethylamine (TEA) to

rhenium precursor tetrabutylammonium-tetrachlorooxorhenate [(n-BusN)(ReOCl,;)] decisively
alters the rate and course of chemical reactions (running at room temperature) yielding single

complexes.
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Fig. 1 Scheme of possible reactions between precursor [(n-BusN)(ReOCl,)] and pyrogallol in

presence of various amounts of TEA.

Based on the series of proved experiments it was possible to conclude, that molar ratio of TEA
higher than 4 led to yields [Re""'(0),(PG),]” (compound 1V) as a dominant final reaction product
synthetized in reaction of [(n-BusN)(ReOCl,)] and pyrogallol (PG), while lower TEA concentration
leads to the formation of [Re""'CI(0),(PG)]" complex (111). 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. Electrospray mass spectrometry (ESI-
MS) monitoring of the reaction of [(n-BusN)(ReOCl,)] with twofold excess of PG in presence of 2
equivalents of TEA is shown in Fig. 2.

15

Intensity -107
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e
—
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v
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""'WM

40 50

10 20
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Fig. 2 Time evolution of the ESI-MS signals for a reaction of [(n-BusN)(ReOCl,)] with pyrogallol
in acetonitrile; 2 equivalents of TEA are added to reaction mixture. Extracted ion current
(EIC) at m/z 451 exponentially decreases in favor to EIC at m/z 450, as complex | is
converted to Il. Initial concentration: [(n-BusN)(ReOCl,)] (1.76 mg, 1.0 umol) and
pyrogallol (0.76 mg, 2.0 umol).
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[ReY(0)(PG),]” complex (1) is formed almost immediately, followed by its exponential decay in
favor to [Re"'(0)(PG),]" (compound I1) within 60 minutes. The same process is documented by

UV-VIS absorption spectra (Fig. 3).
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Fig. 3 UV-VIS absorption spectra depicting the conversion of a yellowish complex | to carmine
colored complex II; 2 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 minutes and shown at time differences 6 min. Initial concentration: [(n-BusN)(ReOCl,)]

(1.76 mg, 1.0 umol) and pyrogallol (0.76 mg, 2.0 umol).

Initial yellowish color of the reaction mixture given by dominant [Re¥(O)(PG),]" complex changes
to carmine solution with prevailing [ReY(O)(PG),] as a stable reaction intermediate. Within 60
minutes, the absorption maximum at 370 nm almost completely disappears in favor to arising 530
nm peak. Well defined isosbestic point at 425 nm shows at simple reaction mechanism of
[ReV(O)(PG),]” — [Re¥'(O)(PG),] chemical transformation. Higher concentrations of TEA
significantly accelerate subsequent oxidation to [Re""(0)2(PG).]". It was observed that for TEA
concentrations higher than 4 equivalents, [Re¥"(0),(PG),] is a dominant product in a reaction
mixture. UV-VIS reaction monitoring documenting this process in presence of 8 equivalents of
TEA is shown in Fig. 4.
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Fig. 4 UV-VIS absorption spectra depicting the conversion of carmine complex Il to brown colored
complex 1V; 8 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
minutes and shown at time differences 6 min. Initial concentration: [(n-BusN)(ReOCl,)]

(1.76 mg, 1.0 umol) and pyrogallol (0.76 mg, 2.0 umol).

Simultaneously arising absorption maxima at 430 and 560 nm indicate the formation of stable
brown colored [ReY"(0)2(PG),]. More detailed dependence of the rate of reaction yielding
[ReV"(0)2(PG),] complex on the molar excess of TEA is else documented in Fig. 5. Time based
dependence of the height of absorption maximum at 430 nm confirms the significant influence of

TEA up to the molar excess of 12 equivalents; higher concentrations do not else accelerate the

reaction.

Page 9 of 23



RN
o
T

=430 nm)
>\,\
\
>
\
>
\
>
\
>

max
o
o

o
N

Absorbance (A
o
N
|
\
|
|
|
\
|

30 40 50
Time/min

Fig. 5 Time based dependencies of the height of absorption maximum at A=430 nm (Agnax Of
compound 1V) in a [(n-BusN)(ReOCl,)] — PG reaction mixture with 2 to 16 equivalents of
TEA added. Initial concentration: [(n-BusN)(ReOCl,)] (1.76 mg, 1.0 umol) and pyrogallol
(0.76 mg, 2.0 umol).

Different reaction route was observed within long-term UV-VIS monitoring of the reaction in
absence of TEA and were collected three 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 hours. As it is visible in Fig. 6 part (a), the formation of
[ReV(0)(PG),]" complex is significantly prolonged, the maximum peak height at 530 nm is

achieved within tens of hours.
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Fig. 6 UV-VIS absorption spectra depicting the reaction of [(n-BusN)(ReOCl,)] with pyrogallol in
absence of TEA. Immediately formed yellow complex | (Amax =370 nm) is converted to cyan
colored complex Il (Amax = 530 mn). Arrows indicate increase and/or decrease of absorption
maxima of both species. Spectra are shown within time interval 0.0 — 43.6 h (a) and 219-
2542 h (b). Initial concentration: [(n-BusN)(ReOCl4)] (1.76 mg, 1.0 umol) and pyrogallol
(0.76 mg, 2.0 umol).

Further long term conversion of [Re¥'(0)(PG),] involves ligand exchange reaction with CI” ions as
a by-product of the reaction between [(n-BusN)(ReOCl,4)] and PG. The oxidation of rhenium ion is
accompanied by a cleavage of a single ligand, yielding blue-green [Re""'(O),CI(PG)] 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 nm and 630 nm.

The structures of the complexes arising in [(n-BusN)(ReOCl,)] — 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 minutes after its initialization. Dominant peak cluster at m/z 450
corresponds to prevailing deprotonated [Re"'(O)(PG),]" complex. Minor peak cluster at m/z 467

VI(0),(PG),]” complex at early stages

visible both in spectra A and B corresponds to traces of [Re
of its formation. In spectrum C peak cluster at m/z 467 confirms the presence of [Re""(0).(PG),]
as a major reaction mixture constituent in a reaction mixture with 8 equivalents of TEA, 60 minutes
after its initialization. Peak cluster at m/z 343 corresponds to a fragment ion [Re""(0), (PG)] as a
product of elimination of a single ligand moiety. Last spectrum D reflects the composition of the
same reaction mixture after three months. Peak cluster at m/z 377 documents the presence of

deprotonated [Re""(0),CI(PG)] as a final and else stable reaction product. Elemental composition
Page 11 of 23



of all observed Re — PG complexes was verified by a comparison of theoretical and experimental

molecular ion isotopic patterns, that all possess close resemblance. The difference in peak cluster

between complexes [ReV(0)(PG).] and [Re"(0)(PG),] is documented in Fig. 8.
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Fig. 7 Direct injected negative ESI-MS spectra reflecting the composition of [(n-BusN)(ReOCly)] —
PG reaction mixture sampled and analyzed in a stage with (A) prevailing complex I; (B)
prevailing complex II; (C) prevailing complex IV and (D) prevailing complex Ill. Details are

given in a supporting text.
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Fig. 8 Experimentally obtained direct injected negative ESI-MS isotopic patterns of compounds |
(part A) and 11 (part B) molecular ion cluster.

Rhenium - catechol complexes

Comparative kinetic measurements monitoring the formation and subsequent chemical
transformations of the complexes arising in catechol (Cat) — [(n-BusN)(ReOClI,)] reaction mixture
were performed. As in previous experiments, the decisive role of TEA on complex formation and
consecutive transformations was confirmed. Proposed reaction scheme based on UV-VIS and ESI-

MS measurements, described below, is shown in Fig. 9. Molar ratio of TEA to [(n-BusN)(ReOCl,)]
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higher than 4 equivalents immediately yields [Re"(O)(Cat),]” (compound V) that is consequently

VII

converted to stable [Re""(O),(Cat),]" (compound 1X) as a final oxidation product. Corresponding

reaction rates are comparable to those observed with PG as a ligand.

e}

Cl< | (¢l OH
Re'™,

/ \

cl cl OH

reaction route 1 reaction route 2

TEA<4ecl/ \TfA>4eq.
o) i 0 -
O\lele'(Vao | O ° |
/TN @( /Re
0 0 0 \o

V m/z 419 V m/z 419

N oM
@ D LA

|X m/z 435

oofe” = epled
o8

Br

VIl mizsss

Fig. 9 Scheme of possible reactions between [(n-BusN)(ReOCl,)] and catechol in presence of

various amounts of TEA.

Absorption spectra shown in Fig. 10 document the rate of [Re"(O)(Cat),] to [Re¥"(O),(Cat),]
complex oxidation in presence of 8 equivalents of TEA. The conversion to [Re""(O),Cat),] is
accomplished within 60 minutes, the initial pale yellow color of reaction mixture stains to deep
magenta as the concentration of oxidized product with absorption maxima at 365 nm, 460 nm and

540 nm increases.
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Fig. 10 UV-VIS absorption spectra depicting the conversion of pale yellow complex | to deep
magenta complex 1X; 8 equivalents of TEA are present in reaction mixture. Arrow indicate
an increase of absorption maxima at A = 365 nm, 460 nm and 540 nm, characteristic for
complex IX. Spectra are collected within 60 minutes and shown at time differences 6 min.
Initial concentration: [(n-BusN)(ReOCl4)] (1.76 mg, 1.0 umol) and catechol (0.66 mg, 2.0

pmol).

The difference between Cat and PG ligands, in terms of the structures of formed complexes
and the rates of individual reactions, becomes significant for TEA concentrations lower than 4
equivalents, markedly, in its absence in reaction mixture. As it is evident from UV-VIS absorption
spectra shown in Fig. 11, the rate of the conversion of initially formed [Re¥(O)(Cat),] to
[Re¥'(0)(Cat),]° intermediate (compound VI) (Amax = 510 nm) in presence of 2 equivalents of TEA

is significantly prolonged.
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Fig. 11 UV-VIS absorption spectra depicting the conversion of a complex V to purple complex VI
(Amax = 510 nm). The second arising absorption maximum at A = 620 nm indicate the
formation of complex VII as a product of concomitant Re oxidation and ligand exchange
reaction; 2 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
minutes and shown at time differences 6 min. Initial concentration: [(n-BusN)(ReOCl,)]
(1.76 mg, 1.0 umol) and catechol (0.66 mg, 2.0 pmol).

Unlike pyrogallol, catechol lacks the free dissociable hydroxyl group after complexation with
rhenium, therefore [Re"'(O)(Cat),]° intermediate remains uncharged in ESI, APPI and APCI and its
structural characterization by MS is impossible. Its presence in reaction mixture is presumed
entirely from a similarity between absorption spectra describing the formation of deprotonated
[ReV(0)(PG),] and those corresponding to the formation of [Re"'(O)(Cat),]° analogue. Its further
and relatively slow oxidation is accompanied by a ligand exchange reaction with residual CI" ions
present in reaction mixture, yielding [Re""(O)CI(Cat),]° (compound VII) as a final and stable
reaction product. It’s formation documents the rise of second maximum at 620 nm. Rate and overall
extent of the conversion of [Re"'(O)(Cat),]° to [Re""(O)CI(Cat),]° is documented in a series of
absorption spectra shown in Fig. 12. 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""(O)CI(Cat),]° is also neutral, however, its ESI-MS
structure identification is possible after the reaction with p-bromoaniline yielding complex N-

[Re(O)(Cat),]-p-bromoaniline (compound VIII) as ESI ionizable reaction product.
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Fig. 12 UV-VIS absorption spectra depicting long-term transformation of complex VI to blue
complex VII (Amax = 620 nm). Arrows indicate increase and/or decrease of absorption
maxima of both species. Spectra are shown within time interval 0.0 — 43 h. Initial
concentration: [(n-BusN)(ReOCl,)] (1.76 mg, 1.0 umol) and catechol (0.66 mg, 2.0 umol).

ESI-MS spectra depicting the structure of complexes arising in Cat — [(n-BusN)(ReOCl,)]
reaction mixture are shown in Fig. 13. Spectrum A reflects the composition of a reaction mixture
with 8 equivalents of TEA immediately after its initialization. Abundant molecular ion cluster at
m/z 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 composition of the same reaction

VII

mixture 60 minutes after its initialization, where complex [Re""(O).Cat),]” predominates. Spectrum

C reflects the final composition of a reaction mixture with 2 equivalents of TEA, where the

VII

presence of [Re""(O)CI(Cat),]° is confirmed by a dominant molecular ion cluster at m/z 588, and

fragment at m/z 480, corresponding to reaction product with p-bromoaniline.
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Fig. 13 Direct injected negative ESI-MS spectra reflecting the composition of [(n-BusN)(ReOCl,)]

— Cat reaction mixture sampled and analyzed in a stage with (A) prevailing complex V; (B)
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prevailing complex IX; (C) prevailing complex VII identified after its derivatization with p-

bromoaniline as complex VIII.

Elemental composition of all observed complexes was verified by a comparison of
theoretical and experimental molecular ion isotopic patterns, that all possess close resemblance.
Tables 2 summarizes theoretical monoisotopic and obtained masses of rhenium complexes observed
and identified in negative ESI-MS spectra complemented by colors of individual complexes,
oxidation states of central rhenium ion and calculated values of similarity indexes SI. The values of
SI indicate significant conformity between calculated and experimental spectra and correct

assignment of elemental composition to m/z values of observed ions.

Table 2. Theoretical monoisotopic and measured molecular ion masses of studied rhenium
complexes. Additional descriptors covering the properties of individual complexes (Re oxidation

state, observed color) and reliability of MS structure identification (similarity index) are enclosed.

Theoretical Rhenium

Entry  monoisotopic Measured oxidation Solution color Slr_nllarlty
m/z index
m/z state

I 450.9 451 \/ yellow
I 449.9 450 VI cyan

i 376.8 377 VIl green

v 466.9 467 VI brown

Vv 418.9 419 \/ yellow

VI - - VI purple

VI - - VIl blue

VIII 587.9 588 yellow

IX 434.9 435 VIl deep magneta

- Uncharged species

Conclusions

This study documents the diversity of chemical reactions between rhenium precursor
tetrabutylammonium-tetrachlorooxorhenate 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) complex, and the slower ones,

involving oxidation of central rhenium ion accompanied with possible ligand exchange reactions.
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While the former mentioned do not depend on the actual ligand structure, the later ones show the
dependence on exact ligand structure and the actual composition of a reaction mixture.

The presence of triethylamine (TEA) in reaction mixture plays a decisive role in observed
reaction schemes and their actual rates. TEA molar ratio higher than 4 equivalents results in
formation of [Re""(02)(PG),]” and [Re""(0,)(Cat),]” 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)CI(Cat),]° 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 analogues remain often
uncharged and thus hidden for ESI-MS. However, the final [Re""(O)CI(Cat),]° complex was

successfully converted to a chargeable product via derivatization with p-bromoaniline.

This research was carried out within the framework of the project of the Specific University
Research (SVV 260317). The Norwegian Financial Mechanism project CZ01116 is gratefully

acknowledged.

Symbols
S similarity index
Subscripts
PG  pyrogallol
Cat catechol
Re rhenium
0] oxygen
Cl chlorine
Bu butyl
ESI-MS mass spectrometry with electrospray ionization
TEA triethylamine
UV-VIS ultraviolet-visible absorption spectrometry
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EIC Extracted ion current
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The reaction of in situ generated 1'-(diphenylphosphino)-1-lithioferrocene with carbamoyl chlorides, CIC-
(E)NMe,, affords the corresponding (thio)amides, Ph,PfcC(E)NMe, (E = O (2), S (3); fc = ferrocene-1,1'-
diyl). These compounds as well as their analogues, Ph,PfcC(O)NHMe (4) and Ph,PfcC(O)NH, (5), prepared
from 1'-(diphenylphosphino)ferrocene-1-carboxylic acid (Hdpf) were studied as ligands for the Group
11 metal ions. In the reactions with [Cu(MeCN)4][BF,4], the amides give rise to bis-chelate complexes of
the type [Cu(L-k%O,P),][BF,]. Similar products, [Ag(L-KZO,P)Z]ClO4, are obtained from silver() perchlorate
and 2, 4 or 5. In contrast, the reaction of AgClO4 with 3 produces a unique molecular dimer [Ag(3)-
(ClO4-xO)],, where the metal centres are bridged by the sulfur atoms of the P,S-chelating thioamides.
The reactions of 2—5 with [AuCl(tht)] (tht = tetrahydrothiophene) afford the expected gold()—phosphine
complexes, [AuCl(L-kP)], containing uncoordinated (thio)amide moieties. Hemilabile coordination of the
phosphinoamide ligands in complexes with the soft Group 11 metal ions is established by the crystal
structure of a solvento complex, [Cu(5-k%0,P)(5-kP)(CHClz-xCl)l[BF 4], which was isolated serendipitously
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during an attempted crystallisation of [Cu(5-kO,P),][BF4]. All of the compounds are characterised by
spectroscopic methods, and the structures of several representatives of both the free phosphinoamides
and their complexes are determined by X-ray diffraction analysis and further studied by DFT calculations

www.rsc.org/dalton and cyclic voltammetry.

Introduction

Phosphine donors modified with carboxamide substituents
have evolved into a specific class of functional phosphine
ligands with applications in coordination and supramolecular
chemistry, catalysis, biomedical research, etc. The attractive-
ness of these compounds lies mainly in their structural modu-
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and 3, and DFT calculated coordinates for compounds 2, 3 and FcC(E)NR, (E =
O, S; R = H, Me) as XYZ files. CCDC 1029509-1029520. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c4dt03279a
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larity and facile synthesis, especially via amide coupling
reactions."

During our studies® on phosphinoferrocene carboxamides,
we have also typically relied on the amide coupling reactions,”
employing 1'-(diphenylphosphino)ferrocene-1-carboxylic acid
(Hdpf),” suitable functional amines and conventional peptide
coupling agents (route A in Scheme 1). Although this synthetic
strategy proved very efficient, we felt that the search for alterna-
tive synthetic routes that are more straightforward and avoid
the use of expensive stoichiometric reagents was still desirable.
Thus far, we have demonstrated that phosphinoferrocene
carboxamides can be synthesised equally well by lithiation of
1’-(diphenylphosphino)-1-bromoferrocene (1)°® and subsequent
reaction of the lithiated intermediate with isocyanates (route B
in Scheme 1).

In an attempt to extend this preparative strategy, we
decided to replace isocyanates with carbamoyl chlorides (route
C in Scheme 1).® Although the choice of substituents is inher-
ently limited in carbamoyl halides because of their high reac-
tivity, we reasoned that a reaction of lithiated intermediates
with these reagents® could possibly offer an alternative direct

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthetic routes to phosphinoferrocene carboxamides:
conventional amidation (A) and lithiation/electrophilic quenching (B and
C;E=0andS).

route to phosphinoamides and their corresponding thio-
amides that do not require protection of the already present
phosphine moiety from an undesired oxidation.’® In this
regard, a practical synthesis of phosphine-thioamides is par-
ticularly attractive as it may provide access to this type of
mixed-donor ligands and thus initiate investigations into their
coordination properties, which still remain largely un-
explored."* To the best of our knowledge, there is only one
report on the synthesis of a phosphine-thioamide donor via
the rather unconventional Diels-Alder [4 + 2]-cycloaddition of
N,N-dimethylthioacrylamide across 3,4-dimethyl-1-phenyl-1H-
phosphole bonded to a Pd(i) centre.'* This solitary example
markedly contrasts with the numerous studies that focus on
the chemistry of phosphine-carbothioamides, Ph,PC(S)NR,."

In this contribution, we describe the synthesis of a phos-
phinoferrocene carboxamide and thioamide via lithiation and
electrophilic functionalisation of 1, and their model com-
pounds obtained by the conventional amidation of Hdpf.
The resulting hybrid ligands'® are structurally characterised
through a combination of physicochemical and computational
methods and further employed as donors for the soft Group
11 metal ions in order to investigate their coordination
properties.

Results and discussion
Preparation and characterisation of phosphino-amide donors

Phosphinoferrocene carboxamide 2 and thioamide 3 were pre-
pared from 1 via a one-pot, two-step procedure consisting of
lithiation and subsequent quenching of the in situ generated
lithio intermediate with N,N-dimethylcarbamoyl chloride and
N,N-dimethylthiocarbamoyl chloride, respectively (Scheme 2).
The targeted amides were purified by column chromatography
and isolated in moderate to good yields (2: 46%; 3: 81%).

In view of the intended coordination study, the series of
phosphinoamide donors was extended by the homologous
secondary amide 4 (Scheme 3) and the known primary amide

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Preparation of phosphinoferrocene amide 2 and thioamide
3 from 1 and the corresponding carbamoyl halides.

<= PP
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O
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Q/ H,0, or Sg @/
Fe o — Fe o
S S
NHMe NHMe
4 40 (E =0)
4S(E=S)

Scheme 3 Preparation of amide 4 and its corresponding P-oxide and
P-sulfide. Legend: EDC = 1-ethyl-3-[3-(dimethylamino)propyllcarbodi-
imide, HOBt = 1-hydroxybenzotriazole.

1'-(diphenylphosphino)-1-(aminocarbonyl )ferrocene (5)” for the
purpose of comparison. The former compound was syn-
thesised by the conventional amidation of Hdpf with methyl-
amine in the presence of 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) and 1-hydroxybenzotriazole (HOBt),
resulting in an 87% yield after isolation by column chromato-
graphy. Amide 4 was further converted to the corresponding
phosphine oxide (40) and sulfide (4S) via standard oxidations
with hydrogen peroxide and elemental sulfur, respectively.

Amides 2-4 have been characterised by multinuclear NMR
and IR spectroscopy, electrospray ionisation (ESI) mass
spectrometry and elemental analysis. Phosphines 2-4 display
singlets in their *'P{"H} NMR spectra at 8p ca. 17, close to that
of Hdpf itself,” while the signals of the P-oxidised derivatives
appear shifted to lower fields (Sp ca. 32 and 43 for 40 and 48,
respectively).>"® The '"H and "C{'H} NMR spectra reveal
signals typical for the 1'-(diphenylphosphino)ferrocenyl moi-
eties. The amide resonances are observed at ¢ ca. 170 for the
amides and at 6c 199 for thioamide 3. As a result of the
limited molecular mobility typical for conjugated amides, the
signals of the methyl substituents in the spectra of the tertiary
amides are observed either as a broadened singlet (2) or a pair
of non-equivalent signals (3) at room temperature. On the con-
trary, the "H NMR signals of the methyl groups in the spectra
of secondary amides 4, 40 and 4S are seen as NH-coupled
doublets associated with quartets attributed to the NH proton
at a lower field.

The type of amide pendant is manifested in the IR spectra,
showing bands resulting from the C-N and C=E'® stretching
vibrations (2: 1502 and 1650 ecm ™', 3: 1508 cm™ ). The spectra

Dalton Trans., 2015, 44, 3092-3108 | 3093
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Fig. 1 PLATON plots of the molecular structures of 2, 3 and 30 (for displacement ellipsoid plots, see ESIT).

of the secondary amides further display bands due to NH
stretching modes above 3000 cm™". Additional characterisation
of 2 and 3 by DFT computations, UV-vis spectroscopy and by
cyclic voltammetry are described below.

Molecular structures of uncoordinated amides

The molecular structures of all tertiary amides (2, 3 and 30)
and secondary amides (4, 40-CHCIl; and 4S) have been deter-
mined by single-crystal X-ray diffraction analysis. The crystals
of 30 were isolated during an attempted complexation experi-
ment with 3, whereas those of all other compounds were
grown by crystallisation of authentic samples.

The molecular structures of 2, 3 and 30 are depicted in
Fig. 1. Selected geometric parameters are summarised in
Table 1. The ferrocene units in the structures of these tertiary
amides exert the typical regular geometries with similar Fe-C
distances and tilt angles below ca. 6° (maximum: 5.8(1)° for 3).
The ferrocene cyclopentadienyl rings in 2 and 3 assume
similar anticlinal eclipsed conformations that divert the sub-
stituents into mutually distant positions. The amide plane in 2
is rotated by as much as 47.4(2)° from an arrangement co-
planar with its parent cyclopentadienyl ring (Cp1) with the NMe,
group pointing away from the ferrocene unit and the PPh, sub-
stituent. The thioamide moiety in 3 is twisted considerably
less (26.7(2)°) and adopts the opposite orientation with respect
to the PPh, moiety (i.e., with the C=S bond more distant). In
contrast, the ferrocene unit in 30 has a synclinal eclipsed con-
formation, which results in a rather compact structure in
which both substituents are located on the same side of the
ferrocene scaffold. Consequently, the rotation of the thioamide
plane is increased to 41.8(2)° and the orientation of the C(S)
NMe, pendant unit is changed so that the more bulky NMe,
unit is directed away from the ferrocene unit (though on the
same side as the phosphine substituent). Parameters pertain-
ing to the amide/thioamide and (diphenylphosphino)-ferro-
cenyl moieties appear unexceptional in view of the data reported

3094 | Dalton Trans., 2015, 44, 3092-3108

Table 1 Selected geometric data for tertiary amides 2, 3 and 30 (in A
and °)?

Parameter 2(E=0) 3(E=5) 30 (E=S)
Fe-Cgl 1.6462(8) 1.6544(8) 1.6413(7)
Fe-Cg2 1.6464(8) 1.6486(8) 1.6402(7)
«Cp1, Cp2 2.8(1) 5.8(1) 4.12(9)

T ~151.1(1) 143.5(1) 71.8(1)
C11=FE 1.225(2) 1.689(2) 1.672(2)
C11-N 1.356(2) 1.333(2) 1.337(2)
E—C11-N 121.7(2) 121.4(1) 122.3(1)
» 47.4(2) 26.7(2) 41.8(2)
N-C24 1.460(2) 1.465(2) 1.468(2)
N-C25 1.460(2) 1.464(2) 1.461(2)
C24-N-C25 116.3(1) 113.7(2) 113.0(2)
P-C6 1.820(2) 1.811(2) 1.788(2)
P-C12 1.832(2) 1.835(2) 1.811(2)
P-C18 1.841(2) 1.839(2) 1.808(2)

“Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and
C(6-10), respectively. Cg1/2 denote their centroids. z is the torsion
angle C1-Cg1-Cg2-C6 and ¢ is the dihedral angle subtended by the
amide unit (C11, E, N) and the plane of its parent ring Cp1. b Further
data: P=0 = 1.536(1) A.

earlier for FcCSNH,,"” fc[CSNMe,],,”* Hdpf and its P-oxide,’
Ph,P(0)fcCONHCy,” and bromide 1'® (Fc = ferrocenyl, fc =
ferrocene-1,1"-diyl).

Molecular structures of the secondary amides 4, 40-CHCl;
and 4S are shown in Fig. 2. Principal geometric data are given
in Table 2. The molecular parameters compare well with those
reported for other structurally characterised secondary amides
derived from Hdpf.'” Similar to the tertiary amides, the
ferrocene units in the structures of the secondary amides are
typical with tilt angles not exceeding ca. 5°. A most notable
difference observed across the series is again associated with
the mutual orientation of the ferrocene substituents, which
are near synclinal eclipsed in 4 and 40, staggered anticlinal in
molecule 2 of 4S, or assume an intermediate conformation
between anticlinal staggered and eclipsed anticlinal eclipsed
(molecule 1 of 4S).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 PLATON plots of the molecular structures of 4, 40-CHCIls and 4S (molecule 1). Labelling of the second independent molecule in the struc-
ture of 4S is strictly analogous. Displacement ellipsoid plots are available in the ESI.f The N-H---O and C—H---Cl hydrogen bonds in the structure of

40-CHCl3 are shown as dashed lines.

Table 2 Selected geometric parameters for the secondary amides 4,
40 and 4S (in A and °°

Parameter 4 (E = void) 40 (E=01P) 48 (E = S1/S2)°
Fe-Cg1 1.6462(8) 1.650(1) 1.640(4)/1.662(4)
Fe-Cg2 1.6420(7) 1.641(1) 1.643(4)/1.639(4)
£Cp1, Cp2 3.2(1) 1.2(1) 3.2(5)/4.7(5)

T —82.6(1) 71.3(2) —-162.3(5)/145.4(5)
C11=0 1.242(2) 1.233(3) 1.222(6)/1.233(7)
C11-N 1.330(2) 1.343(3) 1.326(8)/1.309(7)
0-C11-N 122.1(2) 123.3(2) 123.6(5)/121.9(6)
@ 6.1(2) 25.3(3) 11.3(8)/13.6(7)
N-C24 1.453(2) 1.456(3) 1.457(9)/1.45(1)
P=E n.a. 1.495(2) 1.951(3)/1.960(3)
P-C6 1.822(2) 1.785(2) 1.785(8)/1.792(8)
P-C12 1.835(2) 1.809(2) 1.826(9)/1.813(9)
P-C18 1.839(2) 1.809(2) 1.819(7)/1.818(7)

“The parameters are defined as for the tertiary amides (see Table 1).
n.a. = not applicable. *The compound crystallised in the form of
stoichiometric solvate 40-CHCl;. “Data for the two structurally
independent molecules (molecule 1/molecule 2).

The rotation of the amide unit with respect to the parent
cyclopentadienyl ring varies from ca. 6° in amide 4 to ca. 25°
in 40. However, these structural changes seem to be (at least
partly) induced by different intermolecular interactions
because, unlike the tertiary amides whose solid-state struc-
tures are essentially molecular,® the molecules of the second-
ary amides associate in the solid state by means of hydrogen
bonds formed by the NH hydrogens. Compounds 4 and 4S
assemble into infinite chains consisting of molecules located
around the crystallographic glide planes via N-H---O=C hydro-
gen bonds (N---O = 2.835(2) A for 4 and 2.797(6)/2.834(6) for
molecules 1/2 of 4S). Conversely, the solvated phosphine oxide
40 forms an intramolecular hydrogen N-H:--O=P bond
towards the highly polarised®’ phosphoryl oxygen (N---O =
2.838(2) A) rather than the amide C—0 moiety, while the C—=0

This journal is © The Royal Society of Chemistry 2015

group is employed in binding the solvent molecule via the soft

C-H---O interaction (Cl3C-H---O=C, C---O = 3.013(3) A)

DFT and electrochemical study of amides 2 and 3

Geometries of 2 and 3 computed by DFT methods for isolated
molecules in vacuum reproduce very well those determined by
X-ray crystallography in the solid state (for an overlap of the
computed and experimentally determined molecular struc-
tures, see ESIT). Whereas the calculated interatomic distances
differ from the experimental ones by less than ca. 0.04 A (the
mean difference being only 0.01 A), the interatomic angles
show more pronounced variation (maximum 14°, average
difference: 1-3°) due to changes in conformation.** The di-
hedral angle of the cyclopentadienyl planes and ¢ parameter
calculated for amide 2 are 2° and —174°, respectively. The
amide moiety in the DFT optimised structure has similar
orientation to the solid state structure with twist angle ¢ of
39°. In the case of thioamide 3, the 7 and ¢ angles of 149° and
26°, respectively, correspond also well with the crystal structure
data (cf. data in Table 1).

The LUMO, HOMO and two next molecular orbitals below
HOMO are depicted in Fig. 3. In the case of 2, the HOMO and
HOMO-1 show dominant contributions from d orbitals on Fe,
while for 3, the HOMO consists mainly of non-bonding orbital
located on sulfur (lone pair). The next two lower molecular
orbitals of 3 are of similar nature as HOMO and HOMO-1 of 2
(similar to diagonal relationship), but with certain contri-
bution from atomic orbitals located on the sulfur atom and
with somewhat lower energies. This corresponds well with the
lower ionisation potential and higher softness of sulfur with
respect to oxygen. This principal difference in the structure of
the highest occupied molecular orbitals is most likely respon-
sible for the different electrochemical behaviour of 2 and 3
(vide infra).

Dalton Trans., 2015, 44, 3092-3108 | 3095
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2

Fig. 3 Plots of LUMO, HOMO and two lower molecular orbitals of 2
and 3 showing contours at the +0.05 a.u. level.

Changes in electronic structure associated with the
(formal) replacement of the amide oxygen with sulfur
prompted us to investigate the representative amides 2 and 3
by UV-vis spectroscopy and by electrochemical methods. The
UV-vis spectra (Fig. 4) comprise single bands (with a shoulder
at lower energies) located at the foot of a more intense bands

extending from the UV region. This band in the spectrum of 2

1.0 —

0.8 |- -

06 |- -

04 -

02| B

400 500 600 700 800
A[nm)

Fig. 4 UV-vis spectra of 2 (blue line) and 3 (red line) recorded in 1,2-
dichloroethane solutions (c = 5 x 10~* M, optical path 10 mm).
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E vs. ferrocene/ferrocenium [V]

Fig. 5 Cyclic voltammogram of amide 2 as recorded at Pt disc elec-
trode in 1,2-dichloroethane at 0.1 V s7* scan rate (the arrow indicates

the scan direction). The inset shows partial cyclic voltammograms

recorded at different scan rates (black: 20 mV s7%, blue: 50 mV s,

green: 0.1 mV s~ red: 0.2V s, and cyan: 0.5V s™).

is observed at 445 nm, shifted slightly to lower energies as
compared with ferrocene itself (440 nm; forbidden d-d tran-
sition).>* In the spectrum of 3, the absorption band is signifi-
cantly red-shifted (458 nm) and also more intense, presumably
owing to a more extensive conjugation.>*

Cyclic voltammogram of amide 2 (Fig. 5) displays a one-
electron oxidation at E°' ca. 0.17 V vs. ferrocene/ferrocenium.
The oxidation, which can be attributed to the Fe"/Fe™ couple
(electron removal from HOMO located predominantly at the
ferrocene unit, see above), is associated with some follow-up
processes that render it quasi-reversible and also give to rise to
additional redox waves at higher potentials. Nonetheless,
chemical reactions of the electrochemically generated species
are relatively slow because the ratio of the cathodic and anodic
peak currents (i,c/ips) significantly increases with increasing
scan rate (see inset in Fig. 5), limiting to unity. Such behaviour
resembles that of the parent acid Hdpf.” The fact that the oxi-
dation of the ferrocene unit is shifted to less positive potential
than that of Hdpf (E°’ ca. 0.31 V in MeCN) is in accordance
with the lower electron-withdrawing ability of the amide
moiety as compared with the carboxyl group (¢f. the Hammett
o, constants: 0.36 for CONH,, and 0.45 for CO,H).*

The redox behaviour of thioamide 3 is much less clear-cut
(Fig. 6). The compound undergoes an irreversible oxidation at
ca. 0.02 V (anodic peak potential, E,, is given), which is fol-
lowed by several ill-defined irreversible oxidations that replace
the original composite oxidative wave during the second and
following scans (even at 1 V s™*). Such a response may well cor-
respond with the properties of the HOMO orbital, which
encompasses both ferrocene unit and the thioamide moiety.

DFT study of amide group conformation

The relatively high and varying twisting of the amide pendant
observed in the solid-state structures of free phosphinoamides

This journal is © The Royal Society of Chemistry 2015
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E vs. ferrocene/ferrocenium [V]

Fig. 6 Full (red line) and partial (black line) cyclic voltammograms of 3
as recorded at Pt disc electrode in 1,2-dichloroethane at 0.1 V s™* scan
rate. The arrow indicates the scan direction and the second scan is dis-
tinguished by a dashed line.
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Fig. 7 Calculated energy dependence on the torsion angle y for
FcCONH, (blue) and FCcCSNH5 (red) at T = 300 K.

led us further to investigate the influence of the dihedral angle
subtended by the amide plane {C, N, E} and its parent cyclo-
pentadienyl ring on the overall energy of the isolated model
molecules of FCCONR, and FcCSNR, (R = H and Me) by DFT
calculations. Attention was paid to this parameter mainly
because it could significantly affect the coordination pro-
perties of the phosphinoamides, being responsible for an
efficient approach of the amide moieties to a metal centre.

For the sake of a simpler definition, the dihedral angle ¢
was replaced with the torsion angle C2-C1-C11-E (y). The
energy profiles calculated as a function of this angle for
FcCONH, and FcCSNH, (Fig. 7) show two equivalent minima
corresponding to enantiomers. The maxima belong to confor-
mations with amide groups perpendicular to the parent cyclo-
pentadienyl rings, with the higher in energy corresponding to
the conformation in which the NH, unit is directed closer to
the Fe atom. The practically coincident minima for both
amides exhibit twists of the amide group of 18°. In the case of

This journal is © The Royal Society of Chemistry 2015
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the more bulky N,N-dimethyl derivatives, FcC(E)NMe,, the
twisting increases to 35° and 37° for E = O and S, respectively,
presumably for steric reasons. The former value corresponds
with that determined in the solid state (FcCONMe,: 36/37° for
two independent molecules).>**”

Importantly, the curvature of the energy landscape near the
minima for both FcCONH, and FcCSNH,, allows for an essen-
tially free change of y by approximately 20° in both directions
at room temperature, i.e., within the energy change of 1 kT
(where kg is the Boltzmann constant). In this interval, the twist
angle can thus be controlled via an interplay between energy
changes reflecting the extent of conjugation, steric effects,
coordination and intermolecular interactions (the latter in the
solid state).

Another notable feature in the energy profiles concerns
small changes in the slope for conformers whose amide
groups are nearly coplanar with their bonding cyclopentadie-
nyl rings (y &~ 10°). These changes result from the potential
energy surface (PES) crossing other surface corresponding to
an inversion of the pyramidal NH, moiety because the two sur-
faces coincide for the planar arrangement of the NH, groups
(for clarity, only the PES with the lower energy is shown in
Fig. 7).

Synthesis of copper(1) and silver() complexes

In order to fully exploit the donor moieties available in 2-5,
coordination study with the soft Cu() and Ag(i) ions was
undertaken using metal precursors devoid of any firmly bound
ligands (e.g., halides) and coordinating anions that could poss-
ibly compete with the donor groups offered by the amido-
phosphine ligands. Hence, the complexation reactions were
performed at the ligand-to-metal ratio of 2:1 using [Cu-
(MeCN),][BF,] and AgClO, as the metal sources (Scheme 4).

These precursors reacted identically with all of the amides
to afford bis-chelate complexes of the type [M(L-k*0,P),]X. The
reaction of thioamide 3 with [Cu(MeCN),]|[BF,] afforded an
analogous compound 6d, the structure of which, together with
other representatives (6b, 7b and 6d; vide infra), was un-
ambiguously confirmed by single-crystal X-ray diffraction analysis.
In contrast, the reaction of 3 with silver(i) perchlorate pro-
duced an evidently different product (7d) exhibiting properties
very different from those of the rest of the series: the com-
pound readily precipitated from the reaction mixture and was
practically insoluble in common organic solvents (including
DMSO-dg), which in turn precluded its detailed characteris-
ation by solution techniques (e.g., NMR spectroscopy). This
finding alerted us to investigate this material in more detail.
Fortunately, X-ray quality crystals were obtained when the
educts were allowed to mix slowly by liquid-phase diffusion.
The isolated crystals proved to be identical with 7d obtained
by direct mixing of the starting materials, as evidenced by the
IR spectra.

The structure determination revealed 7d to be a “dimer”,
wherein the thioamide coordinates in a P,S-bidentate fashion
to one silver(i) centre and simultaneously acts as a bridge
towards the other Ag(1) ion through its sulfur atom. The coordi-
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Scheme 4 Synthesis of Cu(l) and Ag(l) complexes.

nation sphere is completed by O-bonded perchlorate, resulting
in tetrahedral coordination around the chemically equivalent
metal centres. As the consequence, the complex has an overall
1:1 ligand-to-metal stoichiometry, which clearly differentiates
7d from the rest of the Cu(i) and Ag(i) complexes.

Complexes 6 and 7 were characterised by elemental ana-
lysis, IR and NMR spectroscopy, and ESI MS spectrometry. The
coordination of the amidophosphine ligands in these com-
pounds is clearly manifested in the *'P NMR spectra via a shift
of the *'P NMR signal to lower fields. The *'P NMR signals are
observed as singlets at approximately —11 ppm for the Cu(r)
complexes 6a-d, and as '°”'°Ag-coupled doublets at
ca. 3-4 ppm for 7a-c. Compound 7d gives rise to a broad doublet
at 6p —0.3 with 'J(Ag,P) ~ 510 Hz. It is also noteworthy that the
*'p and '"H NMR signals are typically broadened, indicating
that some dynamic processes are taking place in the solution.
In their ESI mass spectra, the “mononuclear” complexes 6a-d
and 7a-c exhibit signals of the cations [ML,]" and their frag-
ments [ML]". The spectrum of the disilver(i) species 7d is
dominated by the ions due to [Ag(3)]" at m/z 563/566 and
further shows additional signals attributable to [Ag(3)-
(CH;0H)]" (m/z 596/599). All these results (shifts of the "H and
*'P NMR signals and species observed in the ESI MS spectra)
suggest the solid state structures to be retained even in solu-
tion, though perhaps with some structural dynamics.

Finally, the presence of the counter anions is reflected in
the IR spectra, showing composite intense bands resulting
from the v; vibrations?® of the tetrahedral ions BF,” and ClO,~
at ca. 1030-1095 cm ™" and 1050-1130 cm ™, respectively.

The anticipated dynamic and possibly hemilabile coordi-
nation®® of the phosphinoamide donors was proven by a seren-
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dipitous isolation of several crystals of a solvento complex,
[Cu(5-k>0,P)(5-xP)(CHCl;-«Cl)][BF,] (6a’), which was isolated
during an attempted crystallisation of 6a and structurally
characterised. It is noteworthy that this solvento complex
ensued from a copper(i) complex whose amide substituents
(NH,) provide the lowest steric protection and donating ability
among the amides studied and comprise oxygen as a hard
donor atom (N.B. Cu(i) is softer than Ag(i) according to the
absolute hardness scale®®).

Molecular structures of the Cu(i) and Ag(1) complexes

Crystallisation of the “bulk” samples provided single crystals
of 6b-1/4CHCIl;, 6d-2CHCl;, and 7b-CHCl;, which were used
for structure determination. The crystals of 7d had to be grown
by reactive diffusion because of poor solubility, making any
recrystallisation impossible (see Experimental), whereas those
of 6a-CHCI; were obtained unintentionally upon attempted
crystallisation of 6a.

As indicated by the formulae given above, the compounds
tend to retain crystallisation solvents in their structure, which
often become disordered in structural voids defined by the
bulky complex molecules. A similar effect affects the counter
anions, which are considerably smaller than the cations they
are associated with, and even some peripheral molecular parts
(e.g., phenyl rings).

The crystal structure of 6d-2CHCI; is shown in Fig. 8 (struc-
tural drawings of the analogous complexes 6b-1/4CHCIl; and
7b-CHCI; are presented in the ESIf). Relevant geometric para-
meters for all three complexes are provided in Table 3. The
structures support the formulation, revealing tetrahedral
coordination environments around the metal centres consti-
tuted by two P,E-chelating (E = O or S) amidophosphine
ligands. An inspection of the interligand angles reveals pro-
nounced angular distortion of the coordination sphere result-
ing from the different steric demands of the donor moieties.
In the pair of complexes derived from ligand 4 (ie., 6b-
1/4CHCI; and 7b-CHCl), the interligand angles increase from
O-M-0 via O-M-P to P-M-P. Such a feature, as well as the

Fig. 8 View of the cation in the structure of 6d-2CHCls. The hydrogen
atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Selected geometric data for the bis-chelates 6b-1/4CHCls, 6d-2CHCls and 7b-CHCls and for the related solvento complex 6a’-CHCls (in A

and °)?
c d 6b-1/4CHCl, 6d-2CHCl, 7b-CHCl, 6a’-CHCl,

ompoun (M/E = Cu/O1, 02) (M/E = Cu/S1, 52) (MJ/E = Ag/O) (M/E = Cu/O1, 02)°
Parameter Ligand 1 Ligand 2 Ligand 1 Ligand 2 Ligand 17 Ligand 17 Ligand 27
M-P 2.2469(7) 2.2256(8) 2.2842(5) 2.2636(5) 2.4256(6) 2.251(1) 2.233(1)
M-E 2.174(2) 2.102(2) 2.3866(6) 2.3951(7) 2.468(2) n.a. 2.006(3)
P-M-P [E-M-E] 125.79(3) [93.06(9)] 127.32(2) [108.24(2)] 142.99(3) [80.20(6)] 128.17(4) n.a
P-M-E1 104.09(6) 109.40(6) 105.59(2) 100.17(2) 115.50(5) n.a. n.a.
P-M-E2 101.29(7) 117.74(6) 104.98(2) 109.33(2) 93.16(5) 110.95(9) 118.04(9)
Fe-Cgl 1.645(2) 1.648(1) 1.647(1) 1.643(1) 1.651(1) 1.652(2) 1.652(2)
Fe-Cg2 1.639(1) 1.646(1) 1.644(1) 1.647(1) 1.640(1) 1.649(2) 1.646(2)
£Cp1, Cp2 1.0(2) 4.0(2) 3.5(2) 7.5(2) 1.0(2) 2.7(2) 2.2(2)
T -49.4(2) -68.2(2) -59.5(2) -15.2(2) -69.5(2) 101.0(3) -59.4(3)
C=E (amide) 1.240(4) 1.228(3) 1.711(2) 1.714(2) 1.231(3) 1.250(4) 1.271(3)
C-N (amide) 1.324(4) 1.331(3) 1.325(3) 1.323(3) 1.337(4) 1.320(5) 1.312(4)
E=C-N (amide) 121.1(3) 121.4(2) 120.0(2) 121.1(2) 122.0(2) 121.9(3) 118.6(3)
@ 19.3(4) 27.9(3) 11.1(2) 39.1(2) 15.5(3) 9.0(4) 19.8(3)

“ Definitions: Cp1 and Cp2 are the amide- and phosphine-substituted cyclopentadienyl rings, respectively. Cg1/2 are their centroids. 7 is the
torsion angle C1-Cg1-Cg2-C6 and ¢ is the dihedral angle subtended by the amide unit (E=C1-N) and the plane of its parent ring Cp1. n.a. =
not applicable. ” Only one set of distances and angles available because of the imposed symmetry.  Further data: Cu-Cl1 = 3.138(2); Cl1-Cu-P1 =
107.90(4), Cl1-Cu-P2 = 86.96(4), Cl1-Cu-02 = 91.8(1). “ Ligand 1 = P-monodentate 5, ligand 2 = O,P-chelating 5.

individual ligand-donor bond lengths, correspond with those
reported for [Cu(Ph,PfcCONHCH,CO,Me-k>0,P),](CF5S0;).>"

Upon going from 6b-1/4CHCI; to 7b-CHCl;, a lengthening
of the M-P (by ca. 0.2 A) and, particularly, the M~O bonds
(from ca. 2.10/2.17 A for Cu(1) to 2.47 A for Ag(1)) is observed
owing to the presence of a larger central atom in the Ag(i)
complex. The fact that the Cu-O distances in the structure of
the former compound differ significantly (0.07 A) can be
associated with a relatively weaker coordination of the hard
donor group, which may in turn allow for structural distortions
without any dramatic destabilisation (increase in the overall
energy; ¢f. the DFT calculations above). On the other hand, the
bond lengths within the amide pendant change only margin-
ally upon coordination (see the data for 4 above) but the
ligand undergoes conformational reorganisation. The ferro-
cene-bound donor moieties are rotated closer to each other
and the amide planes are twisted so as their oxygen atoms can
reach the metal centre.

The Cu(i) complex bearing the ligands,
6d-2CHCI;, also possesses a tetrahedral structure, but because
of longer Cu-S bonds, it appears to be more sterically relaxed.
This is manifested in the interligand angles among which the
S-Cu-S is no longer the most acute. Notably, the two structu-
rally independent P,S-chelating ligands in the structure of 6d
differ by conformation as evidenced by the 7z and ¢ angles
(Table 3; N.B. similar though less pronounced differences can
be observed in the structure of 6b).

Opening of one of the chelate rings, such in the structure
of 6a’-CHCl; (Fig. 9 and Table 3), does not result in an equali-
sation of the interligand angles (ca. 87-128°), presumably
because the amide oxygen is replaced with a relatively bulky
chloroform molecule. The Cu-Cl1 distance of 3.138(2) A
approaches the threshold of the van der Waals contacts

thioamide

This journal is © The Royal Society of Chemistry 2015

(3.15 A*?). According to a search in the Cambridge Structural
Database (CSD),** analogous Cu---CI-CHCI, interactions are
rare and can be detected in the crystal structures of chloroform
solvates of molecular triangles (Cu;)** and squares (Cu,)*
built up from bis(acetylacetonate) ligands and Cu(u) ions, in
which the chloroform occupies an apical position in a square
pyramid around the Cu(u) ions (Cu---Cl ~ 3.11-3.25 A).

The different roles that the two amidophosphine ligands
play in the complex cation of 6a’ are reflected in their confor-
mations. Thus, the donor substituents in the chelating ligand
adopt a conformation between synclinal staggered and syncl-
inal eclipsed (r »# —59°), and the amide planes are rotated by
ca. 20° with respect to the parent cyclopentadienyl ring. On
the other hand, the P-bound ligand assumes a more opened
anticlinal conformation (r ~ 101°) and the amide plane is
twisted by only ca. 9°. The C=O distances are affected only
marginally but in the expected manner as the coordinated
C—O0 bond is ca. 0.02 A longer than the uncoordinated one.

NH protons in the structures of complexes with coordinated
4 (i.e., 6b and 7b) are involved in hydrogen bonding to the
respective counter anion in the crystal state. Those in mole-
cules of 6a’ interconnect the complex units into dimers posi-
tioned around the inversion centres (Fig. 9). In the latter case,
each P-bound ligand is linked to its inversion-related counter-
part via a pair of N-H:-:O=C hydrogen bonds from the NH
hydrogen closer to the amide oxygen, whereas the other hydro-
gen forms an N-H-.--F hydrogen bridge to one of the BF,”
anions. Amide hydrogens in the P,0O-chelating ligand partici-
pate in similar interactions towards the oxygen in the P-mono-
dentate ligand (O1) bonded to the same metal centre and
towards another BF, fluorine, respectively.

As it was stated above, complex 7d (Fig. 10 and Table 4) is a
dimer, in which the phosphinoamide ligands coordinate in a
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Fig. 9 Top: view of the complex molecule in the structure of
6a"CHCl;. Al CH hydrogen atoms are omitted for clarity. Bottom:
packing diagram for 6a’-CHClz. Only the pivotal carbon atoms from the
phenyl rings and NH hydrogens are shown for clarity. Hydrogen bond
parameters are as follows (in A and °): N1I-HIN---O1, N1..-O1 = 2.914(5),
angle at HIN = 158; N1-H2N---F3, N1.--F3 = 3.15(1), angle at H2N = 160;
N2-H4N-.-O1, N2.--O1 = 2.914(4), angle at H4N = 152; N2—H3N.--F1,
N2---F1 = 2.872(8), angle at H3N = 152.

Fig. 10 View of the molecular structure of 7d. The prime-labelled
atoms are generated by the crystallographic inversion.

chelating manner and are further involved in bridging of the
“other” Ag(i) ion through the sulfur atom. The donor set
around each Ag() is supplemented with an O-bonded perchlor-
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Table 4 Selected distances and angles for 7d (in A and °)®

Ag-P 2.426(1) P-Ag-S 121.68(4)
Ag-S 2.663(1) P-Ag-S' 143.55(5)
Ag-S' 2.572(1) P-Ag-O1 95.9(1)
Ag-01 2.814(6) S-Ag-S' 85.44(4)
Ag---Ag' 3.8469(7) S-Ag-01 117.6(1)
S8’ 3.552(2) S'-Ag-01 90.9(1)
Fe-Cg1 1.647(2) £Cp1, Cp2 5.1(3)
Fe-Cg2 1.651(2) T -80.9(3)
C11=S§ 1.719(4) S-C11-N 120.3(3)
C11-N 1.306(6) ) 37.8(5)

“All parameters are defined as for the free ligand (see Table 1). The
prime-labelled atoms are generated by the (1 — x, 2 — y, 2 — 2)
symmetry operation.

ate anion into a distorted tetrahedron. The Ag-O distance of
2.814(6) A falls well below the sum of the van der Waals radii
(3.24 A), suggesting a relatively weaker yet significant inter-
action between the anion and Ag(i).

The Ag-S distance pertaining to the sulfur atom from the
chelating ligand is ca. 0.1 A longer than the Ag-S distance to
the bridging sulfur, and the central Ag,S, ring has a twisted
rhomboidal shape (S-Ag-S’' = 85.44(4)°, Ag-S-Ag’ = 94.56(4)°).
The ferrocene ligands adopt a conformation near to synclinal
eclipsed (ideal value: 7 = 72°) and their amide pendants are
twisted by ca. 38°.

Synthesis of chloridogold(i) complexes

For the sake of completeness, we have synthesised a series of
chloridogold(i) complexes of the type [AuCl(L-kP)] (8; L = 2-5,
Scheme 5), in which the amidophosphine ligands employ only
their phosphorus donor moieties for coordination. These com-
pounds were readily prepared via displacement of the tetra-
hydrothiophene (tht) ligand in [AuCl(tht)] by the stoichiometric
amount of the respective amidophosphine, resulting in good
to excellent yields depending on the isolation procedure.

Compounds 8a-d were characterised similarly to the Cu(i)
and Ag(1) complexes discussed above. In addition, the mole-
cular structure of 8d was determined by single-crystal X-ray
diffraction analysis. The "H and *'P{'"H} NMR spectra of 8a-d
show signals of the phosphinoferrocene ligands and sharp
singlets at ca. §p +29, respectively. The ESI MS spectra of these
complexes display signals attributable to cationic fragments
resulting from the loss of chloride ion ([M — CI]") and, for 8a-
¢, also the signals due to the pseudomolecular ions ([M + Na]"
and [M + K]").

Ph complex E NR2
2
; = TA— 8 0 N
ligand ]
[AuCI(tht)] —— Fe 8h (@] NHMe
—tht @\ E
& 8c O NMe,
gad 2 8d S NMe;
Scheme 5 Synthesis of Au() complexes 8a—d (tht = tetrahydro-

thiophene).
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Fig. 11 View of molecule 1 in the crystal structure of 8d. The labelling
of molecule 2 is analogous with the respective labels having 2 as the
first numeral. Selected distances and angles (in A and °) for molecule 1
[molecule 2]: Au-Cl 2.294(2) [2.278(2)], Au—-P 2.230(2) [2.226(2)], Cl-
Au-P 178.3(1) [174.91(7)], Fe—Cgl 1.653(4) [1.654(4)], Fe—Cg2 1.640(3)
[1.628(4)], = —78.9(5) [-83.0(5)], C=S 1.663(9) [1.669(8)], C—N 1.34(1)
[1.34(1)], S-C-N 123.2(6) [122.1(6)], ¢ 33.2(8) [39.9(8)]. Note: the para-
meters are defined as for the free ligand.

Molecular structure of 8d

Complex 8d (Fig. 11) crystallises with two independent but
otherwise similar®*® molecules per asymmetric unit (for an
overlap, see ESIt). The molecules comprise the typical, practi-
cally linear Cl-Au-P moieties with the Au-P and Au-Cl
bond lengths being close to those previously determined
for [AuCl(FcPPh,)]*” and the related AuCl complexes with
1’-functionalised phosphinoferrocene ligands.**

The amidophosphine ligands in the two molecules exert
negligible tilting on the ferrocene unit (1.9(5)° and 3.4(5)°)
and adopt conformations close to synclinal eclipsed (cf. r with
the ideal value of 72°). The amide substituents are rotated by
ca. 33° and 40° (for molecules 1/2) from the planes of their
parent cyclopentadienyl rings so that the bulky NMe, unit are
directed away from the ferrocene unit. The structure of 8d is
essentially molecular; no Au---Au contacts indicative of poss-
ible aurophilic interactions®® were detected.

Electrochemical study of representative complexes

In addition to the characterization discussed above, complexes
6¢c, 6d, 7c and 8c as the representatives were studied by volta-
mmetric methods similarly to the free ligands. Attention was
paid mostly to the behaviour in the anodic region.

Thus, in cyclic voltammetry, compound 6c undergoes an
oxidation which can be tentatively attributed to the oxidation
of its ferrocene ligands (Fig. 12). However, the observed redox
wave is composite, presumably owing to a convolution of two
narrow-spaced oxidations (peak potentials: anodic 0.49 V,
cathodic 0.34 V). This is clearly manifested in differential
pulse voltammograms (see Figure in the ESIT). The associated
redox process appears to be reversible, though only when the
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Fig. 12 Full (bottom) and partial (top) cyclic voltammograms of 6c as
recorded at a glassy carbon electrode and with 0.1 V s scan rate
(second scans are shown as dashed lines). For clarity, the partial cyclic
voltammogram is shifted by +15 pA (to avoid overlaps) and the scan
direction is indicated with an arrow.
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Fig. 13 Representative cyclic voltammograms of 6d as recorded at a
glassy carbon electrode and 0.1 V s7! scan rate (the second scan is
shown as a dashed line).

wave is scanned separate over a narrow range. If the scan is
extended beyond this first redox event, an irreversible oxidative
and two reduction waves appear, replacing the original redox
response during the second and following scans (Fig. 12). The
response of the analogous Ag(1) complex 7c¢ in cyclic voltamme-
try is very similar (peak potentials for the composite wave:
approx. 0.50 and 0.37 V).

On the other hand, the redox behaviour of the Cu()-thio-
amide complex 6d differs from that of 6¢ (Fig. 13) in that com-
pound 6d undergoes an irreversible oxidation at ca. 0.41 V
(peak potential). When the scan window is enlarged, a pair of
redox waves appears at ca. 0.66 and 0.32 V that practically
supersede the original oxidative wave. Finally, the gold(i)
monophosphine complex 8c undergoes a standard one-elec-
tron oxidation at E°’ = 0.375 V. It is noteworthy that the wave,
which can be ascribed to the ferrocene/ferrocenium couple, is
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electrochemically reversible, very likely because the lone pair
at phosphorus as a reactive site is no longer available.’
The shift of the redox wave towards more positive potential
with respect to free 2 corresponds with the expected electron
density lowering at the ferrocene unit associated with
coordination.

Conclusions

The results presented in this paper demonstrate that the reac-
tion of 1'-(diphenylphosphino)-1-lithioferrocene with carb-
amoyl and thiocarbamoyl chlorides is a viable synthetic route to
new phosphinoamide ligands, offering an alternative to other
commonly employed preparative methods such as the amida-
tion of carboxylic acids. The reaction appears to be particularly
attractive for the synthesis of phosphine-thioamides because
it eliminates the additional protection/deprotection steps
required during the conventional thionations.

As evidenced by the structures of the free donors and their
complexes, the molecules of 1'-(diphenylphosphino)ferrocene
amides and thioamides are flexible, allowing for a pre-organis-
ation of the donor moieties into positions suitable for coordi-
nation via rotation of the ferrocene cyclopentadienyls and
twisting of the amide unit around the pivotal C-C bond at no
substantial energy cost. The hybrid nature of these donors,
particularly the amides combining hard and soft donor
groups, results in hemilabile coordination in complexes with
the soft Group 11 metal ions that in turn affects the stability
and structural dynamics of these coordination compounds.
The coordination variability is in no way reduced upon the
replacement of amide oxygen with the soft sulfur atom. The
thioamides may thus not only simply parallel the behaviour of
their amide analogues but can also behave differently, taking
advantage of the specific qualities of the thioamide moiety
(longer C=S bond, softer and less electronegative donor atom,
etc.) and thus give rise to new and unique structural motifs
(cf. the structure of 7d). All of these factors render the coordi-
nation chemistry of phosphino-thioamides an attractive
research target that has not yet been explored in great detail.

Experimental

Materials and methods

All syntheses were performed under an argon atmosphere in
the absence of direct daylight. Compounds 1*° and [AuCl-
(tht)]** were synthesised according to the literature. Dichloro-
methane and tetrahydrofuran were dried with a Pure Solv
MD-5 Solvent Purification System (Innovative Technology,
USA). Benzene and toluene were dried over sodium metal and
distilled under argon. Other chemicals and solvents utilised
for crystallisations and during column chromatography were
used as received (Sigma-Aldrich; solvents from Lachner, Czech
Republic).
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IR spectra were recorded with an FTIR Nicolet 760 instru-
ment in the range 400-4000 cm™'. NMR spectra were obtained
on a Varian UNITY Inova 400 spectrometer at 25 °C unless
noted otherwise. Chemical shifts (6/ppm) are referenced to
internal tetramethylsilane (for 'H and *C NMR spectra) and
external 85% aqueous H;PO, (*'P NMR spectra). Alongside the
standard notation of signal multiplicity, vq and vt are used to
distinguish virtual quartets and triplets arising from the mag-
netically non-equivalent protons at the phosphine- and carb-
amoyl-substituted cyclopentadienyl rings, respectively.

Electrospray ionisation mass spectra (ESI MS) were recorded
with a Bruker Esquire 3000 spectrometer using samples dis-
solved in HPLC-grade methanol. High-resolution (HR) ESI
mass spectra were measured on a LTQ Orbitrap XL spectro-
meter. UV-vis spectra were recorded with a Unicam UV300
spectrometer in 1,2-dichloroethane. Elemental analyses were
determined with a PE 2400 Series II CHNS/O Elemental Analy-
ser (Perkin Elmer). The amount of clathrated solvent (if any)
was verified by NMR analysis.

Safety note. Caution! Although we have not encountered
any problems, it must be noted that perchlorate salts of com-
plexes with organic ligands are potentially explosive and
should be handled with care and only in small quantities.

Synthesis of the amidophosphine ligands

1'-(Diphenylphosphino)-1-(dimethylamino)carbonyl[ferrocene
(2). 1'-(Diphenylphosphino)-1-bromoferrocene (1; 0.90 g,
2.0 mmol) was placed in a two-necked, round bottom flask
and dissolved in dry tetrahydrofuran (10 mL). The orange solu-
tion was cooled for 10 minutes in a dry ice/ethanol bath before
BuLi (1.0 mL of 2.5 M in hexanes, 2.5 mmol) was slowly intro-
duced, causing the reaction mixture to darken. After stirring
for 15 min, neat N,N-dimethylcarbamoyl chloride (0.39 g,
3.6 mmol) was slowly added to the reaction mixture at —78 °C
and the stirring was continued at room temperature for
90 min. Saturated aqueous NaHCO; (ca. 20 mL) was intro-
duced and the resulting mixture was stirred for an additional
15 min. Then, the mixture was extracted with Et,O (3 x 10 mL),
and the combined organic layers were washed with brine and
dried over MgSO,. Following solvent removal, the crude
product was purified by repeated column chromatography over
silica gel using dichloromethane-methanol (50:1) and then
ethyl acetate-hexane (3:1) as the eluents. Subsequent evapor-
ation under vacuum afforded amide 2 as an orange solid.
Yield: 0.41 g (46%).

'H NMR (399.95 MHz, CDCl,): & 3.04 (br s, 6 H, NMe,), 4.14
(vq,J' ~ 1.7 Hz, 2 H, fc), 4.19 (vt, J' = 1.9 Hz, 2 H, fc), 4.47 (vt,
J ~ 1.9 Hz, 2 H, fc), 4.52 (vt, J' ~ 1.9 Hz, 2 H, fc), 7.28-7.39 (m,
10 H, PPh,). *'"P{'"H} NMR (161.90 MHz, CDCl;): § —16.8 (s).
BC{"H} NMR (100.58 MHz, CDCl,): § 37.5 (very br, NMe,),
70.73 (CH of fc), 71.44 (CH of fc), 73.46 (d, Jpc = 4 Hz, CH of
fc), 74.18 (d, Jec = 15 Hz, CH of fc), 79.20 (C-CONMe, of fc),
128.17 (d, *Jpc = 7 Hz, PPhy CHyuers), 128.58 (PPh, CH,ur),
133.43 (d, *Jpc = 20 Hz, PPh, CHoy0), 138.60 (d, Jpc = 9 Hz,
PPh, Cj,,), 170.07 (C=O0). The signal due to C-PPh, was not
observed. IR (Nujol): vpax 1615 vs (amide I), 1502 s (amide II)
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em™'. ESI+ MS: m/z 442 (M + H]"). HR MS (ESI) caled for
CysH,sFeNOP (M + HJ') 442.1018, found 442.1019. Anal.
Caled for C,5H,,FeNOP (441.3): C 68.04, N 3.17, H 5.48%.
Found: C 67.74, N 3.04, H 5.32%.

1'-(Diphenylphosphino)-1-[(dimethylamino)thiocarbonyl]-
ferrocene (3). Thioamide 3 was prepared similarly to 2 using
bromide 1 (0.90 g, 2.0 mmol) and N,N-dimethylthiocarbamoyl
chloride (0.45 g, 3.6 mmol). An aqueous work-up as described
above afforded an oily crude product, which was purified by
column chromatography over silica gel using dichloro-
methane-methanol (50:1) and (in the second run) pure
dichloromethane as the eluents. Following evaporation under
vacuum, thioamide 3 was isolated as an a dark orange-red
solid. Yield: 0.74 g, 81%.

'H NMR (399.95 MHz, CDCl): § 3.31 (br s, 3 H, NMe), 3.43
(br s, 3 H, NMe), 4.12 (vq, J/ ~ 1.8 Hz, 2 H, fc), 4.24 (vt,
J ~ 1.9 Hz, 2 H, fc), 4.50 (vt, J ~ 1.8 Hz, 2 H, fc), 4.59 (vt,
J = 1.9 Hz, 2 H, fc), 7.29-7.39 (m, 10 H, PPh,). *'P{'H} NMR
(161.90 MHz, CDCl;): § —16.8 (s). "*C{'H} NMR (100.58 MHz,
CDCLy): 6 44.19 (NMe), 45.08 (NMe), 70.62 (CH of fc), 72.99
(CH of fc), 75.39 (d, Jpc = 14 Hz, CH of fc), 75.81 (d, Jpc = 4 Hz,
CH of fc), 88.02 (C-CSNMe, of fc), 128.17 (d, *Jpc = 7 Hz, PPh,
CH,rera); 128.57 (PPh, CHpyr), 133.46 (d, *Jpc = 20 Hz, PPh,
CHoyeno), 138.73 (d, YJpc = 10 Hz, PPh, Cypg,), 199.24 (C=S). The
signal due to C-PPh, was not observed. IR (Nujol): vpax 1508
(vcn) em™'. ESI+ MS: m/z 480 ([M + Na]"). HR MS (ESI) calcd
for C,sH,;NSPFe ([M + H])" 458.0789, found 458.0789.

1'<(Diphenylphosphino)-1-[(methylamino)carbonyl Jferrocene
(4). Neat 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
(EDC; 0.40 mL, 2.4 mmol) was added to a mixture of 1-(diphenyl-
phosphino)ferrocene-1-carboxylic  acid (Hdpf; 0.83 g,
2.0 mmol), 1-hydroxybenzotriazole (0.33 g, 2.40 mmol) and
tetrahydrofuran (5 mL) while stirring and cooling in ice. After
stirring at 0 °C for 30 min, dimethylamine solution (1.2 mL of
2 M in THF, 2.4 mmol) was introduced and the resultant
mixture was stirred at 0 °C for 30 min and then at room temp-
erature overnight. The reaction was terminated by addition of
a saturated aqueous NaHCO; solution (20 mL) and stirring for
additional 15 min. The organic phase was separated and the
aqueous layer was extracted with diethyl ether (3 x 10 mL). The
combined organic layers were washed with brine and dried
over MgSO,. The crude product resulting after evaporation was
purified by column chromatography on silica gel with dichloro-
methane-methanol (20:1) as the eluent. The first minor
band was discarded and the second one was collected and
evaporated to afford amide 4 as an orange yellow solid. Yield:
0.75 g, 87%.

'H NMR (399.95 MHz, CDCl,): § 2.83 (d, *Jy = 4.9 Hz, 3 H,
NMe), 4.07 (vq, J' ~ 1.9 Hz, 2 H, fc), 4.22 (vt, J' ~# 1.9 Hz, 2 H,
fc), 4.44 (vt, J' ~ 1.8 Hz, 2 H, fc), 4.55 (vt, J' ~ 1.9 Hz, 2 H, fc),
5.60 (br q, *Juu ~ 5 Hz, 1 H, NH), 7.31-7.41 (m, 10 H, PPh,).
*'p{"H} NMR (161.90 MHz, CDCl;): —16.7 (s). "C{'"H} NMR
(100.58 MHz, CDCl,): § 26.50 (NMe), 69.38 (CH of fc), 71.31
(CH of fc), 72.71 (d, Jpc = 4 Hz, CH of fc), 74.31 (d, Jpc = 14 Hz,
CH of fc), 128.30 (d, *Jpc = 7 Hz, PPh, CH,,,), 128.80 (PPh,
CH,rq), 133.48 (d, *Jpc = 20 Hz, PPh, CHyp,), 138.34 (d, e =
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9 Hz, PPh, C;,,,), 170.30 (C=O0). Signals due to ferrocene Cjyq,
were not observed. IR (Nujol): vpax 3308 m (vnp), 1628 s
(amide I), 1545 s (amide II) cm ™', ESI+ MS: m/z 428 (M + H]").
HR MS (ESI) caled for C,,H,,FeNNaOP ([M + Na]') 450.0681,
found 450.0680. Anal. Caled for C,,H,,FeNO (427.3): C 67.46,
N 3.28, H 5.19%. Found: C 67.07, N 3.24, H 5.03%.

1'<(Diphenylphosphinyl)-1-[(methylamino)carbonyl Jferrocene
(40). Aqueous hydrogen peroxide (2 drops of 30% solution)
was added to a solution of amide 4 (48 mg, 0.11 mmol) in
acetone (8 mL) while stirring and cooling in ice. The reaction
mixture was stirred at 0 °C for 30 min and then diluted with
water (5 mL). The organic solvent was removed under reduced
pressure and the aqueous residue was extracted with dichloro-
methane (3 x 5 mL). The organic washings were combined,
dried over MgSO, and evaporated. The residue was dissolved
in dichloromethane (2 mL) and the solution was passed
through a plug of silica gel eluted with dichloromethane-
methanol (10:1). Following evaporation, phosphine oxide 40
was isolated as a dark yellow solid. Yield: 40 mg, 82%.

'H NMR (399.95 MHz, CDCl,): § 2.93 (d, Jyy;; = 4.7 Hz, 3 H,
NMe), 4.07 (vt, J' ~ 1.9 Hz, 2 H, fc), 4.14 (vq, J' ~ 1.9 Hz, 2 H,
fc), 4.58 (vq, J' ~ 1.8 Hz, 2 H, fc), 4.99 (vt, J' ~ 1.9 Hz, 2 H, fc),
7.44-7.58 (m, 6 H, PPh,), 7.65-7.73 (m, 4 H, PPh,), 8.76 (br q,
Jun ca. 4.5 Hz, 1 H, NH). *'P{"H} NMR (161.90 MHz, CDCl,):
5 31.6 (s). “C{"H} NMR (100.58 MHz, CDCl;): § 26.46 (NMe),
70.26 (CH of fc), 70.74 (CH of fc), 72.56 (d, Joc = 11 Hz, CH of
fc), 73.07 (d, Ypc = 114 Hz, C-PPh, of fc), 74.91 (d, Jpc = 13 Hz,
CH of fc), 79.63 (C-CONH of fc), 128.45 (d, Jpc = 12 Hz, PPh,
CH), 131.43 (d, Jpc = 10 Hz, PPh, CH), 131.94 (d, *Jpc = 2 Hz,
PPh, CH,pu), 133.10 (d, YJpc = 108 Hz, PPh, Cjy), 170.35
(C=0). IR (Nujol): vmax 3246 m, 1657 s (amide I), 1556 s
(amide II) em™'. ESI+ MS: m/z 466 ([M + Na]"). HR MS (ESI)
caled for C,4H,3FeNO,P ([M + H]") 444.0810, found 444.0809.
Anal. Caled for C, H,,FeNO,-1/4CH,Cl, (464.5): C 62.71, N
3.02, H 4.88%. Found: C 62.70, N 2.81, H 4.73%.

1'-(Diphenylphosphinothioyl)-1-[(methylamino)carbonyl -
ferrocene (4S). Amide 4 (61 mg, 0.14 mmol) and elemental
sulfur (5.0 mg, 0.16 mmol) were dissolved in dry toluene
(5 mL) and the resulting solution was heated at 80 °C for
90 min. Subsequent evaporation afforded a yellow brown
residue, which was taken up with dichloromethane (2 mL) and
filtered through a plug of silica gel eluted with dichloro-
methane-methanol (50:1). Subsequent evaporation afforded
the product as a yellow glassy solid. Yield of 4S: 40 mg, 62%.

'H NMR (399.95 MHz, CDCl,): § 2.92 (d, *Jy;;; = 4.8 Hz, 3 H,
NMe), 3.96 (vt, J' ~ 2.0 Hz, 2 H, fc), 4.23 (vq, J' ~ 2.0 Hz, 2 H,
fc), 4.62 (vq, J' ~ 2.0 Hz, 2 H, fc), 4.90 (vt, J' ~ 2.0 Hz, 2 H, fc),
7.41 (br q, *Jun ~ 5 Hz, 1 H, NH), 7.43-7.56 (m, 6 H, PPh,),
7.68-7.76 (m, 4 H, PPh,). *'P{"H} NMR (161.90 MHz, CDCl,):
5 42.9 (s). C{"H} NMR (100.58 MHz, CDCl;): § 26.13 (NMe),
70.86 (CH of fc), 71.00 (CH of fc), 73.05 (d, Jpc = 10 Hz, CH of
fc), 74.81 (d, Jpc = 12 Hz, CH of fc), 75.98 (d, Jpc = 97 Hz,
C-PPh, of fc), 79.01 (C-CONH of fc), 128.40 (d, Jpc = 13 Hz,
PPh, CH), 131.60 (d, Jpc = 10 Hz, PPh, CH), 131.62 (d, */pc =
4 Hz, PPh, CH,4y), 133.51 (d, Jec = 88 Hz, PPh, Cys), 169.88
(C=0). IR (Nujol): vpax 3298 m, 3229 m, 1628 s (amide I),
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1558 s (amide II) cm™". ESI+ MS: m/z 482 ([M + NaJ*). HR MS
(ESI) caled for C,4H,3;FeNOPS (M + H]') 460.0582, found
460.0583. Anal. Calcd for C,4H,,FeNOPS-1/2CH,Cl, (501.2): C
58.64, N 2.79, H 4.62%. Found C 58.57, N 2.71, H 4.53%.

Synthesis of Cu(i) complexes

[Cu(7-kP),][BF,] (6a). 1-(Diphenylphosphino)-1-(aminocarb-
onyl)ferrocene (5; 80 mg, 0.19 mmol) and [Cu(MeCN),][BF,]
(29 mg, 0.092 mmol) were dissolved in dry dichloromethane
(2 mL), and the resulting orange solution was stirred for 4 h at
room temperature in the dark. The separated solid was filtered
off, washed with pentane and dried under vacuum. Yield:
84 mg (93%), yellow solid.

'H NMR (399.95 MHz, dmso-d): & 4.15 (br s, 2 H, fc), 4.19
(vt, 2 H, J' = 1.7 Hz, fc), 4.51 (vt, 2 H, J' = 1.7 Hz, fc), 4.82 (br s,
2 H, fc), 7.40 (s, 1 H, NH,), 7.42-7.52 (m, 10 H, PPh,), 7.71 (s, 1
H, NH,). *'P{"H} (161.90 MHz, dmso-d¢): § —10.1 (br s). IR
(Nujol): vmax 3450 (m), 3362 (m), 1650 (s) 1583 (s), 1481 (m),
1437 (m), 1405 (m), 1167 (m), 1095 (s), 1069 (s), 1029 (s), 837
(m), 748 (m), 697 (m), 517 (m), 502 (m) cm ™. ESI+ MS: m/z 889
([Cu(5),]"), 476 ([Cu(5)]'). Anal. caled for C,eH4oBCuF,Fe,-
N,O,P,-1/2CH,Cl, (1019.3): C 54.79; N 2.75, H 4.05%. Found
C 54.51; N 3.00, H 4.27%.

[Cu(4-xP),][BF,] (6b). Amide 4 (60 mg, 0.14 mmol) and
[Cu(MeCN),][BF,] (22 mg, 0.070 mmol) were dissolved in dry
dichloromethane (3 mL). The resulting yellow solution was
stirred at room temperature for 18 h, filtered through a PTFE
syringe filter (0.45 pm pore size), and the filtrate was precipi-
tated by addition of pentane (4 mL). The yellow precipitate was
filtered off, washed with pentane and dried under vacuum.
Yield: 44 mg (63%), yellow powder.

"H NMR (399.95 MHz, dmso-dg): 6 2.73 (d, *Juu = 4.5 Hz,
3 H, NMe), 4.15 (vt, J' = 1.8 Hz, 2 H, fc), 4.18 (vt, /' = 1.8 Hz,
2 H, fc), 4.52 (vt, /' = 1.8 Hz, 2 H, fc), 4.75 (vt, J' = 1.8 Hz, 2 H,
fc), 7.38-7.50 (m, 10 H, PPh,), 8.24 (br d, *Jyy ~ 4.5 Hz, 1 H,
NH). *'P{"H} NMR (161.90 MHz, dmso-d): § —11.5 (br s). IR
(Nujol): v 3397 (m), 1618 (s), 1601 (w), 1558 (s), 1435 (m), 1411
(m), 1310 (m), 1165 (w), 1061 (s), 1029 (s), 830 (m), 816 (m),
747 (s), 699 (s), 519 (s), 510 (m), 488 (s), 462 (m) cm~". ESI+
MS: m/z 917 ([Cu(4),]"), 490 ([Cu(4)]'). Anal. Caled for
C4sH,44BCuF,Fe,N,0,P,-CH,Cl, (1089.8): C 54.00, N 2.57,
H 4.25%. Found C 54.28, N 2.47, H 4.20%.

[Cu(2-kP),][BF,] (6¢). Complex 6c was prepared similarly
starting with amide 2 (50 mg, 0.11 mmol) and [Cu(MeCN),]-
[BF,] (18 mg, 0.057 mmol) in 2 mL of dichloromethane. The
reaction mixture was stirred for only 4 h prior to the filtration
and precipitation. Yield: 44 mg (75%), fine yellow powder.

"H NMR (399.95 MHz, dmso-de): 6 2.93 (br s, 3 H, NMe),
3.02 (br s, 3 H, NMe), 4.19 (vt, /' = 1.8 Hz, 2 H, fc), 4.21 (vt, J' =
1.8 Hz, 2 H, fc), 4.53 (br s, 2 H, fc), 4.60 (vt,J' = 1.8 Hz, 2 H, fc),
7.42-7.53 (m, 10 H, PPh,). *'P{"H} NMR (161.90 MHz, dmso-
dg): 8 =10.5 (br s). IR (Nujol): vmax 1582 (s), 1575 (s), 1505, (m),
1435 (w), 1401 (m), 1377 (m), 1112 (m), 1096 (m), 1050 (s) 1032
(s), 745 (m), 696 (s), 511 (s), 495 (s) cm™". ESI+ MS: m/z 945
([Cu(2),]M), 504 ([Cu(2)]'). Anal. caled for Cso,H,gBCuF,Fe,-
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N,O,P, (1032.9): C 58.14, N 2.71; H 4.68%. Found: C 58.63, N
2.52, H 4.94%.

[Cu(3-kP),][BF,] (6d). Compound 6d was prepared and iso-
lated analogously to 6c¢ using thioamide 3 (38 mg,
0.083 mmol) and [Cu(MeCN),]|[BF,] (13 mg, 0.041 mmol) as
the starting materials. Yield of 6d: 38 mg (87%), orange solid.

'H NMR (399.95 MHz, dmso-ds, 25 °C): & 3.28 (br s, 3 H,
NMe), 3.53 (s, 3 H, NMe), 4.15 (br s, 2 H, fc), 4.35 (br s, 2 H,
fc), 4.60 (br s, 2 H, fc), 4.64 (br s, 2 H, fc), 7.30-7.52 (m, 10 H,
PPh,). 'H NMR (399.95 MHz, dmso-dg, 50 °C): & 3.19 (s, 3 H,
NMe), 3.53 (s, 3 H, NMe), 4.16 (br s, 2 H, fc), 4.35 (vt, J =
1.9 Hz, 2 H, fc), 4.59 (vt, J' = 1.9 Hz, 2 H, fc), 4.74 (br s, 2 H, fc),
7.35-7.50 (m, 10 H, PPh,). *'P{"H} NMR (161.90 MHz, dmso-
de, 25 °C): § —=11.0 (br s). IR (NUjol): v 1712 (W), 1526 (m),
1436 (w), 1277 (m), 1059 (s) 1135 (m), 825 (m) 745 (m), 697
(m), 511 (m), 491 (w) cm™". ESI+ MS: m/z 977 ([Cu(3),]"), 520
([Cu(3)]"). Anal. Caled for CsoH,sBCuF,Fe,N,P,S,-1/4CH,Cl,
(1086.3): C 55.56, N 2.58, H 4.50%. Found: C 55.53, N 2.57,
H 4.77%.

Synthesis of Ag(1) complexes

[Ag(7-kP),]ClO, (7a). A solution of silver(r) perchlorate
(6.0 mg, 0.029 mmol) in dry benzene (2 mL) was added to
solid amide 5 (25 mg, 0.061 mmol) and the resultant mixture
was diluted with dry dichloromethane (4 mL). The reaction
mixture was stirred at room temperature for 4 h, whereupon it
deposited a light orange solid, which was filtered off, washed
with pentane and dried under vacuum. Yield of 7a: 28 mg
(87%), light orange powder.

'H NMR (399.95 MHz, CDCl,): 6 4.11 (br vt, J' = 1.9 Hz, 2 H,
fc), 4.46 (br s, 2 H, fc), 4.72 (vt, J' = 1.9 Hz, 2 H, fc), 4.84 (br vt,
J =18 Hz, 2 H, fc), 6.24 (br s, 1 H, NH), 6.75 (br s, 1 H, NH),
7.39-7.56 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz, CDCl,):
8 3.1 (broad d, (**"**°Ag, *'P) ~ 510 Hz). IR (Nujol): vpax
3444 (m), 3340 (m), 1645 (s), 1591 (s), 1555 (m), 1479 (w), 1436
(s), 1396 (m), 1168 (m), 1098 (br s), 1027 (s), 910 (m), 837 (m),
826 (m), 747 (s), 735 (s), 697 (s), 624 (m), 532 (w), 506 (s), 489
(m), 465 (m) cm™". ESI+ MS: m/z 933 ([Ag(5).]"), 520 ([Ag(5)]")-
Anal. Calc. for C,6H,0AgCIFe,N,O6P,-CH,Cl, (1118.7): C 50.46,
H 3.76, N 2.50%. Found: C 49.95, H 3.58, N 2.62%.

[Ag(4-xP),]ClO4 (7b). Amide 4 (26 mg, 0.061 mmol) and
AgClO, (6.0 mg, 0.029 mmol) were reacted in a mixture of
benzene (1 mL) and dichloromethane (3 mL) for 20 h as
described above. The yellow solid that formed was filtered off,
washed with Et,0 and dried under vacuum to give 7b as a
yellow powder (26 mg, 78%).

"H NMR (399.95 MHz, dmso-dg): § 2.67 (d, *Jy = 4.6 Hz,
3 H, NMe), 4.12 (vt, /' = 1.9 Hz, 2 H, fc), 4.29 (vt, J' = 1.9 Hz,
2 H, fc), 4.60 (vt, J' = 1.9 Hz, 2 H, fc), 4.85 (vt, J = 1.9 Hz, 2 H,
fc), 7.44-7.60 (m, 10 H, PPh,), 8.09 (q, *Jun = 4.6 Hz, 1 H, NH).
3'p{'H} NMR (161.90 MHz, dmso-d,): & 2.6 (pair of d, 'J(**Ag,
*1p) = 543 Hz, YJ(**°Ag, *'P) = 471 Hz). IR (Nujol): vimay 3389
(m), 3079 (w), 1629 (s), 1615 (s), 1544 (s), 1480 (w), 1435 (m),
1412 (m), 1301 (m), 1194 (m), 1174 (m), 1095 (s), 1067 (br s),
1050 (w), 1031 (m), 914 (m), 816 (m), 748 (s), 697 (s), 623 (m),
529 (m), 509 (s), 492 (m), 467 (m) cm™'. ESI+ MS: m/z 961
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([Ag(@)2]), 534 ([Ag(@)])- Anal. Cale. for C,5H,4AgCIFe,-
N,O4P,-CH,Cl, (1146.7): C 51.32, H 4.04, N 2.44%. Found:
C 50.90, H 3.75, N 2.13%.

[Ag(2-xP),]ClO,  (7c). Silver() perchlorate (25 mg,
0.12 mmol) and amide 2 (107 mg, 0.24 mmol) were reacted in
benzene (2 mL) and dichloromethane (4 mL) for 4 h as
described above. The solid product was filtered off, washed
with diethyl ether and dried under vacuum. Yield of 7c¢: 84 mg
(62%), yellow-brown solid.

'H NMR (399.95 MHz, dmso-de): § 2.91 (br s, 3 H, NMe),
2.99 (br s, 3 H, NMe), 4.22 (br s, 2 H, fc), 4.32 (br s, 2 H, fc),
4.61 (vt, J/ = 1.9 Hz, 2 H, fc), 4.65 (vt, J/ = 1.9 Hz, 2 H, fc),
7.49-7.56 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz, dmso-
de): 6 4.2 (pair of concentric d, J(*’Ag, *'P) = 770 Hgz,
7 (*°Ag, *'P) = 685 Hz). IR (Nujol): vmay 1557 (s), 1492 (s),
1436 (m), 1127 (m), 1109 (s), 1097 (m), 1071 (w), 1050 (s),
824 (w), 758 (m), 747 (m), 695 (m), 679 (s), 623 (s), 514 (w),
503 (w), 490 (m), 467 (w) cm™*. ESI+ MS: m/z 989 ([Ag(2).]"),
548 ([Ag(2)]"). Anal. Calc. for CsoH,sAgClIFe,N,06P,-1/2CH,Cl,
(1132.3): C 53.56, H 4.36, N 2.47%. Found: C 53.30, H 4.15,
N 2.35%.

[Ag,(C104)5(p-3),] (7d). Thicamide 3 (50 mg, 0.11 mmol)
and AgClO, (10 mg, 0.048 mmol) were reacted in benzene
(2 mL) and dichloromethane (6 mL) as described above. The
solid product was filtered off, washed with pentane and dried
under vacuum. Yield of 7d: 52 mg (81%), red solid. Crystals
suitable for X-ray diffraction analysis were grown by the
reactive diffusion approach as follows. A solution of ligand 3
(46 mg, 0.1 mmol) in dichloromethane (2 mL) was layered
with pure solvent (1 mL of dichloromethane) and then with a
solution of AgClO, (10.5 mg, 0.051 mmol) in benzene (3 mL).
The mixture was allowed to stand undisturbed for several days
during which time red crystals deposited in the phase bound-
ary region. These crystals were directly used for the X-ray
measurements. IR analysis of the isolated material confirmed
it to be identical to the authentic (bulk) sample of 7d.

'H NMR (399.95 MHz, dmso-de): § 3.39 (s, 3 H, NMe), 3.56
(s, 3 H, NMe), 4.12 (dt, J = 3.0, 1.8 Hz, 2 H, fc), 4.30 (vt, J' =
1.9 Hz, 2 H, fc), 4.73 (vt, J/ = 1.8 Hz, 2 H, fc), 5.06 (vt, J' =
1.9 Hz, 2 H, fc), 7.50-7.57 (m, 10 H, PPh,). *'P{"H} NMR
(161.90 MHz, dmso-dg): 6 —0.3 (broad d, ‘J(**"**°ag, *'P)
~ 510 Hz). IR (Nujol): vmax 1551 (s), 1436 (m), 1280 (m), 1144
(m), 1108 (s), 1096 (s), 1061 (m), 1030 (m), 979 (m), 851 (m),
818 (w), 749 (m), 695 (m), 623 (m), 507 (m), 465 (m) cm ™. ESI+
MS: m/z 564 ([Ag(3)]"), 597 ([Ag(3)(CH;O0H)]'). Anal. Calc. for
Cs0H45Ag,Cl,Fe,N,05P,S, (1329.3): C 45.17, H 3.64, N 2.11%.
Found: C 44.83, H 3.81, N 1.90%.

Synthesis of chloridogold(i) complexes

[AuCl(5-kP)] (8a). Amide 5 (71 mg, 0.17 mmol) and chlorido
(tetrahydrothiophene)gold(i) (55 mg, 0.17 mmol) were dis-
solved in dry dichloromethane (2 mL). The resulting solution
was stirred at room temperature for 4 h, whereupon it de-
posited a yellow solid. This solid was filtered off, washed with
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pentane and dried under vacuum to afford 8a as a yellow solid.
Yield: 102 mg (92%).

"H NMR (399.95 MHz, dmso-d): § 4.28 (vt, J' = 1.9 Hz, 2 H,
fc), 4.48 (dt, J = 3.0, 1.9 Hz, 2 H, fc), 4.59-4.61 (m, 2 H, fc), 4.78
(vt,J' = 1.9 Hz, 2 H, fc), 7.02 (br s, 1 H, NH), 7.37 (br s, 1 H,
NH), 7.54-7.64 (m, 10 H, PPh,). *'P{'"H} NMR (161.90 MHz,
dmso-de): 6 28.7 (s). IR (Nujol): vmax 3421 (m), 1667 (s),
1612 (m), 1432 (m), 1349 (m), 1176 (m), 1099 (m), 1027 (m),
843 (m), 822 (m), 745 (m), 688 (s), 526 (m), 511 (m), 496 (W),
477 (s) em™". ESI+ MS: m/z 610 ([8a — CI]"), 668 ([8a + NaJ"),
684 ([8a + KJ'). Anal. Caled for C,3H,,AuClFeNOP (645.6):
C 41.75,N 2.12, H 3.05%. Found: C 41.56, N 1.93, H 2.96%.

[AuCl(4-kP)] (8b). Amide 4 (90 mg, 0.22 mmol) and [AuCl-
(tht)] (68 mg, 0.21 mmol) were reacted in 2 mL of dichloro-
methane as described above to furnish 8b as a yellow powder.
Yield: 126 mg (91%).

'H NMR (399.95 MHz, CDCl,): § 2.93 (d, 5y = 4.8 Hz, 3 H,
NMe), 4.19 (vt, ] = 1.8 Hz, 2 H, fc), 4.23 (dt,J = 2.9, 1.9 Hz, 2 H,
fc), 4.68-4.70 (m, 2 H, fc), 4.87 (vt, J' = 1.9 Hz, 2 H, fc), 6.07 (q,
*Jun = 4.8 Hz, 1 H, NH), 7.44-7.61 (m, 10H, PPh,). *'P{'H}
NMR (161.90 MHz, CDCl;): 6 28.8 (s). IR (Nujol): vpmax 3369
(m), 1628 (s), 1544 (m), 1440 (m), 1298 (m), 1173 (m), 1103 (w),
1029 (m), 1000 (w), 842 (m), 743 (m), 691 (m), 628 (W), 555 (W),
529 (w), 515 (W), 494 (w), 480 (W) cm™". ESI+ MS: m/z 624 ([8b
— Cl]"), 680 ([8b + Na]"), 698 ([8b + K]'). Anal. Calcd for
C,4H,,AuClFeNOP-1/2CHC; (719.3): C 40.90, N 1.95, H 3.15%.
Found C 41.04, N 1.79, H 3.09% (analytical sample crystallised
from chloroform/pentane).

[AuCl(2-xP)] (8¢c). Amide 2 (55 mg, 0.12 mmol) and [AuCl-
(tht)] (40 mg, 0.12 mmol) were dissolved in dichloromethane
(2 mL). After stirring for 4 h, the solution was precipitated with
diethyl ether and the product was filtered off and dried under
vacuum. Yield of 8c: 61 mg (73%), yellow powder.

'H NMR (399.95 MHz, dmso-de): 6 2.85 (s, 3 H, NMe), 3.00
(s, 3 H, NMe), 4.30 (vt, J' = 1.9 Hz, 2 H, fc), 4.43 (dt, J = 3.0,
1.8 Hz, 2 H, fc), 4.61 (vt, J' = 1.8 Hz, 2 H, fc), 4.73-4.76 (m, 2 H,
fc), 7.54-7.65 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz,
dmso-dg): § 28.9 (s). IR (Nujol): vpax 3103 (m), 1622 (s), 1585
(m), 1499 (m), 1439 (s), 1393 (m), 1308 (m), 1265 (m), 1225
(m), 1180 (m), 1173 (m), 1107 (s), 1039 (m), 1032 (m), 840 (m),
821 (m), 758 (s), 752 (s), 704 (s), 558 (m), 535 (m), 526 (s),
504 (s), 490 (s), 474 (m) cm™". ESI+ MS: m/z 638 ([8c — CI]"),
696 ([8c + Na]'), 712 ([8¢c + K]'). Anal. Caled for CysH,s
AuClFeNOP (673.7): C 44.57, N 2.08, H 3.59%. Found: C 44.22,
N 2.01, H 3.50%.

[AuCl(3-xP)] (8d). Ligand 3 (38 mg, 0.083 mmol) and [AuCl-
(tht)] (26 mg, 0.081 mmol) were reacted in CH,Cl, (2 mL) over-
night. The separated solid was filtered off, washed with diethyl
ether and dried under vacuum to afford 8d as a dark orange
solid. Yield: 36 mg (64%).

'H NMR (399.95 MHz, dmso-dg): § 3.27 (s, 3 H, NMe), 3.29
(s, 3 H, NMe), 4.34 (vt, J' = 1.9 Hz, 2 H, fc), 4.35 (dt, J = 3.0,
1.8 Hz, 2 H, fc), 4.73 (vt,J' = 1.9 Hz, 2 H, fc), 4.76-4.79 (m, 2 H,
fc), 7.54-7.65 (m, 10 H, PPh,). *'"P{'H} NMR (161.90 MHz,
dmso-de): 6 28.7 (s). IR (Nujol): vmax 1712 (W), 1512 (s),
1435 (m), 1309 (m), 1274 (m) 1174 (m), 1138 (m), 1101 (s),
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1062 (w), 1034 (w), 1025 (w), 989 (w), 973 (w), 838 (m), 824 (m),
814 (w), 764 (w), 749 (m), 695 (s), 556 (m), 530 (m), 509 (s),
498 (w), 477 (m) ecm™". ESI+ MS: m/z 654 ([8d — CI]". Anal.
caled for C,5H,,AuCIFeNPS (689.8): C 43.53, N 2.03, H 3.51%.
Found: C 43.88, N 1.87, H 3.45%.

X-ray crystallography

Crystallisation conditions are described in the ESILj Full set
diffraction data (+ 2 + k * [, Ohax = 26.0-27.5°, completeness
>99.3%) were collected with a Nonius Kappa CCD diffracto-
meter equipped with an Apex II image plate detector and
Cryostream Cooler (Oxford Cryosystems) using graphite
monochromated Mo Ka radiation (4 = 0.71073 A). The data
were analysed and corrected for absorption by methods
included in the diffractometer software. Details on the data
collection, structure solution and refinement are available in
the ESI (Table S17), which also contains conventional displace-
ment ellipsoid plots.

All structures were solved by direct methods (SHELXS97%)
and refined by full-matrix least-squares based on F
(SHELXL97%). The non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The amide hydrogen atoms
(NH; if present) were located on the difference electron density
maps and refined as riding atoms with Uj,(H) set to a
1.2Ucq(N). Hydrogens residing on the carbon atoms were
included in their calculated positions and refined similarly
with Ujso(H) = 1.5Ucq(C) for the methyl groups and 1.2U.4(C)
for all other CH,, moieties. Particular details of the structure
refinement are as follows.

Compound 48 crystallises in the chiral Pc space group with
two molecules per asymmetric unit. However, all atoms except
for the amide moiety in these two independent molecules
match each other because of an inversion centre from the
space group P2,/c (the maximum distance of the overlapping
atoms in the phosphinoferrocenyl units is 0.53 A). Such a
virtually higher symmetry results in large correlations during
the refinement and, therefore, restrictions to anisotropic
displacement parameters had to be applied to several atoms.

Parts of some structures (7b-CHCl;: the solvent and the
perchlorate anion; 6b-1/4CHCl; and 6a’-CHCl;: one of the
phosphorus-bound phenyl rings and the BF,” anion) are dis-
ordered and were refined over two positions (with isotropic
displacement parameters, if necessary). Moreover, the solvat-
ing molecules in the structures of 6b-1/4CHCIl; and 6a’-CHCI;
are severely disordered in structural voids and were modelled
by PLATON/SQUEEZE.*

All geometric calculations were performed and the dia-
grams were obtained with the PLATON program.** All numeri-
cal values were rounded with respect to their estimated
deviations (ESDs) given to one decimal place. Parameters relat-
ing to atoms in constrained positions (hydrogens) are given
without ESDs.

DFT computations

Calculations were performed using the density-functional
theory (DFT) with Becke’s three-parameter functional®®
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employing the non-local Lee-Yang-Parr correlation functional
(B3LYP)*® and the 6-31G* basis set for FcC(E)NH, and
6-311G** for 2 and 3 with an analytically constructed energy
gradient as implemented in the Gaussian 09 program
package.” Geometry optimisations were started from the
experimentally determined solid-state structures of 2, 3 and
FcCONH,.>”” The stationary points of the potential energy
surface (PES) were located and harmonic vibrational analysis
was performed using the analytically calculated force-constant
matrix. For the case of FcC(E)NH, (E = O, S), relaxed PES scan
using y as a single variable was performed, starting from the
respective stationary points.

Electrochemistry

Electrochemical measurements were carried out with a pAUTO-
LAB III instrument (Eco Chemie) at room temperature (23 °C)
using a standard three-electrode cell (Metrohm) equipped with
a glassy carbon disc working electrode (2 mm diameter), plati-
num sheet auxiliary electrode, and a double-junction Ag/AgCl
(3 M KCl) reference electrode. The samples were dissolved in
anhydrous 1,2-dichloroethane (Sigma-Aldrich; absolute) to give
a solution containing 1 x 107> M of the analysed compound
and 0.1 M BuyN[PF¢] (Fluka, p. a. for electrochemistry). The
solutions were deaerated by bubbling with argon and then
kept under an argon blanket during the measurement. The
redox potentials are given relative to the ferrocene/ferrocenium
reference.
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4. Sledovani vyznamnych biomarkeri pomoci hmotnostni spektrometrie

Za biomarker mize byt povazovana latka, kterd poskytuje objektivné a dostate¢né presné
meéfitelnou charakteristiku indikujici biologické nebo patologické procesy. Sledovani
biomarkeri hraji dualezitou ulohu pti vyvoji léCiv, vcasné diagnostice zavaznych
onemocnéni, monitorovani priabéhu 1é¢by a chirurgickych zakrokti a v mnoha oblastech
biolékaiského vyzkumu. Pochopeni vztahu mezi méfitelnymi biologickymi procesy a
klinickymi vysledky ma zasadni vyznam pro rozSifovani moznosti 1é€by nemoci i pro
pochopeni normalni, zdravé fyziologie. S vyuzitim biomarkerii je mozné¢ dosahnout
progresivniho pozitivniho posunu v oblasti 1ékatrského vyzkumu, a proto je této problematice

vénovana v poslednich letech obrovska pozornost [1].

Metody hmotnostni spektrometrie nabizeji jedine¢nou podporu pii feseni fady biologickych
otazek a jsou zakladnim nastrojem obort molekularni biologie. Ve srovnani s ostatnimi
instrumentalnimi analytickymi metodami je informacni obsaznost vysledkl poskytovanych
hmotnostni spektrometrii nesrovnatelné vyssi nez u vétSiny instrumentalnich analytickych
metod. Proto hmotnostni spektrometrie nachdzi stile Sir$i uplatnéni v mnoha oblastech
vyzkumu, jako je vyvoj lé¢iv, biomedicinsky vyzkum, a toxikologie. Bouflivy technologicky
vyvoj v oblasti instrumentace pro hmotnostni spektrometrii zna¢né zvysil moznosti zapojeni

této metody v oblasti vyzkumu biomarkert [2].

4.1. Studie redukce bilirubin ditauratu stievni bakterii Clostridium perfringens
(publikace 1V)

3.1.1. Teoreticky tvod

Hem jako soucast Cerveného krevniho barviva, hemoglobinu (Hb), je tvofen ctyimi
pyrrolovymi jadry s centrdlné vazanym atomem Zeleza. Pfi katabolismu hemu se nejprve
odstépuje Zelezo a nasledn¢ dochazi k regioselektivni oxidaci porfyrinového cyklu na
biliverdin, ktery je nasledné redukovan na bilirubin [3,4]. V zazivacim traktu dochazi
k redukci bilirubinu za vzniku skupiny hydroderivati oznacovanych soubornym oznacenim
urobilinoidy, ze kterych naslednou oxidaci vznikaji nazloutlé urobiliny [5]. Reakéni schéma

je uvedeno na obrazku 4.1.
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Obr. 4.1 Katabolicka draha pfemény hemu

Cilem déale diskutované prace bylo identifikovat produkty bakterialni redukce bilirubinu a
zjistit, zda hladina bilirubin ditauratu (BDT), ktery se pfirozené vyskytuje ve zluc¢i nizSich
obratlovct, miZe byt snizena pusobenim bakterie Clostridium perfringens izolované z

lidskych vykalt novorozenct.

Hmotnostni spektrometrie s ionizaci elektrosprejem v negativnim maédu (ESI-MS) se
ukazala, jako vhodna metoda pro charakterizaci produkti mikrobiélni degradace bilirubinu.
Pro tyto ucely diive pouZivana technika elektronové ionizace poskytovala bohata spektra
s hlubokou fragmentaci, ale ¢asto velmi malo intenzivni molekularni ionty, C€0Z
znesnadnovalo strukturni charakterizaci téchto latek. Znacnym problémem byla i jejich

tepelna nestabilita pii teplotach pievysujicich 200°C.

4.1.2. Vysledky a diskuse — dopliikovy komentai k publikaci

Bylo zjisténo, ze bakterie Clostridium perfringens dokazi efektivné snizovat hladinu BDT.

Pfi tomto procesu vznikalo nékolik urobilinoidd, u kterych se ukazalo, Zze nedochazi
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K hydrolyze taurinu. Dale bylo zjisténo, ze amidovd vazba BDT je pravdépodobné
rezistentni k hydrolyze enzymy stievni mikroflory. Prekvapivé se vSak BDT mize
pfeménovat na urobilinoidy vazané na taurin. Na obrazku 4.2 je uvedeno hmotnostni
spektrum volného bilirubinu Cs3H3sN4Os zaznamenané v negativnim modu za pouZiti
elektrosprejové ionizace. Distribuce izotopti u aniontu [M-H]" m/z 583,3 je v dobré shodé

s teoreticky vypocitanymi hodnotami.

Intens. | CA_46_04.d: -MS|
x109 | 5833

101 ” a)
e I
0.6 I
0.4

0.2

~="CA 4604 d C33H35N406 58325
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Obr.4.2 Hmotnostni spektrum bilirubinu (m/z = 583,3) a) naméteny [M-H] ion, b) teoretické vypocitané
izotopickeé zastoupeni

Na obrazku 4.3 je zachyceno hmotnostni spektrum volného biliverdinu Cs3H3sN4Og
zaznamenané Vv negativnim modu za pouziti elektrosprejové ionizace. Distribuce izotopi u

aniontu [M-H]  m/z 581,3 je v dobré shod¢ s teoreticky vypocitanymi hodnotami.
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Obr.4.3 Hmotnostni spektrum biliverdinu (m/z = 581,3) a) naméfeny [M-H] ion, b) teoretické vypocitané
izotopické zastoupeni

Hmotnostni spektrometrie diky své vysoké strukturni selektivité prokazala schopnost
jednoznacné rozlisit jednotlivé produkty katabolického rozkladu hemu a prokazala svou

nezastupitelnou roli pti monitorovani strukturnich pfemén biologicky vyznamnych latek.

4.2. Studie biologického efektu fotoizomeri bilirubinu (publikace V)

4.2.1. Teoreticky uvod

Bilirubin je tetrapyrolové zlucové barvivo. Zhruba u 45-65 % zdravych novorozenct
pozorujeme zvySeni hladiny bilirubinu v krvi nad 25umol/L, coZz se projevuje Zlutym
zbarvenim bélma a pozd&ji i kize (novorozeneckd Zloutenka). Bilirubin je koneénym
degrada¢nim produktem hemoglobinu a jeho pfirozend fyziologickd hladina neni toxicka,
jako bunéény jed ale ptisobi volny nekonjugovany bilirubin, ktery vznika dekonjugaci ve
stievech a nasledné podléha redukci bakterialni florou na wurobilinoidy. K eliminaci
nezadouciho bilirubinu se vyuziva fototerapie, ktera generuje fadu fotoizomeru (PI) [6].
Ackoliv je tato metoda Siroce aplikovana jiz fadu let, biologické vlastnosti PI nejsou dosud
uspokojivym zptsobem prostudovany. Vzniklé izomerni struktury bilirubini a lumirubinu
zobrazené na obrazku 4.4 [7-9], jakoz i dalsi oxida¢ni produkty [10,11] se z té€la snadno

vylucuji.
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Obr.4.4 Bilirubin a jeho fotoderivaty. (A) Z,Z-Bilirubin; (B) Z,E-Bilirubin; (C) E,Z-Bilirubin; (D) Z-
Lumirubin

Neurotoxicita bilirubinu je pfimo spojena s koncentraci frakce, ktera neni navazana na
albumin, coz samoziejm¢ zavisi na pfitomnosti latek, které se mohou véazat konkurencné
[12]. Mame pomérné malo informaci o tom, zda interakci s albuminem mohou né&jakym
zpusobem ovliviiovat také fotoizomery vzniklé po aplikaci fototerapie. Také stéle existuje
nejistota, zda tyto rozkladné produkty nejsou toxické a to nejen pro centrdlni nervovy
systém, ale i dal3i organy. Z tohoto divodu bylo cilem této studie charakterizovat jednotlivé

fotoizomery a nasledn¢ vyhodnotit jejich vlastnosti a mozné biologické u€inky.

4.2.2. Vysledky a diskuse — doplitkovy komentai k publikaci

S pomoci tenkovrstvé chromatografie, jak ukazuje obrézek 4.5, se podafilo se uspésné
rozdé€lit 18 raznych produktli vznikajicich ozafovanim bilirubinu, znichZz dva hlavni
fotoderivaty oznacené Cisly 1 a 7 bylo mozno izolovat v dostatecné Cistot€¢ a mnozstvi pro

ucely biologického studia.
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rechromatografovany s nekonjugovanym bilirubinem. Podminky TLC: deska 200 x 200 x 0,25 mm Kieselgel
60, mobilni faze = chloroform : methanol : voda 40: 9: 1, v/viv,

Bylo prokdzano, ze PI nezvySuji hladinu volného bilirubinu a nepfispivaji tedy ke zvySeni

toxicity. To znamend, Ze toxicky je pouze nekonjugovany bilirubin, jehoz MS/MS spektrum

je na obrazku 4.6, a Ze konforma¢ni zmény vyvolané ozafenim témét uplné rusi skodlivy

udinek barviva.
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Obr.4.6 Hmotnostni spektrum vychoziho bilirubinu (m/z = 583,3) a) namé&teny [M-H] ion, b) fragmentové
MS? spektrum bilirubinu vzniklé z prekurzorového iontu m/z = 583,3.
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Podrobnym studiem fragmentace bilirubinu byly identifikovany produkty rozpadu
prekurzorového iontu. Predevs§im se jedna o ion m/z = 565 vznikajici ztratou vody a ion m/z
= 539 wvznikajici ztratou oxidu uhli¢itého. Oba tyto ionty pochazeji z fragmentace
ethoxykarboxylové skupiny. Bohuzel ani nejintenzivnéjsi ion m/z = 285 neni mozné vyuzit
k identifikaci jednotlivych izomernich forem vzniklych ozafenim bilirubinu.

Provedena studie umoznila prokazat klinicky vyznamny fakt, Ze produkty fototerapie jsou

biologicky inertni a nevykazuji zadné negativni biologické ucinky.
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4.3. Studie mutageneze vazebnych mist pro ubichinon odhalujicie roli

mitochondrialniho komplexu II v iniciaci bunééné smrti (publikace V1)

4.3.1.Teoreticky uvod

Sukcinatdehydrogendza (SDH) oznacovana téz jako komplex II (CII) je enzymaticky
komplex, ktery katalyzuje oxidaci sukcinatu na fumarat za soucasné redukce ubichinonu na
ubichinol. SDH je tedy jednim z enzym citratového cyklu, ale zarovent ma pifimé napojeni
na dal$i faze bunééného dychani tim, ze se Gc¢astni pfenosu elektront [13-16]. Je znamo, Ze
inhibice CII narusi pfenos elektronti a mize vést ke generaci reaktivnich forem kysliku se
vSemi negativnimi dusledky pro organizmus. Na druhé strang, cilend inhibice CII ptisobenim
vitaminu E a jeho analogii, jako je mitochondridlné cileny derivat a-tokoferyl sukcinatu
(MitoVES), mtze preferenc¢n¢ iniciovat bunécnou smrt rychle rostoucich bunék. Potlaceni
rastu nadorovych bunék timto zptisobem bylo jiz prokazano na zvitecich modelech [17-21] a

jevi se jako perspektivni i pro pouziti v huméanni medicing.

4.3.2.Vysledky a diskuse — dopliikovy komentai k publikaci

Pro studium role CIlI v procesu iniciace bunééné smrti byla provedena cilena zména

aminokyselin v podjednotce C (SDHC), jak je znazornéno na obrazku 4.7.

**:***: :** *****_ -
HUMAN I
BOVIN I
MOUSE L
CRIGR L

hWT I S R
I56F F

S68A A
R72C C

Obr. 4.7 schéma vymény aminokyselin v oblasti SDHC

Jak je tedy z obrazku patrné v ptipad¢ 156F dochazi k zaméné isoleucinu za fenylalanin, u

S68A byl vyménén serin za alanin a v pfipadé R72C byl vyménén arginin za cystein.
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Stanoveni intracelularni koncentrace sukcinatu byla provadéna metodou LC-ESI/MS.
Jednalo se o analyzu na velmi nizkych koncentrac¢nich hladinach analytu v komplikované
biologické matrici predstavované ethanolickym extraktem z bun¢k. Pouzita analyticka
metoda byla vyvinuta modifikaci postupu pouzitého v praci [22]. Metoda je zalozena na
esterifikaci kyseliny jantarové a nasledné analyze vzniklého madalo polarniho esteru
kapalinovou chromatografii s hmotnostni detekci. Optimalizovany postup derivatizace
zahrnoval in situ generovani kyseliny chlorovodikoveé, ktera katalyzovala esterifikaci
benzylalkoholem. Mechanizmus esterifikace je naznacen na obrazku 4.8[23]. Po ptfidani
vnitiniho standardu (kyselina Stavelovd) byly extrakty bun¢k vysuSeny v proudu argonu.
Poté bylo ptidano 50 upl benzylalkoholu a 30 pl TMS-chloridu. Uzaviené zkumavky
Eppendorf byly umistény do v ultrazvukové lazn¢ na 45 min za laboratorni teploty a

nasledné byly vzorky dalSich 45 minut inkubovéany v suSarné pfi teploté 80 ° C.

BnOH + TMSCI ——> TMS-OBn + HCI

-

(COOH), + BhOTMS —% = (COOB), + TMS-OH

Obr. 4.8 Proces derivatizace nizkomolekularnich organickych kyselin

Jednoznac¢nou vyhodou pouzitého postupu esterifikace saromatickym alkoholem byla
moznost nasledné separace na reverzni fazi a dale moznost dualni detekce s pouzitim UV
spektrofotometrického detektoru a ESI/MS. MS kvantifikace derivatizované¢ho sukcinatu a
oxalatu byla provedena pomoci adukti se sodikem. Dibenzyl oxalat poskytoval v pozitivnim
moédu pik [M+Na]® m/z = 293 a dibenzyl sukcinat poskytoval pik [M+Na]" m/z = 321.
Slozeny UV chromatogram se sledovanou vinovou délkou A = 254 nm s chromatogramy

vybranych iontl m/z =293 (pik 1) a m/z =321 (pik 2) je uveden na Obr. 4.9.
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Obr.4.9 LC-MS chromatogram sukcinatu a vnitiniho standard po derivatizaci benzylalkoholem. Pik ¢.1 nalezi
dibenzyl oxalatu (m/z 293) a pik ¢€.2 patfi dibenzyl sukcinatu (m/z 321).

Kalibra¢ni zavislost odezvy MS detektoru na benzylsukcinat, kterd je uvedena na obrazku

4.10, je linearni v celém sledovaném intervalu koncentraci stanovované latky.

Kalibrace sukcinatu

<
835 1 Ay/As =0.114x+ 0.361
< R? = 0.9995

0 50 100 150 200 250 300

koncentrace sukcinatu pmol/L

Obr.4.10 Zavislost odezvy MS detektoru na koncentraci sukcinatu

Z provedené studie jednozna¢né plyne, ze inhibice respira¢niho komplexu Il (CIlI, sukcinat
dehydrogenaza, SDH) muze indukovat bunéfnou smrt a predstavuje tak potencialné
vyznamny pfistup k 1é€bé nadorovych onemocnéni. Pro objasnéni role reaktivnich forem

kysliku (ROS) byl pouzit CII pozménény fizenou mutagenezi (SDHC).
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Objasnéni detailniho mechanizmu vyse zminénych mechanizmt vcetné specifikace jejich
klinického vyuZiti bude pfedmétem dalsiho studia. Ze sloupcovych grafti na obrdzku 4.11 je
ziejmé, jak koncentrace intrabunééného sukcinatu tzce souvisi s funk¢nosti CII a tedy
moznosti bun&ného dychani. Jak je zde ukédzano v ptipadé B9 a R72C bunky nemohly

vyuzit sukcinat pro dychéani v dusledku nefunk¢nosti enzymu sukcinatdehydrogenazy.

a b
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E —

G 100 ** 3 coupled E 61 «
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B9 WT |I56F S68A R72C
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B9 WT [I56F S68A R72C

SDHC variant

Obr.4.11 Porovnani biologické spotieby kysliku a hladiny intrabunééného sukcinatu

Déle bylo prokdzano, ze I56F a S68A SDHC varianty, které podporuji zprostiedkované
dychani byly méné efektivné inhibovany mitochondrialné cilenym derivatem a-tokoferyl
sukcinatu MitoVES, neZz tomu bylo u typu (WT). Na rozdil od toho S68A varianta byla
mnohem nachylngjsi k inhibici thenoyltrifluoroacetonem (TTFA) nez varianty 156F nebo
WT. Varianta R72C, byla odolna viici MitoVES 1 TTFA a nedochazelo ke zvySovani ROS.
Podobné Atpenin A5 rapidné zvysil hladinu intracelularniho sukcinatu v bunikach typu WT,
ale nevyvolal vznik ROS a buné¢nou smrt, na rozdil od MitoVES a TTFA. Je zfejmé, ze
iniciace bunécné smrti pii inhibici CII zavisi na ROS, a Ze rozsah bunééné smrti koreluje s
ucinnosti inhibice v misté vazby ubichinonu. Ziskané poznatky mohou byt velmi cenné

zejmena s ohledem na terapii nadorovych onemocnéni.
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Bilirubin is degraded in the human gut by microflora
into urobilinoids. In our study we investigated whether
the bilirubin-reducing strain of Clostridium perfringens
can reduce bilirubin ditaurate (BDT), a bile pigment of
some lower vertebrates, without hydrolysis of the tau-
rine moiety. C. perfringes was incubated under anaerobic
conditions with BDT; reduction products were quanti-
fied by spectrophotometry and separated by TLC. Based
on Rf values of BDT reduction products and synthetic
urobilinogen ditaurate, three novel taurine-conjugated
urobilinoids were identified. It is likely that bilirubin-
reducing enzyme(s) serve for the effective disposal of
electrons produced by fermentolytic processes in these
anaerobic bacteria.
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INTRODUCTION

Unconjugated bilirubin (UCB), a yellow, poorly water-
soluble pigment, is the main heme catabolic product in
the intravascular compartment. The predominant source
of UCB is the breakdown of heme, originating from
senescent or hemolyzed red blood cells. After its bio-
transformation in the liver, secretion into the bile, and
then in the intestinal lumen, bilirubin is rapidly reduced
to urobilinoids by the intestinal microflora (Vitek & Os-
trow, 2009). The term urobilinoids covers the group of
reduction products of bilirubin, including urobilinogen
and stercobilinogen, along with their oxidized derivatives
urobilins and stercobilins (Moscowitz ¢ al., 1970). In the
absence of bilirubin-reducing microflora, such as in the
early newborn period (Vitek ef al, 2000), or in patients
treated with systemic antibiotics (Vitek e# @/, 2005), UCB
may undergo substantial enterohepatic and enterosystem-
ic circulation. Severe unconjugated hyperbilirubinaemia
in neonates is of concern because of the potential dan-
ger to their central nervous system.

UCB is reduced by multiple sequential reactions into
a series of urobilinogens; in turn, these colotless chro-
mogens may be oxidized to urobilins, their respective
yellowish oxidation products. These substances are be-
lieved to be nontoxic due to their increased polarity.
Despite the importance of this catabolic pathway, only a
few bacterial strains involved in bilirubin reduction have
so far been isolated: Clostridinm ramosum (Gustafsson &

TstFaculty of Medicine, Charles University in Prague, Prague, Czech Republic

Lanke, 1960), C. perfringens, C. difficile (Vitek et al., 2000),
and Bacteroides fragilis (Fahmy e al, 1972). In our recent
study (Vitek ez al., 2006), we undertook a detailed analy-
sis of the products of the bacterial reduction of bilirubin
and its derivatives formed by a novel strain of C. per-
Jringens isolated from neonatal feces (Vitek ez al, 2000).
The C. perfringens strain reduced a wide variety of bile
pigments that differed substantially in both their polar-
ity and structure. The end-catabolic bilirubin products
resulting from bacterial reduction were identified as uro-
bilinogen species. The reduction process catalyzed by the
bacterial strain studied did not proceed to the produc-
tion of stercobilinogen (Vitek ez al., 2000).

The aim of the present study was to assess whether
bilirubin ditaurate, a pigment that occurs naturally in the
bile of certain lower vertebrates (such as the marine fish
Seriola quingueradiata) (Sakai et al., 1987), can be reduced
by the aforementioned strain of C. perfringens isolated
from human neonatal feces, and secondly, to character-
ize the reduction products formed.

MATERIAL AND METHODS

C. perfringens cultivation. The strain of C. perfringens
used in our studies was isolated from stool of a healthy
neonate (Vitek ef al, 2000). The strain was classified in
the National Reference Laboratory for Anaerobic Bacte-
ria (Ostrava, Czech Republic) as non-pathogenic, based
on the absence of any toxin production. The strain was
incubated with BDT and UCB (both from Frontier Sci-
entific, Inc., Logan, UT, USA) in broth (2% Yeast Ex-
tract, Oxoid, GB; prepared in 100 mM phosphate buffer,
pH=8). Based on their polarity, UCB was dissolved in
dimethylsulfoxide (Sigma, St. Louis, MO, USA) and bili-
rubin ditaurate (BDT) in the broth; both pigments were
added to the late exponential phase C. perfringens culture,
at the final concentration of 50 pmol/L (final concentra-
tion of DMSO was <3%, this concentration was found
in separate experiments not to influence the growth of
C. perfringens). The growth phase was monitored accord-
ing to the optical density of the culture (spectrophotom-
etry at 600 nm). The conversion rates of both bile pig-
ments were analyzed under exactly the same conditions,
and calculated from five independent measurements. Af-
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ter incubation for 24 h at 37°C in Anaerostat (Oxoid,
GB), the medium was sampled for urobilinoid analyses.

Determination and isolation of urobilinoids. The
rate of bile pigment conversion was calculated as the
proportion of the urobilinoids produced to the initial
bile pigment concentration. Concentrations of the UCB
and BDT reduction products were determined spectro-
photometrically (UV/Vis Spectrophotometer Lambda 20,
Perkin-Elmer, USA) as the oxidation products of zinc
complexes of urobilinoids, as previously described (Kotal
& Fevery 1991).

The pigments were extracted from the culture me-
dium using an SPE column (Strata C8 500 mg/6 ml,
Phenomenex, Torrance, CA, USA). The columns were
washed with 1 volume of methanol and distilled water.
The urobilinoids were eluted with a minimal volume
of MeOH:H,O (1:1, by vol). The elution mixture was
evaporated; the extracted pigments were dissolved in
methanol and separated by TLC.

To check whether the BDT-reducing enzyme(s) were
secreted into the medium, BDT was incubated with
a cell-free supernatant and a protein extract after a
French press disintegration of bacterial cells. A C. per-
[fringens culture grown overnight (500 ml) was centrifuged
(15000 X g, 10 min, 4°C) and the medium was filter-
sterilized (Milipore Millex HV, PVDF 0.45 pm). The
cells were re-suspended in a phosphate buffer (0.025 M,
pH=8) containing 5 mM MgCl,, 2 mM EDTA and 10%
glycerol, and then disintegrated using a French press (6
cycles, 1500 psi, SLM-Aminco, USA). The cell debris
was removed by centrifugation (15000 % g, 10 min, 4°C)
and the supernatant containing the protein extract was
filter-sterilized as above. The cell-free supernatant and
the protein extract were incubated separately with BDT,
as described above; the production of urobilinoids was
again determined.

Thin layer chromatography. Isolated BDT and
UCB reduction products were separated by TLC, using
HPTLC aluminum plates coated with silica gel (RP-18

Figure 1. Products of UCB and BDT reduction by C. perfringens.
The initial pigment concentration in the broth was 50 pmol/L.
TLC system specification: HPTLC silica gel plate (RP-18 W/UV,,
Macherey-Nagel), solvent system: H,0:MeOH:CH,COOH (250:250:1,
by vol.). (Track A) Urobilin (standard); (Track B) Reduction prod-
ucts of UCB; (Track C) Urobilinogen ditaurate (standard); (Track
D) Reduction products of BDT. (1) Urobilin; (2) Mesobiliviolin; (3)
Urobilinogen; (4) Urobilinogen ditaurate; (5) Urobilin ditaurate; (6)
Mesobiliviolin ditaurate.

W/UV,,,, Macherey-Nagel, Germany) (solvent system:
H,0:MeOH:CH,COOH (250:250:1, by vol)) and ex-
amined under both visible and UV light (CAMAG TLC
Scanner 1I, CAMAG, Muttenz, Switzerland). Urobilin
(Frontier Scientific, Inc., Logan, UT, USA) and urobi-
linogen ditaurate were used as standards. Urobilinogen
ditaurate was prepared by amalgam reduction of bilirubin
ditaurate, as previously described (Watson, 1953); with
its structure confirmed by mass spectrometry (Esquire
3000, Bruker Daltonics, Bremen, Germany).

RESULTS AND DISCUSSION

The bilirubin-reducing strain of C. perfringens isolated
from neonatal feces was able to reduce BDT efficiently.
The conversion rates were 93 and 30£5% in 24 h for
BDT and UCB, respectively; this is consistent with our
previous findings (Vitek e al, 2006). No reduction of
BDT could be detected in cell-free post-culture medium;
in contrast, a French press disintegration of the bacte-
rial cells resulted in the release of enzyme(s) capable of
reducing BDT, indicating that the BDT reductase is not
secreted by the bacteria to the medium.

BDT was reduced by C. perfringens into several spe-
cies of taurine-bound urobilinoids, demonstrating that
taurine hydrolysis did not precede the enzymatic reduc-
tion (Fig. 1). After TLC separation, no unconjugated
urobilinoids derived from BDT could be detected. Based
on comparison of the bilirubin reduction products with
synthetic urobilinogen ditaurate, three reduction products
of BDT were identified: urobilinogen ditaurate, urobi-
lin ditaurate, and (most likely) mesobiliviolin ditaurate
(Fig. 1). A more polar taurine-bound urobilin derivative
detected in both metabolized BDT and synthetic urobi-
linogen ditaurate tracks was most likely formed sponta-
neous oxidation of the urobilinogen ditaurate.

Another bilirubin conjugate, bisglucuronosyl bilirubin,
was reduced by the same C. perfringens strain into uncon-
jugated urobilinoids; the glucuronoside bond was hydro-
lyzed prior to the reduction of the tetrapyrroles (Vitek ez
al., 2006). The amide bond of BDT is presumably resis-
tant to hydrolysis by the enzymes of the intestinal mi-
croflora; surprisingly, however, BDT can still be reduced
into taurine-bound urobilinoids. These results demon-
strate a very broad substrate specificity of the enzyme(s)
reducing bilirubin in the human gastrointestinal tract and
may help to understand the function of bilirubin reduc-
tase. Such a broad substrate specificity of the bilirubin-
reducing enzyme(s) presumably serve for the effective
disposal of electrons produced by fermentolytic process-
es in these anaerobic bacteria in a manner similar to that
described for microbial bile acid dehydroxylation (Ridlon
et al., 20006).

It is interesting to note that despite their ubiquitous
occurrence in the human intestinal tract, as well as their
high therapeutic potential, the bacterial enzymes respon-
sible for bilirubin reduction have, to date, not been iden-
tified.
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Abstract

Although phototherapy was introduced as early as 1950’s, the potential biological effects of
bilirubin photoisomers (PI) generated during phototherapy remain unclear. The aim of our
study was to isolate bilirubin Pl in their pure forms and to assess their biological effects in
vitro. The three major bilirubin PI (ZE- and EZ-bilirubin and Z-lumirubin) were prepared by
photo-irradiation of unconjugated bilirubin. The individual photoproducts were chromato-
graphically separated (TLC, HPLC), and their identities verified by mass spectrometry. The
role of Z-lumirubin (the principle bilirubin P1) on the dissociation of bilirubin from albumin
was tested by several methods: peroxidase, fluorescence quenching, and circular dichro-
ism. The biological effects of major bilirubin PI (cell viability, expression of selected genes,
cell cycle progression) were tested on the SH-SY5Y human neuroblastoma cell line. Lumi-
rubin was found to have a binding site on human serum albumin, in the subdomain IB (or at
a close distance to it); and thus, different from that of bilirubin. Its binding constant to albu-
min was much lower when compared with bilirubin, and lumirubin did not affect the level of
unbound bilirubin (Bf). Compared to unconjugated bilirubin, bilirubin PI did not have any
effect on either SH-SY5Y cell viability, the expression of genes involved in bilirubin metabo-
lism or cell cycle progression, nor in modulation of the cell cycle phase. The principle biliru-
bin Pl do not interfere with bilirubin albumin binding, and do not exert any toxic effect on
human neuroblastoma cells.

Introduction

Phototherapy as a treatment option for neonatal hyperbilirubinemia was first used by Cremer
and co-workers in the 1950's [1]. This technique is based on the fact that blue-green light con-
verts bilirubin into more polar derivatives. Configurational and structural photoisomers (PI),
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ZE- and EZ-bilirubins, lumirubin (also called cyclobilirubin) (Fig 1) [2-4], as well as propent-

dyopents and other oxidation products [5,6], can be relatively easily excreted from the body.
Although phototherapy for neonatal hyperbilirubinemia is accepted as the 'gold standard' of

treatment, it may be accompanied with side effects such as impairment of thermoregulation,

COOH COOH

COOH COOH

C) COOH COOH

COOH COOH

D)

o N N N N o

H H H

Fig 1. Bilirubin and its photoderivatives. (A) Z,Z-Bilirubin IXa. (B) Z,E-Bilirubin IXa. (C) E,Z-Bilirubin IXa.
(D) Z-Lumirubin IXa.

doi:10.1371/journal.pone.0148126.g001
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mineral dysbalance [7], and direct genotoxic effects on lymphocyte DNA [8]. This might also
be one of the reasons for the increased prevalence of allergic conditions reported in these new-
borns [9]. In addition, intensive phototherapy in very low birth-weight newborns has been
associated with increased risk of ileus [10]; also surprisingly by increased mortality, as demon-
strated in the Collaborative Phototherapy Trial, as well as the NICHD Neonatal Network Trial
[11,12].

The neurotoxicity of bilirubin is directly associated with the concentration of the fraction
unbound to albumin (or other solubilizing substances), which is called Bf (bilirubin free)
[13,14]. Bf is critically dependent on the presence of compounds that are potentially competing
with bilirubin in binding to albumin [15]. Nothing is known about whether bilirubin PI may
affect the bilirubin-albumin interaction. Previous studies on the biological effects of bilirubin
photoproducts [16-23] suffered from a major limitation (insufficient purity of the bilirubin
photoproducts), as well as inconsistent study designs. Thus, there is still uncertainty on the
potential toxicity of bilirubin breakdown products not only for the central nervous system, but
also other organs.

Therefore, the aim of the current study was to isolate and characterize pure forms of biliru-
bin PI; and then to assess their potential effects on bilirubin-albumin binding, as well as their
possible biological effects in vitro using the neuroblastoma cell line SH-SY5Y.

Materials and Methods
Chemicals

The bilirubin (AppliChem, Darmstadt, Germany) was purified before use, according to McDo-
nagh and Assissi [24]. The chloroform and di-n-octylamine were purchased from Sigma (MO,
USA). The methanol was from Merck (Darmstadt, Germany), and ammonia from Penta
(Czech Republic).

Because of light-sensitivity of bilirubin and bilirubin PI, all procedures were carried out
under dim light in aluminium wrapped flasks. Evaporation was performed under vacuum and
stream of nitrogen.

Preparation of Pl

The pure bilirubin photoderivatives were prepared as previously described [25-27] with a
slight modification of the original protocol. Briefly, bilirubin (100 mg) was dissolved in slightly
basified methanol (1% NH; solution in methanol); the solution underwent 90 minutes of
photo-irradiation using a Lilly phototherapeutical device (TSE, Czech Republic), composed of
a field of LEDs emitting light (wavelength range = 430-500 nm with a broad peak between 445
and 474 nm (width at half max) with a maximal spectral irradiance of 100 uW/cm?/nm corre-
sponding to the total irradiance of 3.1 mW/cm®. The sample was then evaporated under vac-
uum, dissolved in pure methanol, decanted from the residual bilirubin, and re-evaporated. The
residue of bilirubin PI was protected from light, and stored at -20°C until use.

Thin layer chromatography

The residue after photo-irradiation was dissolved in a small amount of methanol:chloroform
(1:1, v/v), and separated by thin layer chromatography (200 x 200 x 0.25 mm Kieselgel 60 TLC
plates [Merck, Darmstadt, Germany]; the mobile phase = chloroform:methanol:water, 40:9:1,
v/v/v). During the first chromatography, the mixture of bilirubin derivatives was separated into
8 major bands, which were extracted using the mobile phase, evaporated to dryness, and then
re-chromatographed using the same conditions. The individual separated compounds were re-
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extracted, the solvent evaporated, and the isolated compounds were stored at -20°C until used.
The isolated compounds 1 and 7, corresponding to ZE/EZ-bilirubins and lumirubin, as verified
by HPLC [28,29] (Figs 2 and 3, also see Results), in a 1:1 ratio, were used for functional and
biological studies as being representative of the principle bilirubin PI.

High-performance liquid chromatography analyses

The HPLC analyses were performed using an Agilent 1200 system (CA, USA) with a diode-
array detector. The method was a modification of that by McDonagh et al. [28,29]. The mobile
phase consisted of 0.1 M di-n-octylamine acetate in methanol and water; the stationary phase
was represented by a Poroshell 120, SB-C18 column (4.6 x 100 mm, 2.7 um; Agilent, CA,
USA). Samples were prepared by mixing 20 pl of bilirubin solution with 180 ul of ice-cold 0.1
M di-n-octylamine acetate in methanol, then vortexed and centrifuged to eliminate proteins.
Twenty pl of the prepared sample was injected onto the column.

Spectrophotometry

The absorption spectra of pure bilirubin PI were measured using a Lambda 25 spectrophotom-
eter (Perkin Elmer, USA) in the spectral range from 200 to 900 nm. Samples for analyses were
diluted in pure methanol, and measured against methanol as the blank.

Mass Spectrometry

Mass spectra were measured by using an Escuire 3000 mass spectrometer (Bruker Daltonics,
Germany) coupled with electrospray ionization. All samples for MS analysis, dissolved in
methanol, were injected directly on MS and measured in a negative mode. The masses were
scanned in the range between 50 and 800 m/z. The capillary exit was set at -106.7 V.

Estimation of binding constant by fluorescence quenching

A fluorescence quenching method was used for measurement of either lumirubin-albumin or
bilirubin-albumin interactions, as well as their binding constants [30]. The determination is
based on the fact that bile pigments do not emit any fluorescence; on the other hand, human
serum albumin (HSA) contains a tryptophan residue (Trp-214) in the subdomain ITA, which is
responsible for its fluorescence. Thus, the binding constant for bilirubin and lumirubin to HSA
was determined by quenching of the intrinsic Trp fluorescence.

For the Ka determination, formula (1) was used:

F,—F
F(CL —nF*Fc>

Ka = (1)

07
Fy P

- where F; was the fluorescence of HSA without a quencher, F the fluorescence of HSA with a
quencher, C; was the quencher concentration, and Cp was the concentration of HSA.

The effect of cooperative binding of lumirubin and bilirubin was also studied, and the
results were compared to the Ka obtained in the systems with biliverdin and gossypol, which
served as a displacing agent of bilirubin from HSA [31,32].

Characterization of the bile pigment albumin binding sites by circular
dichroism (CD) spectroscopy

Unbound pigments were dissolved in 0.1 mol/L NaOH and mixed with the HSA solution in
PBS (pH 7.4) at the molar ratio [pigment]/[HSA] = 1/1, the concentration of the pigment was
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A) B)

UCB

UCB

Fig 2. Compounds produced by bilirubin phototherapy. (A) TLC plate after first chromatography. (B)
Most important compounds 1 and 7 were separated by re-chromatography from the 15! (upper panel), and 7
zone (lower panel). UCB, unconjugated bilirubin.

doi:10.1371/journal.pone.0148126.9002

1.5 x 10~> mol/L. Bilirubin did not undergo aggregation, as verified by spectrophotometry [33].
CD spectra were obtained using a J-810 spectropolarimeter (Jasco, Japan) and analyzed as
described elsewhere [34]. The method is based on the fact that the unbound pigment does not
give any CD signal, and monitoring of their CD intensity provides information about their co-
binding or displacement and localization in the albumin subdomains. For determination of the
subdomain for lumirubin binding two compounds were used, hemin and bilirubin, as marker
ligands for subdomain IB and IIA, respectively [31,35].
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Fig 3. HPLC chromatograms of isolated bilirubin PI. (A) HPLC chromatogram of band 1 from TLC—

mixture of ZE/EZ-bilirubins; peak 1 = EZ-bilirubin, peak 2 ZE-bilirubin. (B) HPLC chromatogram of band 7
from TLC—Z-lumirubin.

doi:10.1371/journal.pone.0148126.g003

Determination of Bf

The effect of bilirubin PI on Bf levels was studied by a peroxidase method [36]. Briefly, the
standard stock solution of horseradish peroxidase (HRP) was made (1 mg/ml), which was
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diluted by PBS to different concentrations ranging from 1:2 to 1:100. For each enzyme dilution
the K, value (oxidation constant of bilirubin) was determined. For enzyme standardization (K,
constant determination, also see below), the solution of bilirubin in PBS without albumin was
used (bilirubin concentrations were between 1 and 3 pM). Bilirubin absorbance was measured
at 440 nm (Beckman Coulter DU-730 spectrophotometer, CA, USA). Afterwards, 5 pl of H,O,
and 10 pl of HRP were added, the solution was slightly mixed, and the decrease of absorbance
at 440 nm in 60 s was measured. The K, constant was counted according to K,, calculation for-
mula (2):

K= 0 2)

" [Bf]-[HRP]
- where K}, = constant for oxidation of bilirubin, and V, = the initial oxidation velocity
(expressed as AAbs/min).

The measurements of Bf in PBS-containing albumin or in complete culture medium was
performed with enzymes whose K,, values were similar (in our experimental setup, enzyme
dilutions of 1:2, 1:3, and 1:4 were used). We first determined the bilirubin concentration corre-
sponding (under the conditions used) to 140 nM (approximately 24 uM bilirubin). Then, we
studied whether Bf is affected by the addition of increasing concentrations of bilirubin PI (15%
and 30% of total bilirubin concentrations, respectively, based on the fact that as much as 30%
decrease of total serum/plasma bilirubin concentrations can be achieved during phototherapy
of neonatal jaundice [37]). A mixture of ZE/EZ-bilirubins and Z-lumirubin was used for these
studies. To assess the possible effect of solvent on Bf concentration, DMSO was used in the
same concentration as for dissolving of bilirubin PI. To check the stability of bilirubin PI, con-
centrations of bilirubin IXca, and EZ/ZE-bilirubins as well as Z-lumirubin after 1 and 24 hrs in
the incubation medium were analysed by HPLC method (see above). Whereas all studied pig-
ments did not change their concentrations after 1 hr and bilirubin IXe, and EZ/ZE-bilirubins
were stable also after 24 hrs under conditions used, concentrations of Z-lumirubin decreased to
31% after 24 hrs.

Cell culture studies

The SH-SY5Y human neuroblastoma cell line was used for the in vitro studies (ATCC, Manas-
sas, VA, USA). Authentication of the cell line was confirmed by independent laboratory (Gen-
eri Biotech, Czech Republic). The cells were tested for Mycoplasma contamination using the
MycoAlert luminescence test (Lonza, Switzerland). Cells were cultured in a mixture of MEM
Eagle and Ham’s F12 media (1:1, v/v), containing 15% of fetal bovine serum, in 75 cm? culture
flasks, at 37°C, in a 5% CO, atmosphere. For functional tests, cells were seeded at a concentra-
tion of 50,000 cells per 1 cm”.

Cell viability analyses

The effect of bilirubin (24 uM), pure bilirubin PI (5%, 15%, and 30% of bilirubin PI in complete
culture media), and the combination of bilirubin with bilirubin PI on cell viability was analyzed
by both MTT (Sigma, Germany) as well as by luminescent CellTiter-Glo (Promega, USA) tests,
using a Sunrise Microplate Reader (Tecan, Austria) and Synergy 2 Multi-mode Microplate
Reader (BioTek, USA), respectively.

Gene expression studies

The effect of bilirubin and bilirubin PI (24 uM bilirubin (corresponding to 140 nM Bf), 15%
bilirubin PI, and a mixture of bilirubin and 15% PI) on the expression of genes involved in

PLOS ONE | DOI:10.1371/journal.pone.0148126 February 1, 2016 7/16



@’PLOS ‘ ONE

Biological Effects of Bilirubin Photoisomers

Table 1. List of genes used for gene expression analyses.

Gene Accession Number Forward Reverse Ampl Lenght Efficiency

CFTR/MRP (ABCC1) NM_004996.3 tgatggaggctgacaagg gcggacacatggttacac 127 99.20
MDR/TAP (ABCB1) NM_000927 tgctcagacaggatgtgagttg aattacagcaagcctggaacc 122 92.90
HMOX1 NM_002133.2 atgccccaggatttgtca cccttctgaaagttcctcat 95 95.00
HMOX2 NM_001127204.1 tgagtataacatgcagatattca ccatcctccaaggtctet 75 92.40
BLVRA NM_000712 cgttcctgaacctgattg aaagagcatcctccaaag 87 96.00
CyclinD1 XM_006718653.1 acagatgtgaagttcatt tagtaggacaggaagttg 110 96.50
CyclinE1 NM_001238.2 agcccttgggacaataatg cggtcatcatcttctttg 76 94.50
GAPDH NM_002046 tcagccgcatcttettttg gcaacaatatccactttaccag 146 103.00
HPRT1 NM_000194 acatctggagtcctattgacatcg ccgcccaaagggaactgatag 193 105.00

HPRT1 and GAPDH were used as house-keeping genes.

doi:10.1371/journal.pone.0148126.t001

heme catabolism and in the regulation of the cell cycle (Table 1) was investigated in SH-SY5Y
cells exposed to pigments for 1 and 24 hrs, respectively. Briefly, total RNA was isolated in TriR-
eagent (Sigma-Aldrich, St Louis, MO, USA) according to the manufacture's protocol and
stored at -80°C until analysis. RNA quantity and purity were evaluated spectrophotometrically
at 260 nm, and RNA integrity was evaluated by agarose gel electrophoresis. Retrotranscription
of total RNA (1 ug) was performed with an iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer's instructions. The final cDNA was con-
served at -20°C until used. The primers for the targeted genes and the two housekeeping genes
[hypoxanthine-guanine phosphoribosyltransferase (Hprtl) and glyceraldehydes 3-phosphate
dehydrogenase (Gapdh)] were designed using Beacon Designer 2.0 software (PREMIER Bio-
soft International, Palo Alto, CA, USA). The quantitative analysis of gene expression was
performed by real-time PCR. The reaction was performed on 25 ng of cDNA, with the corre-
sponding gene-specific sense and anti-sense primers (250 nM, all genes) with iQ SYBER Green
Supermix in an I-Cycler iQ thermocycler (Bio-Rad Laboratories, Hercules, CA, USA). The
thermal cycler conditions consisted of 3 min at 95°C; plus 40 cycles each at 95°C for 20 s, 60°C
for 20 s, and 72°C for 30 s. A melting curve analysis was performed to assess product specific-
ity. The relative quantification was made using iCycler iQ software, version 3.1 (Bio-Rad Labo-
ratories, Hercules, CA, USA), by the AACt method, taking into account the efficiencies of the
individual's genes, and normalizing the results to the two housekeeping genes [38,39]. The lev-
els of mRNA were expressed relative to a reference sample. The results are expressed as the
mean + SD.

Heme oxygenase activity determination

The activity of heme oxygenase (HMOX) was measured as described previously [40]. In brief,
culture media harvested from SH-SY5Y batches were added to CO-free, septum-sealed vials.
CO released into the vial headspace was quantified using gas chromatography with a reduction
gas analyzer (Peak Laboratories, Mountain View, CA, USA).

Flow cytometry

Cells for flow cytometry analyses were treated with bilirubin (24 uM corresponding to 140 nM
Bf), bilirubin PI (15%), and a combination of bilirubin and PI for 1 and 24 hrs. At the end of
the treatment the medium was aspired, the cells were washed twice with PBS, then fixed by
adding 5 ml of cold (-20°C) 80% ethanol drop-wise under constant gentle vortexing. After
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centrifugation (310 x g; RT; 6 min), the sediments were re-suspended in 1 ml of staining solu-
tion in PBS containing 0.1% v/v Triton X-100, 20 pg/ml propidium iodide (PI), and 0.2 mg/ml
DNAse free RNaseA. Samples were incubated in the dark for 30 min at RT, and subjected to
FACS analysis (cytometer BD FACSCalibur TM; and CellQuest software, BD Biosciences, San
Jose, CA). Data were collected for 10,000 events per sample.

Statistical analyses

Data are presented as the median and 25-75% range. Differences between variables were evalu-
ated by the Mann-Whitney Rank Sum test. Differences were considered statistically significant
when p-values were less than 0.05. Statistical analyses were performed using Prism 6 software
(GraphPad, CA, USA).

Results
The isolation of bilirubin Pl

Photo-exposure of unconjugated bilirubin, under the conditions defined above, lead to the gen-
eration of 18 different PI (Fig 2). These compounds were further characterized by HPLC, UV/
VIS spectrophotometry, and mass spectrometry to check for their purity and identity.

Out of these 18 individual substances, several were clearly identified (unconjugated biliru-
bin, biliverdin, ZE/EZ-bilirubin, and lumirubin); the others are likely to represent unstable,
oxidized, and as yet undefined intermediates. Pigments 1 and 7 (Fig 2), identified as ZE/EZ-bil-
irubins and lumirubin (the principal bilirubin PI), were used for further functional studies.
(Figs 2 and 3).

Effect of bilirubin P1 on the bilirubin-albumin binding

To investigate whether bilirubin PI might affect Bf levels, we directly analyzed this effect by
measuring Bf using a peroxidase method. The addition of 3.6 and 7.2 uM of bilirubin PI (corre-
sponding to 15% and 30% of total bilirubin concentration, respectively) had no effect on the Bf
concentration (Fig 4).

To a solution with 140 nM Bf concentration (approximately 24 uM bilirubin), bilirubin PI
were added in increasing concentrations (15% and 30%); the resultant bar was constructed
from the difference between the decrease of absorbance after addition of bilirubin PI or DMSO
to the bilirubin solution. n = 6 for each group.

These data were further confirmed by the study of lumirubin-albumin binding (Table 2),
where a fluorescence quenching method was used for the estimation of the albumin binding
constant (Ka) for bilirubin and lumirubin. Lumirubin had a significantly lower Ka compared
to bilirubin (Table 2). Its effect was comparable with that of biliverdin, which does not affect
bilirubin binding to serum albumin because their high-affinity binding sites are located in two
different subdomains (IB for biliverdin, and ITA for bilirubin). In line with this conclusion, the
bilirubin-albumin binding constant was notably affected by gossypol, a displacer of bilirubin
from HSA [31,32]. Therefore, lumirubin only moderately affected bilirubin binding to HSA
(Table 2).

The results of the CD analyses further supported this conclusion. Bilirubin was found to be
bound to a high-affinity site inducing the CD positive couplet [460(+)/410(-) nm] that is char-
acteristic for the bound P-conformer of bilirubin (see Fig 5, left panel). In the complexes with
HSA, bilirubin shows an absorption maximum at 475 nm, which is shifted closer to the red
spectrum compared to the unbound pigment in solution (440 nm; as can be seen on Fig 5, left
panel). In contrast, CD spectrometric analysis of the lumirubin-albumin complex revealed that
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Fig 4. Effect of bilirubin Pl on Bf concentrations.

doi:10.1371/journal.pone.0148126.9004

lumirubin has one binding site on HSA with right-helical conformation (it is also a P-
conformer) of the bound pigment [weak positive couplet 445(+)/407(-) nm; Fig 5, left panel].
The obtained lumirubin-HSA complex had also a slight red-shifted absorption band with the
maximum at 445 nm, compared to unbound lumirubin that absorbed at 430 nm.

To clarify the albumin domain that binds lumirubin, three different complexes of HSA and
the marker ligand were used (Fig 5, right panel). The HSA-bilirubin system (green line, Fig 5A)
was first compared with that of HSA-lumirubin (blue line). The resulted signal (black line) of
the lumirubin-(HSA-bilirubin) complex is not the sum of lumirubin-HSA and bilirubin, and
has indicating that the bilirubin and lumirubin binding sites are not independent. Lumirubin is
bound close to the bilirubin high-affinity binding site, and it is able to affect bilirubin binding
to HSA. In the HSA-hemin system (CD spectrum in green, Fig 5B), the addition of lumirubin
did not induce the positive couplet characteristic for lumirubin bound to HSA (Fig 5B). It con-
firms that lumirubin and hemin bind to the same binding site. The binding site of lumirubin is
localized in the subdomain IB [35] (or at a close distance to it), so the hemin presented there
hindered the lumirubin binding. However, in the case where both bilirubin and hemin were
bound to HSA (green spectrum in Fig 5C), the addition of lumirubin led to a moderate
decrease of the bilirubin signal. This strongly suggests that the binding of lumirubin moder-
ately affects bilirubin binding to HSA, and that the lumirubin binding site is localized close to
the hemin and bilirubin binding sites.

Table 2. The binding constant for the ligand-HSA complexes.

bilirubin-HSA lumirubin-HSA bilirubin-(HSA-biliverdin) bilirubin-(HSA- gossypol) bilirubin-(HSA-lumirubin)
Ka [M™] (1.8+0.3)-10° (9.3£0.8)-10° (1.1£0.4)-108 (1.4£0.2)-10° (8.7£1.3)-107
HSA, human serum albumin; Ka, the binding constant

doi:10.1371/journal.pone.0148126.1002
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Fig 5. (Left panel) CD and UV/Vis absorption spectra of unbound (broken line), lumirubin (blue),
bilirubin (red), and their complexes with HSA (full line). Pigment/HSA molar ratio = 1/1; ¢ (pigment) = 1.5
x 107° mol/L. Bilirubin was dissolved in 0.1 mol/L NaOH and mixed with the HSA solution in PBS (pH 7.4) at
the molar ratio [pigment]/[HSA] = 1/1, the concentration of the pigment was 1.5 x 107> mol/L. (Right panel)
Effect of lumirubin on HSA binding with different marker ligands: bilirubin (A), hemin (B), and with
both bilirubin and hemin (C). CD spectra of HSA-marker ligand are shown in green, lumirubin-HSA
complex and lumirubin bound to the complex HSA-marker ligand are shown as blue and black full lines,
respectively. Black arrows show the changes in signals after formation of lumirubin-(marker ligand-HSA)
complexes. Lumirubin/HSA/marker molar ratio = 1/1/1.

doi:10.1371/journal.pone.0148126.g005

Collectively, our data indicate that lumirubin only negligibly influences bilirubin binding to
albumin. Although lumirubin binds to albumin, its binding has a much lower affinity and
occurs at a different binding site. Nevertheless, the binding sites for bilirubin and lumirubin are
at a close distance to one another, and these binding sites are not independent.

The effect of bilirubin Pl on SH-SY5Y cell viability

The short-term exposure (60 min) of bilirubin or its PI did not have any effect on cell viability
(data not shown). However, cell viability was significantly reduced after the 24 or 48 hr cell
treatments with bilirubin, and this effect further increased after 48 hours of exposure (Fig 6A
and 6B, respectively). In contrast, bilirubin PI did not affect cell viability, even after 48 hr expo-
sure and a high concentration used (30%) (Fig 6A and 6B).
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doi:10.1371/journal.pone.0148126.9g006

The effect of bilirubin and bilirubin Pl on expression of genes involved in
the heme catabolic pathway and cell cycle progression

Bilirubin is the final product of the heme catabolic pathway, and its formation is under the con-
trol of both HMOX and biliverdin reductase (BLVRA). Since these enzymes are protective
tools of the organism against increased oxidative stress [41,42] (as well as responsible for biliru-
bin production), we investigated the effects of PI on the expression of these genes.

The expressions of both HMOX1 and HMOX2 were significantly increased after 1 hr of
exposure to toxic concentrations of bilirubin, and the same trend was observed also for BLVRA
(Table 3). These changes in mRNA expressions were, however, not translated onto increase of

Table 3. The effect of bilirubin and bilirubin Pl on expression of selected genes.

Bilirubin 15% PI Bilirubin+15% PI
HMOX1 232.2 (197-240)* 105.6 (93-109) 277.1 (175-358)*
HMOX2 130.3 (129-166)* 84.8 (74-88) 100.3 (91-151)
BLVRA 142.9 (109-179) 86.3 (53-122) 158.4 (94-180)
MRP1 76.3 (71-90) 84.9 (51-100) 76.7 (61-89)
MDR1 54.9 (35-84) 86.3 (35-113) 87.3 (33-99)
Cyclin D1 71.8 (64-157) 64.5 (52-81)* 175.3 (137-232)*
Cyclin E 78.9 (50-126) 76.4 (59-84) 84.3 (77-1086)

data are expressed as % of control (median and 1Q range), n = 5 for each measurement. PI, bilirubin

photoisomers
* p <0.05 vs. control

doi:10.1371/journal.pone.0148126.t003

PLOS ONE | DOI:10.1371/journal.pone.0148126 February 1, 2016

12/16



@’PLOS ‘ ONE

Biological Effects of Bilirubin Photoisomers

HMOX activity (data not shown). Interestingly, exposure to bilirubin PI did not lead to the
changes in mRNA expression profiles seen after exposure to bilirubin.

Additionally, no difference was found in the expressions of either MRPI or MDRI1—genes
coding transporting proteins responsible for export of multiple compounds also possibly
including bilirubin [43,44]. Expressions of genes encoding cyclins D1 and E involved in regu-
lating the Gy to S phase, and G to S phase transition, respectively [45,46] tended to be down-
regulated upon exposure to bilirubin and bilirubin PI (Table 3). Nevertheless, these mRNA
expression changes were not functionally translated, as evidenced by flow cytometry analysis of
the cell cycle phase of the SH-SY5Y cells exposed to bilirubin, bilirubin PI, or their mixture.
This analysis revealed that compared to control cells, treatments with studied pigments had no
effect on the cell cycle progression after either short or long exposure (data not shown).

Discussion

Phototherapy is a non-invasive and effective treatment for neonatal hyperbilirubinemia, as
well as one which facilitates the disposal of toxic bilirubin and avoids brain injury. Since its
development in the 1950’s, it has become a standard and widely available treatment for this
condition.

Phototherapy can reduce serum bilirubin by its conversion into its structural photoisomers
and photooxidation products, which are excreted from the human body without the need of
further biotransformation in the liver. It is generally believed that bilirubin photoisomers are
non-toxic; however, no clear evidence for this viewpoint exists, and insufficient data about bili-
rubin PT's biological effects have thus far been provided. [16-23]. Of note is the fact that in
none of these studies were the pure forms of the bilirubin photoderivatives used, most likely
because of their complicated isolation and handling. To the contrary, short-term as well as
long-term side effects of phototherapy have been repeatedly reported [7-12]; the mechanisms
of which are unclear and might theoretically be accounted for by the biological activities of bili-
rubin PI.

In our experiments, we were able to successfully separate 18 different bilirubin photoderiva-
tives generated during photo-irradiation of bilirubin solution. Out of these, we identified and
isolated the major bilirubin photoderivatives (ZE/EZ-bilirubin and lumirubin) in sufficient
purity and quantity for biological studies.

We were able to demonstrate that these bilirubin PI do not increase Bf levels, and thus do
not increase bilirubin toxicity per se. Lumirubin was found to have only one binding site on
HSA, and this binding site was the same as for hemin (i.e. in the subdomain IB or close to it).
Nevertheless, the bilirubin and lumirubin binding sites on albumin are not totally independent,
because the lumirubin binding site is close to the bilirubin high-affinity binding site; to a cer-
tain extent it is also able to lower bilirubin's ability to bind to HSA. However, this effect is prob-
ably not clinically relevant. In support of this data, we confirmed that lumirubin-HSA's
binding constant is much lower, compared to bilirubin. These data collectively demonstrate
that although lumirubin binds to albumin, the binding has no biological relevance in terms of
any possible influence on bilirubin-albumin binding.

The experiments, focused on the potential cytotoxicity of major bilirubin PI, revealed no
apparent effects on cell viability in our in vitro model, even after prolonged exposure. This was
in striking contrast with the known toxic effects of bilirubin. This indicates that only unconju-
gated bilirubin is toxic, and that the conformational changes induced by irradiation almost
completely abolishes the noxious effects of the pigment on the cell.

Neither bilirubin, nor bilirubin PI had any functional effect on two key enzymes (HMOX
and BLVRA) important in heme degradation and bilirubin production. The lack of any effect
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of bilirubin PI on BLVRA mRNA expression was not expected, since biliverdin to some extent
is also produced during phototherapy [6]. Similar negative results of bilirubin/bilirubin PI
exposure were also found for MRPI and MDRI mRNA gene expression, indicating that these
transporters are not inducible, at least in our cell system, by either bilirubin or their PL

Our study has several limitations. First, we only assessed the biological effects of three major
bilirubin PI, ZE/EZ-bilirubins and Z-lumirubin, and thus we cannot exclude that other photo-
products or bilirubin oxidation products formed during phototherapy, especially those short-
lived and not detected in our study, might be toxic. Thus, it is still needed to be carefully
assessed, whether minor oxidation products produced from bilirubin during phototherapy can
exert any biological action. In addition, our studies were only performed on one cell line, repre-
senting a neuronal in vitro model. However, other brain cells, such as astrocytes, microglia, or
even endothelial cells should also be tested; ideally in an organotypic brain slice ex vivo model
to bring conclusive evidence.

In conclusion, our data indicate that the major bilirubin PI, ZE/EZ-bilirubin and lumirubin,
seem to be biologically inert, and do not exert any negative biological effects. The side effects of
phototherapy, theoretically attributable to bilirubin PI, are most likely due to other mechanisms.

Author Contributions

Conceived and designed the experiments: LV CT MU MC. Performed the experiments: JJ
MDB EV SG IG MS KV. Analyzed the data: J] MDB EV SG IG MS KV LV CT MU MC. Con-
tributed reagents/materials/analysis tools: J] MDB EV SG IG MS KV. Wrote the paper: J] MDB
EV SGIG MS KV LV CT MU MC.

References

1. Cremer RJ, Perryman PW, Richards DH. Influence of light on the hyperbilirubinaemia of infants. Lancet.
1958; 1:1094-1097. PMID: 13550936

2. Onishi S, Isobe K, Itoh S, Kawade N, Sugiyama S. Demonstration of a geometric isomer of bilirubin-1X
alpha in the serum of a hyperbilirubinaemic newborn infant and the mechanism of jaundice photother-
apy. Biochem J. 1980; 190: 533-536. PMID: 7470068

3. Onishi S, Miural, Isobe K, Itoh S, Ogino T, Yokoyama T, et al. Structure and thermal interconversion of
cyclobilirubin IX alpha. Biochem J. 1984; 218: 667—676. PMID: 6721828

4. McDonagh AF, Palma LA. Phototherapy for neonatal jaundice. Stereospecific and regioselective
photoisomerization of bilirubin bound to human serum albumin and NMR characterization of intramo-
lecularly cyclized photoproducts. J Am Chem Soc. 1982; 104: 6867—-6869.

5. Lightner DA, McDonagh AF. Molecular mechanisms of phototherapy for neonatal jaundice. Acc Chem
Res. 1984; 17: 417-424.

6. Knobloch E, Mandys F, Hodr R, Hujer R, Mader R. Study of the mechanism of the photoisomerization
and photooxidation of bilirubin using a model for the phototherapy of hyperbilirubinemia. J Chromatogr.
1991; 566: 89—99. PMID: 1885724

7. Xiong T, QuY, Cambier S, Mu D. The side effects of phototherapy for neonatal jaundice: what do we
know? What should we do? Eur J Pediatr. 2011; 170: 1247—1255. doi: 10.1007/s00431-011-1454-1
PMID: 21455834

8. Tatli MM, Minnet C, Kocyigit A, Karadag A. Phototherapy increases DNA damage in lymphocytes of
hyperbilirubinemic neonates. Mutat Res. 2008; 654: 93-95. doi: 10.1016/j.mrgentox.2007.06.013
PMID: 18534897

9. Beken S, Aydin B, Zencirogglu A, Dilli D, Ozkan E, Dursun A, et al. The effects of phototherapy on
eosinophil and eosinophilic cationic protein in newborns with hyperbilirubinemia. Fetal Pediatr Pathol.
2014; 33:151-156. doi: 10.3109/15513815.2014.883456 PMID: 24527832

10. Raghavan K, Thomas E, Patole S, Muller R. Is phototherapy a risk factor for ileus in high-risk neonates?
J Matern Fetal Neonatal Med. 2005; 18: 129—131. PMID: 16203599

11.  Arnold C, Pedroza C, Tyson JE. Phototherapy in ELBW newborns: Does it work? Is it safe? The evi-
dence from randomized clinical trials. Semin Perinatol. 2014; 38: 452—464. doi: 10.1053/j.semperi.
2014.08.008 PMID: 25308614

PLOS ONE | DOI:10.1371/journal.pone.0148126 February 1, 2016 14/16


http://www.ncbi.nlm.nih.gov/pubmed/13550936
http://www.ncbi.nlm.nih.gov/pubmed/7470068
http://www.ncbi.nlm.nih.gov/pubmed/6721828
http://www.ncbi.nlm.nih.gov/pubmed/1885724
http://dx.doi.org/10.1007/s00431-011-1454-1
http://www.ncbi.nlm.nih.gov/pubmed/21455834
http://dx.doi.org/10.1016/j.mrgentox.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/18534897
http://dx.doi.org/10.3109/15513815.2014.883456
http://www.ncbi.nlm.nih.gov/pubmed/24527832
http://www.ncbi.nlm.nih.gov/pubmed/16203599
http://dx.doi.org/10.1053/j.semperi.2014.08.008
http://dx.doi.org/10.1053/j.semperi.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25308614

@’PLOS ‘ ONE

Biological Effects of Bilirubin Photoisomers

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tyson JE, Pedroza C, Langer J, Green C, Morris B, Stevenson D, et al. Does aggressive phototherapy
increase mortality while decreasing profound impairment among the smallest and sickest newborns? J
Perinatol. 2012; 32: 677—684. doi: 10.1038/jp.2012.64 PMID: 22652561

Ostrow JD, Pascolo L, Shapiro SM, Tiribelli C. New concepts in bilirubin encephalopathy. Eur J Clin
Invest. 2003; 33: 988—997. PMID: 14636303

Calligaris SD, Bellarosa C, Giraudi P, Wennberg RP, Ostrow JD, Tiribelli C. Cytotoxicity is predicted by
unbound and not total bilirubin concentration. Pediatr Res. 2007; 62: 576-580. PMID: 18049372

Ahlfors CE, Wennberg RP. Bilirubin-albumin binding and neonatal jaundice. Semin Perinatol. 2004;
28: 334-339. PMID: 15686264

Roll EB. Bilirubin-induced cell death during continuous and intermittent phototherapy and in the dark.
Acta Paediatr. 2005; 94: 1437—-1442. PMID: 16263630

Roll EB, Christensen T. Formation of photoproducts and cytotoxicity of bilirubin irradiated with turquoise
and blue phototherapy light. Acta Paediatr. 2005; 94: 1448—-1454. PMID: 16263632

Roll EB, Christensen T, Gederaas OA. Effects of bilirubin and phototherapy on osmotic fragility and
haematoporphyrin-induced photohaemolysis of normal erythrocytes and spherocytes. Acta Paediatr.
2005; 94:1443—-1447. PMID: 16263631

Christensen T, Roll EB, Jaworska A, Kinn G. Bilirubin- and light induced cell death in a murine lym-
phoma cell line. J Photochem Photobiol B. 2000; 58: 170—174. PMID: 11233646

Christensen T, Kinn G, Granli T, Amundsen . Cells, bilirubin and light: formation of bilirubin photoprod-
ucts and cellular damage at defined wavelengths. Acta Paediatr. 1994; 83: 7-12. PMID: 8193477

Christensen T, Reitan JB, Kinn G. Single-strand breaks in the DNA of human cells exposed to visible
light from phototherapy lamps in the presence and absence of bilirubin. J Photochem Photobiol B.
1990; 7: 337-346. PMID: 2128329

Silberberg D, Johnson L, Schutta H, Ritter L. Photodegradation products of bilirubin studied in myelinat-
ing cerebellum cultures. Birth Defects Orig Artic Ser. 1970; 6: 119-123. PMID: 4941648

Silberberg DH, Johnson L, Schutta H, Ritter L. Effects of photodegradation products of bilirubin on mye-
linating cerebellum cultures. J Pediatr 1970; 77: 613-618. PMID: 5454708

McDonagh AF, Assisi F. The ready isomerization of bilirubin IX-a in aqueous solution. Biochem J.
1972; 129: 797-800. PMID: 4659001

Stoll MS, Zenone EA, Ostrow JD, Zarembo JE. Preparation and properties of bilirubin photoisomers.
Biochem J. 1979; 183: 139-146. PMID: 534477

Stoll MS, Vicker N, Gray CH, Bonnett R. Concerning the structure of photobilirubin II. Biochem J. 1982;
201:179-188. PMID: 7082282

Bonnett R, Buckley DG, Hamzetash D, Hawkes GE, loannou S, Stoll MS. Photobilirubin II. Biochem J.
1984; 219: 1053—-1056. PMID: 6743241

McDonagh AF, Agati G, Fusi F, Pratesi R. Quantum yields for laser photocyclization of bilirubin in the
presence of human serum albumin. Dependence of quantum yield on excitation wavelength. Photo-
chem Photobiol. 1989; 50: 305-319. PMID: 2780821

McDonagh AF, Palma LA, Trull FR, Lightner DA. Phototherapy for neonatal jaundice. Configurational
isomers of bilirubin. J Am Chem Soc. 1982; 104: 6865-6869.

Lakowicz JR (2006) Principles of fluorescence spectroscopy. New York: Springer. xxvi, 954 p. p.

Goncharova |, Orlov S, Urbanova M. The location of the high- and low-affinity bilirubin-binding sites on
serum albumin: ligand-competition analysis investigated by circular dichroism. Biophys Chem. 2013;
180-181: 55-65. doi: 10.1016/j.bpc.2013.06.004 PMID: 23838624

Royer RE, Vander Jagt DL. Gossypol binds to a high-affinity binding site on human serum albumin.
FEBS Lett. 1983; 157: 28-30. PMID: 6862017

Brodersen R. Binding of bilirubin to albumin. CRC Crit Rev Clin Lab Sci. 1980; 11: 305-399. PMID:
6985857

Goncharova |, Urbanova M. Stereoselective bile pigment binding to polypeptides and albumins: a circu-
lar dichroism study. Anal Bioanal Chem. 2008; 392: 1355—-1365. doi: 10.1007/s00216-008-2427-8
PMID: 18946665

Zsila F. Subdomain IB is the third major drug binding region of human serum albumin: toward the three-
sites model. Mol Pharm. 2013; 10: 1668—1682. doi: 10.1021/mp400027q PMID: 23473402

Ahlfors CE. Measurement of plasma unbound unconjugated bilirubin. Anal Biochem. 2000; 279: 130—
135. PMID: 10706781

Mreihil K, McDonagh AF, Nakstad B, Hansen TW. Early isomerization of bilirubin in phototherapy of
neonatal jaundice. Ped Res. 2010; 67: 656—659.

PLOS ONE | DOI:10.1371/journal.pone.0148126 February 1, 2016 15/16


http://dx.doi.org/10.1038/jp.2012.64
http://www.ncbi.nlm.nih.gov/pubmed/22652561
http://www.ncbi.nlm.nih.gov/pubmed/14636303
http://www.ncbi.nlm.nih.gov/pubmed/18049372
http://www.ncbi.nlm.nih.gov/pubmed/15686264
http://www.ncbi.nlm.nih.gov/pubmed/16263630
http://www.ncbi.nlm.nih.gov/pubmed/16263632
http://www.ncbi.nlm.nih.gov/pubmed/16263631
http://www.ncbi.nlm.nih.gov/pubmed/11233646
http://www.ncbi.nlm.nih.gov/pubmed/8193477
http://www.ncbi.nlm.nih.gov/pubmed/2128329
http://www.ncbi.nlm.nih.gov/pubmed/4941648
http://www.ncbi.nlm.nih.gov/pubmed/5454708
http://www.ncbi.nlm.nih.gov/pubmed/4659001
http://www.ncbi.nlm.nih.gov/pubmed/534477
http://www.ncbi.nlm.nih.gov/pubmed/7082282
http://www.ncbi.nlm.nih.gov/pubmed/6743241
http://www.ncbi.nlm.nih.gov/pubmed/2780821
http://dx.doi.org/10.1016/j.bpc.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23838624
http://www.ncbi.nlm.nih.gov/pubmed/6862017
http://www.ncbi.nlm.nih.gov/pubmed/6985857
http://dx.doi.org/10.1007/s00216-008-2427-8
http://www.ncbi.nlm.nih.gov/pubmed/18946665
http://dx.doi.org/10.1021/mp400027q
http://www.ncbi.nlm.nih.gov/pubmed/23473402
http://www.ncbi.nlm.nih.gov/pubmed/10706781

@’PLOS ‘ ONE

Biological Effects of Bilirubin Photoisomers

38.

39.

40.

41.

42.

43.

44.

45.

46.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol. 2002; 3: RESEARCHO0034. PMID: 12184808

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE guidelines: mini-
mum information for publication of quantitative real-time PCR experiments. Clin Chem. 2009; 55: 611—
622. doi: 10.1373/clinchem.2008.112797 PMID: 19246619

Vreman HJ, Wong RJ, Kadotani T, Stevenson DK. Determination of carbon monoxide (CO) in rodent
tissue: effect of heme administration and environmental CO exposure. Anal Biochem. 2005; 341: 280—
289. PMID: 15907874

Vitek L, Schwertner HA. The heme catabolic pathway and its protective effects on oxidative stress-
mediated diseases. Adv Clin Chem. 2007; 43: 1-57. PMID: 17249379

Abraham NG, Kappas A. Pharmacological and clinical aspects of heme oxygenase. Pharmacol Rev.
2008; 60: 79—127. doi: 10.1124/pr.107.07104 PMID: 18323402

Gazzin S, Berengeno AL, Strazielle N, Fazzari F, Raseni A, Ostrow JD, et al. Modulation of Mrp1
(ABCc1) and Pgp (ABCb1) by bilirubin at the blood-CSF and blood-brain barriers in the Gunn rat. PLoS
One. 2011; 6: e16165. doi: 10.1371/journal.pone.0016165 PMID: 21297965

Rigato I, Pascolo L, Fernetti C, Ostrow JD, Tiribelli C. The human multidrug-resistance-associated pro-
tein MRP1 mediates ATP-dependent transport of unconjugated bilirubin. Biochem J. 2004; 383: 335—
341. PMID: 15245331

Pestell RG. New roles of cyclin D1. Am J Pathol. 2013; 183: 3-9. doi: 10.1016/j.ajpath.2013.03.001
PMID: 23790801

Moroy T, Geisen C. Cyclin E. Int J Biochem Cell Biol. 2004; 36: 1424-1439. PMID: 15147722

PLOS ONE | DOI:10.1371/journal.pone.0148126 February 1, 2016 16/16


http://www.ncbi.nlm.nih.gov/pubmed/12184808
http://dx.doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
http://www.ncbi.nlm.nih.gov/pubmed/15907874
http://www.ncbi.nlm.nih.gov/pubmed/17249379
http://dx.doi.org/10.1124/pr.107.07104
http://www.ncbi.nlm.nih.gov/pubmed/18323402
http://dx.doi.org/10.1371/journal.pone.0016165
http://www.ncbi.nlm.nih.gov/pubmed/21297965
http://www.ncbi.nlm.nih.gov/pubmed/15245331
http://dx.doi.org/10.1016/j.ajpath.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23790801
http://www.ncbi.nlm.nih.gov/pubmed/15147722

PUBLIKACE VI

Ubiquinone-binding site mutagenesis reveals the role of mitochondrial complex 11 in
cell death initiation

Kluckova, K.; Sticha, M.; Cerny, J.; et al.

CELL DEATH & DISEASE Volume: 6 Article Number: e1749 2015



Citation: Cell Death and Disease (2015) 6, €1749; do0i:10.1038/cddis.2015.110
© 2015 Macmillan Publishers Limited Al rights reserved 2041-4889/15

OPEN

www.nature.com/cddis

Ubiquinone-binding site mutagenesis reveals the role
of mitochondrial complex Il in cell death initiation

K Kluckova', M Sticha?, J Cerny', T Mracek®, L Dong*, Z Drahota®, E Gottlieb®, J Neuzil*'* and J Rohlena*"

Respiratory complex Il (Cll, succinate dehydrogenase, SDH) inhibition can induce cell death, but the mechanistic details need
clarification. To elucidate the role of reactive oxygen species (ROS) formation upon the ubiquinone-binding (Q,) site blockade, we
substituted Cll subunit C (SDHC) residues lining the Q;, site by site-directed mutagenesis. Cell lines carrying these mutations were
characterized on the bases of Cll activity and exposed to Q, site inhibitors MitoVES, thenoyltrifluoroacetone (TTFA) and Atpenin
A5. We found that I56F and S68A SDHC variants, which support succinate-mediated respiration and maintain low intracellular
succinate, were less efficiently inhibited by MitoVES than the wild-type (WT) variant. Importantly, associated ROS generation and
cell death induction was also impaired, and cell death in the WT cells was malonate and catalase sensitive. In contrast, the S68A
variant was much more susceptible to TTFA inhibition than the I56F variant or the WT CIl, which was again reflected by enhanced
ROS formation and increased malonate- and catalase-sensitive cell death induction. The R72C variant that accumulates
intracellular succinate due to compromised Cll activity was resistant to MitoVES and TTFA treatment and did not increase ROS,
even though TTFA efficiently generated ROS at low succinate in mitochondria isolated from R72C cells. Similarly, the high-affinity
Q, site inhibitor Atpenin A5 rapidly increased intracellular succinate in WT cells but did not induce ROS or cell death, unlike
MitoVES and TTFA that upregulated succinate only moderately. These results demonstrate that cell death initiation upon ClI
inhibition depends on ROS and that the extent of cell death correlates with the potency of inhibition at the Q, site unless
intracellular succinate is high. In addition, this validates the Q, site of Cll as a target for cell death induction with relevance to
cancer therapy.

Cell Death and Disease (2015) 6, €1749; doi:10.1038/cddis.2015.110; published online 7 May 2015

Mitochondrial respiratory complex Il (Cll), aka succinate
dehydrogenase (SDH), directly links the tricarboxylic acid
(TCA) cycle to the electron transport chain (ETC) by mediating
electron transfer from the TCA cycle metabolite succinate to
ubiquinone (UbQ)." For this reason, Cll is subjected to a high
electron flux between the succinate-binding dicarboxylate site
in the matrix-exposed subunit A and the proximal UbQ-binding
(Qp) site, formed by the subunits C (SDHC) and D embedded
in the mitochondrial inner membrane (Figure 1b).2~° Disrup-
tion of electron transfer to UbQ, for example by Q, site
inhibition, leads to reactive oxygen species (ROS) generation
from CII due to the leakage of ‘stalled’ electrons to molecular
oxygen at the reduced flavin adenine dinucleotide (FAD)
prosthetic group. However, ROS production from reduced FAD
is only possible when the adjacent dicarboxylate site is neither
occupied by its substrate succinate, typically at low succinate
conditions, nor inhibited by other dicarboxylates, for example
by malonate.®'°

Beyond bioenergetics, Cll has emerged as an important
factor in cell death induction."”'2 On one hand, it has
been proposed that increased ROS production from CII,
resulting from changes in matrix pH and calcium status,
amplifies cell death signals originating at other sites.'2='® On
the other hand, the inhibition of Cll may also directly initiate
cell death, as suggested by our previous results with vitamin
E (VE) analogs such as the mitochondrially targeted VE
succinate (MitoVES). This compound inhibits ClI activity
leading to ROS generation and cell death induction in cancer
cells, as evidenced by the suppression of tumor growth in
experimental animal models.'®72° The efficacy of MitoVES is
greatly reduced in the absence of functional CII, and
computer modeling along with other corroborative evidence
suggests that MitoVES binds to the Q,, site of ClI.'® However,
this is only circumstantial evidence with respect to cell death
induction, as cells lacking electron flux within CII due to a
structural defect should not be able to produce Cll-derived
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Figure 1 Amino-acid substitutions in the Qj, site of ClI. (a) Multiple species
alignment of the SDHC region bordering the Q, site shows a high level of
conservation. Amino-acid substitutions prepared for this study are indicated in human
SDHC. (b) Three dimensional representation of Cll and the topology of the Qj site.
SDHC residues mutated in this study are indicated by arrows. Displayed is the
humanized crystal structure of porcine ClI.% (¢) A snapshot from molecular dynamics
simulation of MitoVES interaction with the Q, site of Cll in the presence of
phospholipid bilayer.'® One of the possible conformations of MitoVES is shown in
orange, substituted SDHC residues are depicted in magenta

ROS. Accordingly, not only the direct cell death initiation upon
Cll inhibition will be compromised in this situation, but also
the indirect signal amplification mentioned above will be
affected.

In the present study, we combined site-directed mutagen-
esis of Q, site amino-acid residues with the use of Q, site
inhibitors MitoVES, thenoyltrifluoroacetone (TTFA) and Atpe-
nin A5 to assess the link between Qj, site inhibition and cell
death initiation. We show that for MitoVES and TTFA, the
potency of Q, site inhibition correlates with the extent of ROS
production and cell death induction in respiration-competent
Cll variants, and that the induced cell death is dependent on
Cll-derived ROS.

Atpenin, however, did not induce cell death, possibly due to
the rapid accumulation of succinate in intact cells, incompa-
tible with ROS generation from CII. These results provide
evidence for the role of Cll in cell death initiation and establish
the Qp, site as a target for cell death induction.

Cell Death and Disease

Results

Cll Q, site mutagenesis and the experimental model. To
explore the role of Cll in cell death induction, we performed
site-directed mutagenesis within SDHC, a Cll subunit that
contributes to Q, site formation.® We concentrated on SDHC
residues predicted to be in close contact with bound
MitoVES. Serine 68 was mutated to alanine, arginine 72
was replaced by cysteine, and isoleucine 56 was substituted
by phenylalanine (Figure 1). Recent data indicate reduced
cell death induction by MitoVES in the S68A variant,'® but the
functional consequences of this mutation for Cll activity have
not been studied. Nevertheless, substitutions of S68 as well
as of R72 are expected to compromise CII activity, based on
analogy with E.coli and S. cerevisiae SDH.2'* The 156
residue is further away from the Q, site and its role in ClI
function is unknown. To evaluate these substitutions, we
utilized a mammalian model of SDHC deficiency, the Chinese
hamster lung fibroblast cell line B9.2° These cells lack the
functional Cll due to a nonsense mutation in the SDHC
subunit and fail to assemble CII. In consequence they do not
respire on succinate and are completely devoid of CII
enzymatic activity. Stable transfectants of human wild-type
(WT) and variant SDHC cDNA were prepared in B9 cells, and
the clones with similar level of SDHC were selected. These
cells were further transformed by H-Ras fused to green
fluorescence protein (GFP), making them plausible models to
study the effect of MitoVES and other Qp, site inhibitors on
transformed cells (Supplementary Figure S1). Transformants
with similar level of H-Ras were selected to control for
H-Ras level.

Q, site mutations differentially affect Cll assembly and
enzymatic function. The selected clones did not signifi-
cantly differ in their mitochondrial content, as evidenced by
similar citrate synthase activity and mitochondrial protein
levels (Figures 2a and b). Mitochondrial morphology and
membrane potential were also similar for all the tested cell
lines (Figures 2c and d). To verify Cll assembly, mitochondrial
fractions were subjected to blue native gel electrophoresis
and western blotting using an anti-SDHA antibody. As
expected, parental B9 cells did not assemble CII. In contrast,
Cll was fully assembled in WT and most of the SDHC variant
cells (Figure 2e), with a minor assembly defect found
for R72C variant. These results were confirmed using an
in-gel SDH activity assay (Figure 2e), which documented
assembled ClI with functional dicarboxylate site in all variants
except for B9 cells. To assess the condition of the Q;, site and
its functional coupling to the dicarboxylate site, succinate-
UbQ reductase (SQR) activity in the mitochondrial fraction
was determined. Whereas no SQR activity was measurable
in B9 cells (Figure 2f), it was high in WT and I56F clones. For
S68A and R72C variants the SQR activity was significantly
reduced yet remained above the level of parental B9 cells.
This suggests that although CIl assembles properly in all
tested variants, there is a defect in electron transfer to UbQ in
the S68A and R72C variants.

Q, site mutations differentially affect basal Cll-driven
respiration under native conditions. As the CIl activity
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Figure 2 Q, site substitutions do not decrease mitochondrial content, membrane potential or Cll assembly, but can compromise ClI activity in the presence of detergents.
(a) Citrate synthase was measured in the whole-cell lysates and corrected to the protein content. (b) Selected mitochondrial proteins were analyzed by western blotting using 10 and
20 g of whole-cell protein. A representative blot is shown along with quantifications based on three independent experiments (¢) Mitochondria were visualized by live confocal
microscopy using TMRM, the nuclei were counterstained by Hoechst 33342. Scale bar, 5 zm. (d) Mitochondrial membrane potential was determined as a ratio of TMRM loading
in the presence and absence of FCCP, n=3, mean + S.E.M. (e) Native blue gel electrophoresis of either digitonin- or lauryl maltoside-solubilized mitochondrial fraction isolated
from Cll variant cell lines. Assembled Cll was detected by anti-SDHA antibody, or by in-gel SDH activity assay using PMS (phenazine methosulfate). Representative experiments
are shown (f) SQR activity measurement in isolated mitochondrial fraction in the presence of 0.1% Triton X-100 indicates activity impairment for amino-acid substitutions in
position S68 and R72. Data represent mean values + S.E.M. of three independent experiments. The symbol * indicates values significantly different from WT

assays described above were done on solubilized enzyme,
we also examined the effect of Q, site mutations on ClI-
mediated respiration in a more natural environment of
permeabilized cells. In this set-up respiratory substrates
can reach mitochondria, but the mitochondrial outer and inner
membranes remain intact in their ‘native’, undisturbed
condition.?® In the presence of the Cll substrate succinate,
WT, S68A and, in particular, 156F cells efficiently consumed

oxygen. In contrast, R72C and parental B9 cells showed little
or no respiration (Figure 3a). The uncoupler carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP) significantly
increased oxygen consumption in WT and I56F, but not in
S68A, R72C or B9 cells (Figure 3a). Hence, the S68A
mutation only affects the reserve capacity of this mutant and
may not be limiting in intact cells. In contrast, a severe defect
in R72C CII substantially compromises its ability to support

Cell Death and Disease
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Figure 3  Substitutions in the Q, site affect Cll activity less severely in the native environment. (a) Oxygen consumption of digitonin-permeabilized cells respiring on 10 mM
succinate in the presence of rotenone and ADP (coupled) and the maximal rate after addition of FCCP (uncoupled). While I56F and S68A variants support the respiration on
succinate, B9 and R72C cells are deficient. The S68A defect is apparent only upon uncoupling. Mean + S.E.M. of 3-4 independent experiments. The symbol * indicates values
significantly different from WT in the coupled state (oneway ANOVA), the symbol # values significantly different from WT in the uncoupled state (oneway ANOVA) and the symbol
** values significantly increased after FCCP addition (ttest). (b) Intracellular succinate measured by mass spectroscopy in extracts from an equal number of cells indicates
functional Cll in the WT, I56F and S68A. Mean + S.E.M. of two independent experiments, the symbol * indicates values significantly different from WT

respiration. To confirm these findings in intact cells, we
determined the steady-state levels of intracellular succinate,
a proxy for ClI activity.?” As shown in Figure 3b, succinate
concentration in WT, I56F and S68A cells was low, consistent
with fully functional Cll. On the other hand, in B9 and R72C
cells the succinate levels were considerably increased.
These data demonstrate that whereas B9 and R72C cells
cannot utilize succinate for respiration due to the absent or
dysfunctional CIl, WT, 156F and S68A cells maintain CII
respiration under coupled conditions expected to occur in a
physiological situation.

Q, site mutations compromise the efficacy of cell death
induction by MitoVES. Should cell death induction by the
VE analog MitoVES be dependent on its binding to the Q,
site of Cll as our previous work suggested, '® then the efficacy
of this agent would be compromised in Q, site mutants.
Hence, the variant cell lines were exposed to MitoVES, a
compound previously described to induce apoptosis,'” and
the percentage of annexin V-positive cells quantified. The
induced cell death displayed signs typical for apoptosis
(Supplementary Figures S2A and B), and was significantly
reduced in all tested variant cell lines compared with WT cells
(Figure 4a). In fact, all substitutions in the Q, site reduced
MitoVES-induced cell death nearly to the level observed in
parental B9 cells. Given the absence of assembled Cll in B9
cells, this basal level of cell death must be Cll independent
and possibly related to the direct effect of MitoVES on
cytochrome c.2®

As ROS generation is the pivotal, early event in the cell
death-initiating cascade induced by MitoVES,'"®'" we
assessed ROS production in cultured cells upon MitoVES
treatment with dihydroethidium, a fluorescent probe respon-
sive to superoxide. Compared with WT, all Q, site variant cells
showed reduced ROS formation, which remained at the level
similar to that of parental B9 cells (Figure 4b). In addition,
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catalase overexpression and co-treatment with the dicarbox-
ylate site inhibitor malonate reduced cell death and ROS
production in WT cells to the level found in the mutants
(Figures 4c—e). These data indicate that the Q,, site mutations
decrease the efficacy of MitoVES-induced ROS generation
and that the induced cell death depends on CllI-derived ROS.

Mitochondrial glycerophosphate dehydrogenase (GPD2)
feeds electrons into the mitochondrial UbQ pool similarly to ClI
and can also produce ROS. It has recently been shown that
alpha tocopheryl succinate (a-TOS), an untargeted analog of
MitoVES, inhibits GPD2 activity in brown adipose tissue
(BAT).2° However, itis unlikely that GPD2 is responsible for the
observed ROS and cell death induction upon MitoVES
treatment in our experimental model, as the GPD2 levels are
much lower than in BAT (Supplementary Figure S2D). In
addition, GPD2 inhibition by a-TOS decreases, rather than
increases, GPD2-derived ROS?°, and MitoVES accumulation
at the inner mitochondrial membrane/matrix interface'® owing
to the mitochondria-targeting triphenyl phosphonium group
will keep it physically separated from the intermembrane
space-localized GPD2. The role of the reverse electron flow
from GPD2 to FAD® in Cll and subsequent ROS generation
from that site can also be discounted, as this would be
inhibited, not stimulated, by MitoVES bound to the Q, site.
Therefore, ClI functioning in the forward manner is the likely
source of ROS observed upon MitoVES treatment of the
intact cells.

Sensitivity to Q, site inhibition correlates with the
efficacy of cell death induction unless succinate is
rapidly accumulated. If the attenuated ROS and cell death
induction described above resulted from the reduced
displacement of UbQ by MitoVES at the Q, site of variant
Cll, then these variants should display resistance to inhibition
by MitoVES. For this reason, we assessed the effect
of increasing concentrations of MitoVES on CllI-driven
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respiration at high succinate (10 mM). Only respiration-
competent variants, that is WT, I56F and S68A lines, were
used in this experiment. As shown in Figure 5a, the efficacy
of respiration inhibition was reduced for I56F and S68A
variants compared with the WT cells, in direct correlation with
the observed decrease in ROS levels and cell death induction
(see, for example, Figures 4a and b). In contrast to MitoVES,
malonate suppressed oxygen consumption similarly for all
the CIlI variants tested (Figure 5b), confirming that
the mutations introduced do not substantially affect the
dicarboxylate site.

To better understand this phenomenon, we performed in
silico molecular docking simulation of MitoVES and UbQ with
the Q;, site of WT and variant CIl. These simulations support
the assumption that steric hindrance and differences in affinity
can explain the less efficient inhibition by MitoVES in S68A
and I156F CII (Supplementary Figures S3B and C). Since
MitoVES is a relatively large molecule (Supplementary Figure
S3A), we also examined the much smaller Q, site inhibitor
TTFA using the same methodology. Surprisingly, the highest
TTFA-binding affinity was calculated for the Q, site of the

S68A variant (Supplementary Figure S3C). We therefore
evaluated oxygen consumption in the presence of increasing
concentrations of this smaller Qg site inhibitor (Figure 5¢) and
found that while for the I56F variant the inhibition by TTFA was
similar to WT cells, the S68A variant was inhibited much more
efficiently. For this reason we speculated that the S68A
mutation could also lead to enhanced cell death induction by
TTFA, which is known to induce apoptosis.'* Indeed, while
ROS and cell death were significantly increased in S68A cells,
only limited ROS and cell death induction were observed in
B9, 156F, R72C and WT cells upon TTFA treatment (Figures 5d
and e). Features typical of apoptotic cell death were observed
(Supplementary Figures S2A and C), and catalase over-
expression or malonate treatment reduced cell death and ROS
in S68A cells more than in WT cells (Figures 5f—h). These results
suggest a direct correlation between the potency of Q, site
inhibition, Cll-mediated ROS production and the extent of
ensuing cell death for MitoVES as well as TTFA.

Surprisingly, the ClI Q, site inhibitor Atpenin A5,2*3° despite
efficient suppression of respiration in WT and I56F cells
(Figure 5i), did not induce cell death or ROS production

o
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(Figures 5j and k). In contrast to MitoVES and TTFA, Atpenin
caused rapid increase of intracellular succinate in intact cells
(Figure 5I), which is incompatible with ROS generation from
CIl. Hence, CII inhibition results in cell death only when
succinate accumulation is not too rapid and ROS can

efficiently be produced.

a b
= x
© ©
£ £
2 L
[ (]
Z 2
K K
e £
f= f=
2 S
a a
£ £
=3 =3
7] 7]
c T T g
8 0 50 100 150 S
o MitoVES (uM) o
d e
2 60 <
9 3 ctrl o
@ @8 TTFA x ]
2 =
'g 40 £
T
2 e}
3 e
c ©
= 20 g,
< T
X 0 a
B9 WT [I56F S68A R72C
SDHC variant
g h
E 2.0 4 " %
S ®
3 151 2
£ ®
3 g
g 1.0 1 >-
g £
> i =
2 0.5 g
c
5 0 :
T e -+ + TTFA °
+ -+ + -+ Malonate
WT S68A
] k
% 10 0o cl T
@B Atpenin A5 s
3 £
g_ 6 o
. e
> ] =
4 s
= =)
E 2 4 »
< -
x 0 o
B9 WT I56F S68A R72C
SDHC variant

Cc
x
©
100 & WT g 100
O I156F -
80 O S68A 2 80
©
60 @ 60
40 S 40
20 g 20
=3
t T T T T 2 0 ¥ T T
0.0 0.5 1.0 1.5 2.0 8 0 100 200 300
Malonate (mM) o TTFA (um)
f
WT S68A
- Cat - Cat
Cat
20 - @ 100, Actin -
[
. o
1.5 4 2 %
* ?
* g_ 60 -
1.0 1 ’
> 4
< 40
] x
03 g 201
c
<
0.0 - E
- - 4+ 4 - - + + TTFA
B9 WT I56F S68A R72C -+ -+ - + =~ + Catalase
SDHC variant WT S68A
i
60 - x
* ©
£
2 100 O S68A
40 N & WT
g O I56F
e 60
20 - S 40
g 20
3
0_ 2 0 T T T T T
- -+ o+ - - + + TTFA 8 20 40 60 80 100
-+ - o+ -+ - o+ MalonateoN At in a5 (nM)
enin a5 (n
WT S68A P

1.2 1
1.0 H
0.8 4
0.6 1
0.4 1
0.2 4

=

0.0 -

B9 WT I56F S68A R72C

Condition

Cell Death and Disease

Succinate (relative to ctrl)

ROS generation in isolated mitochondria correlates with
effective Q, site inhibition at low succinate levels. To
establish the link between ROS production and ClI inhibition,
we assessed these two parameters simultaneously in
isolated mitochondria by combining the Amplex Red method
of ROS detection with oxygen consumption measurements.

ctrl MitoVES TTFA Atpenin



We used 0.5mM succinate, because this concentration
closely reflects its non-pathological intracellular levels (see
Figure 3b) and favors direct ROS production from CII.%7
Exposure of WT cell mitochondria to increasing concentra-
tions of MitoVES resulted in considerable stimulation of ROS
production. In contrast, ROS generation was limited in S68A
and I156F mitochondria (Figure 6a). A modest level of ROS
production was also observed in R72C mitochondria,
indicating that the low respiration rate of this mutant can still
support ROS generation in response to its inhibition. As
expected, no ROS increase upon MitoVES treatment was
detected in mitochondria from parental B9 cells, which do not
assemble ClII (Figure 6b). In addition, the induction of ROS by
MitoVES was malonate sensitive, confirming the involvement
of CII (Figure 6c). Evaluation of oxygen consumption
revealed reduced sensitivity of CIl variants to inhibition
compared with WT mitochondria. This effect was visible at
higher concentrations of the inhibitor (Figure 6d), which,
importantly, is within the concentration range where ROS
induction becomes apparent (see Figure 6a). Finally, no
stimulation of ROS production by MitoVES could be detected
at a high succinate concentration (10 mM) for any of the
variants tested (Figure 6e), which was confirmed by their
insensitivity to malonate (Figure 6f).

Compared with MitoVES, ROS induction by TTFA followed a
different pattern. While for the I56F variant it was similar to WT,
much more ROS were generated by S68A cell mitochondria
(Figure 7a). This is in agreement with the very high sensitivity
of this mutant to the inhibition by TTFA (Figure 5c). Surpris-
ingly, induction of ROS in R72C mitochondria was also
increased, which is supported by computer modeling and is
expected to occur only at low succinate levels not encountered
in intact R72C cells (see Discussion for details; see Figures
3b and 5e, Supplementary Figure S3C). In contrast, no ROS
production was induced in B9 cell mitochondria (Figure 7b).
Similarly to MitoVES, TTFA-induced ROS generation was
suppressed by malonate (Figure 7c), directly implicating CII.

With non-saturating concentrations of succinate, the
build-up of oxaloacetate may lead to CII inhibition at the
dicarboxylate site,®”3' complicating the interpretation of
results. Oxaloacetate accumulation is prevented in the
presence of Cl inhibitor rotenone, which at the same time
limits reverse electron transfer to CI.%32 The inclusion of

<
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rotenone in experiments did not substantially alter the
response to either MitoVES (Supplementary Figure S4) or
TTFA (Supplementary Figure S5), excluding these additional
factors. In summary, these results demonstrate that MitoVES
and TTFA induce ROS from CII in direct proportion to their
ability to achieve Q, site inhibition at low, physiological
succinate, which in turn correlates with the efficacy of cell
death induction.

Discussion

In the last decade it has become clear that various complexes
of the mitochondrial ETC have a multifaceted role in the
execution of cell death.®®%% CIlI has received particular
attention as a target of experimental anticancer agents, and
the inhibition of the Q, site of Cll was shown to induce cell
death in cancer cells in vitro and in vivo.'®*¢%7 Clear evidence
was missing, however, because the potential function of Cll as
an amplifier of pro-death signals originating elsewhere should
also be considered.'3'* In principle, it cannot be excluded that
a given compound, anticipated to engage the Q, site of Cll,
triggers a pro-death signal further upstream, followed by
indirect amplification of this signal at CII. It is impossible to
distinguish between these two scenarios using cellular models
where Cll is not assembled or is inhibited at the dicarboxylate
site. Hence, to demonstrate the autonomous role of Cll in cell
death induction, functional ClI is required.

The Cll Q, site variants 156F and S68A employed in this
report respire on succinate similarly to WT under native
conditions, yet display alterations in cell death induction upon
Qj site ligation with MitoVES and TTFA. The level of cell death
induction directly correlates with the efficacy of inhibition of
succinate-driven respiration by these agents. Accordingly,
both 156F and S68A variants were relatively resistant to the
inhibition by MitoVES and to cell death induced by this agent,
whereas the S68A variant, which is more efficiently inhibited
by TTFA, underwent proportionally higher level of cell death
upon TTFA treatment. This likely stems from the altered ability
of the two inhibitors to displace UbQ at the Q, site of the
individual variant proteins. Indeed, experimental data could be
explained by different binding affinities and various degrees of
steric hindrance computationally predicted for variant Qg sites
(Supplementary Figure S3). These observations are consis-
tent with the direct, autonomous role of CIl in cell death

Figure 5 Suppression of Cll-driven respiration correlates with cell death for Qg site inhibitors that do not rapidly increase the succinate level. (a) Digitonin-permeabilized
respiration-competent variant cell lines respiring on 10 mM succinate in the presence of 0.5 M rotenone and FCCP were exposed to increasing concentrations of MitoVES. The
variants show reduced inhibition compared with WT. (b) Inhibition by the dicarboxylate-binding site inhibitor malonate in the same experimental set-up shows similar efficiency for
all Q, site substitutions. (c) Similar to a and b, but the Q; site inhibitor TTFA was used. (a-c) The data represent the mean + S.E.M. of 3-4 independent experiments. (d) Variant
cell lines were exposed to 0.5 mM TTFA for 24 h and the percentage of annexin V-positive cells was determined by flow cytometry. n=>5, mean + S.E.M., * values significantly
different from WT. (e) Cells were exposed to 250 M TTFA for 30 min and the level of ROS was determined by dihydroethidium (DHE) staining and flow cytometry. n=5,
mean + S.E.M., * values significantly different from WT. (f) Cells were transfected with catalase-coding or control vector, exposed to 2 mM TTFA for 20 h, and the percentage of
annexin V-positive cells was determined by flow cytometry. n=4, mean + S.E.M., * values significantly different between catalase and mock-transfected cells. Inset, catalase
overexpression verified by western blot. (g) Cells were exposed to 250 M TTFA for 30 min in the presence or absence of 50 mM malonate (30 min pretreatment), and the level of
ROS was determined by DHE staining and flow cytometry. n=4, mean + S.E.M., * values significantly different in the presence and absence of malonate. (h) Cells were
exposed to 1.5 mM TTFA for 12 h in the presence or absence of 20 mM malonate (30 min pretreatment). The percentage of annexin V-positive cells was determined by flow
cytometry. n=4, mean + S.E.M., * values significantly different in the presence and absence of malonate. (i) Atpenin A5-induced inhibition of respiration of permeabilized cells as
described ina. n> 3, mean + S.E.M. (j) Cells were exposed to 1 M Atpenin A5 for 24 h and the percentage of annexin V-positive cells was determined by flow cytometry. n=3,
mean + S.E.M. (k) Cells were exposed to 0.5 uM Atpenin A5 for 30 min and the level of ROS was determined by DHE staining and flow cytometry. n=5, mean + S.E.M.
(I) Succinate levels were determined in WT cells exposed to 20 M MitoVES, 1 mM TTFA or 1 M Atpenin A5 for 30 min. n= 3, mean + S.E.M., * values significantly different
from control
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Figure 6 ROS induction by MitoVES correlates with ClI inhibition in isolated mitochondria at low succinate. (a and b) Mitochondria isolated from variant cells respiring on
500 M succinate in an oxygraph chamber were exposed to increasing concentrations of MitoVES, and ROS production was followed in real time in the presence of Amplex Ultra
Red and peroxidase. (a) Shows reduced ROS production for I56F and S68A variants compared with WT, (b) shows the same for R72C and B9 cells. The same WT data are used
in a, b, the panels are separated for clarity only. (c) Under the same conditions, 5 mM malonate inhibits ROS generation by 70 M MitoVES in all cell lines except for B9 cells.
(d) Respiratory data extracted from the experiments shown in a reveal that the respiration of WT cells is inhibited by MitoVES most efficiently. (e) ROS were measured asin a, b,
but at 10 mM succinate. No increase in ROS generation was detected. (f) At 10 mM succinate there is no effect of 5 mM malonate on ROS at 70 M MitoVES. Data represent
the mean + S.E.M. of 3-5 independent experiments. Significant differences from WT: *I56F, **S68A, *B9, **R72C. Panel c: * denotes a significant decrease after the addition of

malonate

initiation by these agents, and cannot be reconciled with the
role of Cll as a mere amplifier of upstream effects originating at
other sites. The engagement of cell death induction pathways
unrelated to Cll can be also discounted. In the latter scenarios,
all variants retaining Cll activity would behave similarly, which
is clearly not the case. Compared with WT cells, the variant cell
lines show lower response to MitoVES but higher (or similar)
level of cell death upon TTFA treatment. This indicates that the
mutations are not associated with nonspecific defects in cell
death induction in our system, and excludes Cll-unrelated
ROS sources such as GPD2. Accordingly, this study
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establishes, for the first time, a direct connection between
Cll inhibition at the Q, site and initiation of cell death.

In sub-mitochondrial particles, it has been previously
established that Cll can produce ROS upon Qj site inhibition
only when FAD is reduced and the dicarboxylate site is
unoccupied.7'38 In intact cells, this introduces an additional
level of complexity, because the lack of enzymatically active
Cll will result in the accumulation of its substrate succinate due
to the poor membrane permeability of this metabolite.?”
Succinate then might block the dicarboxylate site and restrict
oxygen access to FAD, attenuating ROS production.® Indeed,
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Figure 7 ROS induction by TTFA also correlates with Cll inhibition in isolated mitochondria at low succinate levels. (a and b) Mitochondria isolated from variant cells respiring
on 500 M succinate in an oxygraph chamber were exposed to increasing concentrations of TTFA, and ROS production was followed in real time in the presence of Amplex Ultra
Red and peroxidase. (a) Shows increased ROS production for S68A variant compared with WT, (b) shows the higher ROS for R72C and no ROS for B9 cells. The same WT data
are used ina and b, the panels are separated for clarity only. (¢) Under the same conditions, 5 mM malonate inhibits ROS generation by 825 M TTFA in all cell lines except for B9
cells. (d) Respiratory data extracted from the experiments shown in a reveal that the respiration of S68A cells is inhibited by TTFA most efficiently. Data represent mean + S.E.M.
of 4-5 independent experiments. Significant differences from WT: *I56F, **S68A, *B9, *R72C. ¢: * denotes a significant decrease after the addition of malonate

the R72C mutation associated with low residual enzymatic
activity of CllI did not reduce the TTFA-dependent induction of
ROS in isolated mitochondria where succinate is low
(Figure 7b, Supplementary Figure S5B), but suppressed
TTFA-induced ROS and cell death in intact cells where
succinate is high (Figure 3b, Figures 5d and e). Similarly,
Atpenin A5, a high-affinity Q,, site inhibitor,>*° did not induce
ROS and cell death in intact cells (Figures 5j and k) in this and
an unrelated®® study, even though it had been previously
shown to efficiently generate ROS from CIl in sub-mito-
chondrial particles, where succinate cannot accumulate.”
We propose that in intact cells the blockade of the dicarbox-
ylate site of Atpenin-inhibited CII, possibly by oxaloacetate as
reported® or by the rapidly accumulated succinate (Figure 5I),
is the likely reason for this discrepancy. This is consistent with
the known behavior of Cll and suggests that Cll is the bona
fide source of ROS in intact cells upon Qp site inhibition.
Furthermore, co-treatment with dicarboxylate site inhibitor
malonate suppressed ROS generation and cell death upon
MitoVES and TTFA administration in responsive cell lines, and
MitoVES/TTFA-induced cell death was catalase sensitive
(Figures 4c—e, Figures 5f-h). We therefore propose that cell
death will be induced only when the Qg site is inhibited
in a manner that allows ROS to be generated (Figure 8).
Accordingly, Q, site inhibition that is too efficient or rapid, such

as with Atpenin, will suppress all Cll activity and reduce FAD,
but at the same time block the dicarboxylate site by succinate
(or other dicarboxylate), quenching ROS formation. Slower,
less efficient inhibition, such as with MitoVES or TTFA,
will leave some CII molecules unoccupied, slowing down
succinate accumulation such that the Q, site-blocked ClI
molecules can produce ROS and induce cell death. Reduction
of Q, site inhibition by mutations that do not reduce ClI activity
will then leave insufficient number of Qg site-blocked ClI
molecules to generate ROS, whereas mutations that compro-
mise CII activity will upregulate succinate, limiting the ROS
production from FAD.

In conclusion, the data presented in this study provide
support for the direct role of Cll in cell death initiation by
demonstrating a clear correlation between the efficacy of
inhibition at the Q, site of Cll and the magnitude of cell death in
respiration-proficient ClI variants for Qj, site inhibitors that do
not excessively upregulate succinate. Despite being focused
on CIl, our results may also be relevant for other ETC
complexes, as many ETC inhibitors reported to promote cell
death also modulate cell death pathways independent of the
ETC. For example, the CI inhibitor rotenone destabilizes
microtubules,*®*! and the ClI inhibitor a-TOS as well as the
complex Il inhibitor antimycin act as BH3 mimetics.***3 To our
knowledge, it has never been unequivocally shown for any of
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Figure 8 A proposed model of cell death initiation at Cll explaining the regulation of ROS production from reduced FAD group in intact cells. (a) High-affinity Q, site inhibitors, such as
Atpenin A5, will immediately block most of the available Q, sites in a cell and rapidly upregulate intracellular succinate. Cll will be inhibited and FAD reduced, but no ROS will
be produced, because succinate in the dicarboxylate site will block oxygen access. (b) Medium affinity inhibition such as with MitoVES or TTFA will not immediately block all
the available Q, sites, and some free ClI will be left to keep succinate levels from rising rapidly. Because of the free dicarboxylate site, the reduced FAD in Qg-inhibited ClI
molecules will be able to produce cell death-inducing ROS. (¢) Mutations in the Q, site that do not affect ClI activity will lower the ability of an inhibitor such as MitoVES to
displace ubiquinone, and despite low intracellular succinate FAD will not be reduced and therefore unable to produce ROS. (d) Qj, site mutations that affect Cll activity will
upregulate succinate, blocking dicarboxylate site and preventing ROS generation from FAD. Additional Q, site inhibition will not generate ROS under these conditions

these compounds that ETC inhibition is instrumental in cell
death induction by correlating ETC inhibitory efficacy of a
single compound at any of the ETC complexes with the extent
of cell death. Hence, this report defines the Q, site of Cll as a
suitable target for cytotoxic agents and demonstrates that ETC
targeting may present a potential clinically relevant approach
to cancer treatment.**

Materials and Methods

Chemicals and reagents. All chemicals and reagents were from Sigma
(St. Louis, MO, USA), unless otherwise stated. MitoVES was synthesized in-house
as described earlier.® Atpenin A5 was from Enzo Life Sciences (Farmingdale, NY,
USA).

Cell culture. Parental cells and variant cell lines were cultured in high-glucose
(4.5 g/l) DMEM medium (Lonza, Basel, Switzerland) supplemented with 10% FCS,
non-essential amino acids (both Life Technologies, Carlsbad, CA, USA) and
antibiotics at 37 °C and 5% CO,. Eahy926 cells were cultured as described in
Rohlena et al.'®

Q, site mutagenesis and the generation of variant cell lines.
Generation of the S68A variant was described earlier.® For other variants, site-
directed mutagenesis of human wt SDHC cDNA was performed in the pEF-IRES-
PURO expression vector using the QuickChange Lightening mutagenesis kit
(Stratagene, La Jolla, CA, USA) and the following mutagenesis primers: 156F, 5'-gtc
ctetgtctceecactttactatctacagttgg-3’ (forward), 5’-ccaactgtagatagtaaagtggggagac
agaggac-3’ (reverse), R72C, 5'-gatgtccatctgccactgtggeactggtatige-3' (forward),
5'-gcaataccagtgccacagtggcagatggacate-3’ (reverse). The sequences were confirmed
by DNA sequencing and used to transfect the SDHC-deficient B fibroblasts using the
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Attractene reagent (Qiagen, Hilden, Germany), followed by incubation with 2—4 ng/ml
puromycin for 2 weeks. Clones were analyzed for the expression of human SDHC by
RT-PCR and those selected were stably transfected with pEGFP-C3-H-Ras as
described with the exception of using Attractene for transfections® after which
transfectants with similar level of GFP-H-Ras expression were selected. Total RNA was
collected, and the presence of the variant transcript was verified by cDNA sequencing.

Quantitative Real time-PCR. Was performed essentially as described.'®
Primers for human SDHC detection were 5'-cacttccgtccagaccggaac-3’ (forward)
and 5’'-atgctgggagcctectttctica-3’ (reverse).

Western blotting. Cells were lysed in RIPA buffer (150 mM NaCl, 1.0%
Nonidet NP-40, 1% sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0)
supplemented with protease and phosphatase inhbibitors for 30 min with shaking on
ice. Protein content was determined by the BCA assay (Pierce, Rockford, IL, USA).
Samples were boiled for 5 min in reducing loading buffer before separation on SDS-
PAGE gels. Wet blotting was used to transfer the separated samples to
nitrocellulose membranes (Whatman-GE, Little Chalfont, UK). Immunoblotting
was done in TBS/tween supplemented with 5% non-fat dried milk overnight at 4 °C.
Following antibodies were used: anti-H-Ras (Santa Cruz, Dallas, TX, USA, sc-520),
anti-actin HRP labeled (Cell Signaling, Danvers, MA, USA, 5125), unlabeled actin
(Millipore, Darmstadt, Germany, MAB1501, used for Figure 2b), anti-cleaved
caspase 3 (Cell Signaling, 9664), anti-catalase (Abcam, Cambridge, UK, Ab1877),
Anti-Vdac1/porin (Abcam, ab15895), anti-SDHA (Abcam, ab14715), anti-ATPase
alpha subunit (Abcam, ab14748). Rabbit polyclonal antibody to GPD2 was custom
prepared.*® HRP-conjugated secondary antibodies were used in TBS/tween with
5% non-fat dried milk for 1 h at room temperature. WB signals were quantified using
the Aida 3.21 Image Analyzer software (Raytest, Straubenhardt, Germany).

Mitochondria isolation. Mitochondrial isolation was performed according to
a recently described method, with some adaptations.*® Cells were released by



trypsin, washed in PBS, and 40-50x10° cells were transferred to 5ml of
mitochondria isolation buffer (200 mM sucrose, 1 mM EGTA, 10 mM Tris/Mops pH
7.4). The cell suspension was homogenized by three passes through a cell
homogenizer (Isobiotec, Heidelberg, Germany) set to 10 um clearance using 5ml
syringe (SGE, SMDF-LL-GT) at 0.5 ml/min flow at 4°C. The homogenate was
centrifuged (at 4 °C) at 800x g for 8 min, the supernatant was collected and pre-
cleared at 3000 x g for 5 min. The final collection of mitochondrial pellet was done at
10000x g for 15min. Protein content was determined by the BCA assay. The
mitochondria were undamaged, viable and well coupled, as determined by
respirometry (see below) from their reaction to the addition of ADP (about 5x
increase in respiration), FCCP (substantial increase of respiration) and cytochrome
¢ (no or very little increase in respiration).

Blue native electrophoresis. Isolated mitochondria were solubilized in the
extraction buffer (1.5 M aminocaproic acid, 50 mM Bis-Tris, 0.5M EDTA and pH 7)
containing 1.3% lauryl maltoside or 8 g digitonin / g protein. Samples comprising
20-30 ug of protein were then mixed with the sample buffer (0.75 M aminocaproic
acid, 50 mM Bis-Tris, 0.5M EDTA, pH 7, 5% Serva-Blue G-250 and 12% glycerol)
and loaded on the precast NativePAGE Novex 4-16% Bis-Tris gels (Life
Technologies) and run overnight at a constant voltage of 25 V. Separated protein
complexes were then transferred to the PVDF membrane (Millipore), using the
Trans-Blot Turbo transfer system (Biorad, Hercules, CA, USA). Cll was detected
with the anti-SDHA (2E3) antibody (Abcam, AB14715-200).

In-gel SDH activity. Lauryl maltoside (20-30ug) or digitonine solubilized
mitochondria (see above) were mixed with sample buffer containing 50% glycerol
with 0.1% Ponceau dye and run on the precast NativePAGE Novex 4-16% Bis-Tris
gel at constant voltage of 100V, which was raised to 500V after the samples
entered the separation gel. Deoxycholate (0.05% ) and lauryl maltoside (0.01%)
were added to the cathode buffer for higher resolution as described.*” Gels with
separated protein complexes were incubated for 30 min in assay buffer containing
20 mM sodium succinate, 0.2 mM phenazine methosulfate and 0.25% nitrotetra-
zolium blue in 5mM Tris/HCI, pH 7.4. The reaction was stopped using solution of
50% methanol and 10% acetic acid and gels were immediately photographed.

SQR activity measurement. Mitochondria (25 4g) were incubated in 200 gl
of 25 mM phosphate potassium buffer (pH 7.4) containing 0.1% Triton X-100, 20 mM
succinate, 2uM antimycine, 5uM rotenone, 10mM sodium azide, 50 uM
decylubiquinone for 3-5min in a 96-well plate. After 30s recording of the
measurement at 600 nm, 10 ul of 2,6-dichlorphenol indophenol (0.015% w/v) was
added and the reaction was recorded for another 2-3 min. Identical measurements
were performed in the presence of 20 mM malonate and the net SQR activity was
obtained by subtracting malonate-insensitive rates.

Mitochondrial membrane potential measurements. Cells were
seeded in 12-well plates a day before the experiment. On the day of experiment,
one well was used to determine the total cellular protein by BCA. The rest of the
cells were collected by trypsin, washed with PBS, and resuspended in Mir05
medium (see below) at 0.5mg/ml concentration with 10 mM succinate, 2mM
malate, 10 mM glutamate, 3 mM ADP and 20 nM tetramethylrhodamine methyl ester
(TMRM). Next, 60 pl of this cell suspension was permeabilized with 0.1 4g digitonin
per ug protein for 5min at room temperature, and immediately measured on
LSR-II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) for the
TMRM fluorescence signal. Finally, 0.2 u/ of 1mM carbonyl cyanide
3-chlorophenylhydrazone (CCCP) was added and the TMRM signal after
uncoupling was assessed. The relative mitochondrial membrane potential was
determined as the ratio of TMRM signal before and after the addition of CCCP (f/fo).

Confocal microscopy. Live confocal images were obtained basically as
described*® with minor modifications. The cells in complete medium in microscopy
glass-bottom dishes were incubated with 250 ng/ml Hoechst 33342 nuclear stain
and 10 nM TMRM for 15 min and imaged with x63 oil immersion lens at the heated
stage of an SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
2-um-thick stacks were obtained, deconvoluted with the Huygens Professional
software (SVI, Hilversum, The Netherlands) and presented as maximal intensity
projections.

Determination of intracellular succinate. Cells were cultured for 24 h,
washed with PBS, scrapped and extracted in 96% ethanol in a cold methanol bath.
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Extracts corresponding to equal number of cells were used in further analysis (10°
cells per 1.6 ml). After the addition of the internal standard the extracts were dried
under argon stream. Afterwards, 50 u/ of benzyl alcohol and 30 ul of TMS-chloride
were added to the dried samples, and the closed Eppendorf tubes were placed in
the ultrasonic bath (room temperature, 45 min) and in an oven (80 °C, 45 min).
A final volume of 500 ul was adjusted by adding acetonitrile. Quantification of the
derivatized acids was performed with an LC-ESI/MS system (Bruker Esquire 3000,
Billerica, MA, USA), in positive ionization mode. The mass spectrometer was
connected to a liquid chromatography system of the 1100/1200 series from Agilent
Technologies (Santa Clara, CA, USA). Reversed-phase separation of the derivatives
was performed on a Supelcosil 150 x4.6 mm column with a silica-based C-18
stationary phase (5-um particle diameter). The mobile Phase A was acetonitrile and
Phase B was H,O, 0.1% formic acid. Agilent ChemStation for LC 3D systems
B01.03 was used to control the instruments and for data processing. The gradient
program was 0 min 50% B, from 0 to 8 min to 5% B and at 20 min back to the initial
conditions of 50% B. The injection volume was 10 ul. The LC separation and the
ESI settings of the Esquire instrument were optimized utilizing a dibenzyl oxalate as
an internal standard. Intracellular succinate concentration was calculated using an
average cell diameter of 14 um.

Measurement of Cll respiration in permeabilized cells. Cells were
collected by trypsinization, washed in PBS, resuspended in Mir05 medium (0.5 mM
EGTA, 3mM MgCl,, 60 mM K-lactobionate, 20 mM taurine, 10mM KH,PO,,
110 mM sucrose, 1g/l essentially fatty acid-free BSA, 20 mM Hepes, pH 7.1 at
30°C) and transferred to the chamber of the Oroboros Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria) for respiration measurements at 37°C. The
chamber was closed when the oxygen signal became stable, and after recording the
routine respiration on intracellular substrates the plasma membrane was
permeabilized by 10ug digitonin per million cells. The CII respiration was
determined in the presence of 0.5 M rotenone, 10 mM succinate, 3 mM ADP and
10 uM cytochrome c. The maximal respiration in the uncoupled state was then
achieved by FCCP titration in 0.5 M steps. Antimycin A (2.5 uM ) was added at the
end to inhibit ETC and the residual oxygen consumption after antimycin addition
was subtracted from all the results to obtain the mitochondria-specific rates.

Inhibition of CIl respiration. Cells were permeabilized as above and the
effect of Cll inhibitors was assessed in the presence of 10 mM succinate, 3 mM
ADP, 0.5 uM rotenone, 10 uM cytochrome ¢ and FCCP. The inhibitors (MitoVES,
TTFA, Atpenin A5 or malonate) were titrated to the chamber in regular intervals
(5min) and the rate of oxygen consumption was assessed after each addition.*®
Solvent only was titrated into control chambers in parallel to check for nonspecific
effects and cell deterioration, but the respiration rates remained virtually unaffected
(<10% decrease at the end of the experiment). Respiration rates after 2.5 uM
antimycin A addition were subtracted to obtain the mitochondria-specific rates.

Simultaneous measurements of ROS production and oxygen
consumption in isolated mitochondria. The chambers of the Oroboros
Oxygraph instrument equipped with the O2k-Fluorescence LED2-Module (Oroboros
Instruments) were calibrated at 37°C with the Budapest-modified respiration
medium ( 120 mM KCl, 20 mM HEPES, 10 mM KH,PO,, 2.86 mM MgCl,, 0.2 mM
EGTA, 0.025% BSA, pH 7). After closing the chambers, Amplex Ultra Red
(Life Technologies) and peroxidase were injected (at final concentrations 5 M and
1 U/ml, respectively), followed by the addition of 200 ug of isolated mitochondria,
0.5 uM rotenone (where indicated), 0.5 or 10 mM succinate and 3mM ADP. The
tested inhibitors were titrated as above, and the amount of hydrogen peroxide
generated was determined based on the conversion of Amplex Ultra Red to the
highly fluorescent product resorufin® using excitation LED 525 nm equipped with
the Amplex red filter set. Oxygen consumption was recorded simultaneously in the
same chamber. Malonate (5 mM) was added at the end of the titration experiment to
confirm that the signal is succinate dependent. After this, hydrogen peroxide of
known concentration was titrated to the chamber in several steps to calibrate the
fluorescence signal. Finally, 2.5uM antimycin A was added to subtract the
nonspecific respiration rates.

ROS measurement in intact cells. The cells were seeded in 12-well
culture plates and grown for 24 h. To start the experiment, tested compounds were
added to the culture medium and after 15 min, dihydroethidium was added to the
final concentration of 20 uM. After another 15 min, the cells were harvested by
trypsin and oxidized ethidium fluorescence was measured on a LSR-Il flow
cytometer (Becton Dickinson) and expressed as a mean fluorescence intensity.
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Cell death measurements. Cells were seeded in 12-well culture plates and
grown for 24 h. After that, the tested compounds were added as indicated. The
medium was collected after the required incubation time, the adherent cells were
washed by PBS and harvested by trypsin. All these fractions were combined,
washed by PBS and incubated with PE- or Dy647-labeled annexin V (Becton
Dickinson and Apronex, Vestec, Czech Republic) in the supplied binding buffer for at
least 10 min. Hoechst 33258 was added to mark the cells with ruptured cell
membrane. Annexin V-positive fraction was measured by flow cytometry. The results
were expressed as the percentage of annexin V-positive cells. For the catalase
experiments, cells were transfected two days before the experiment with a control or
catalase-containing vector (a kind gift of Dr. S Lortz)®' using the Fugene transfection
reagent (Promega, Fitchburg, WI, USA) according to manufacturer’s instruction.

Computer modeling. The structure of WT human mitochondrial complex Il was
obtained as a homology model based on the highly homologous template of the
porcine CII® (pdb id 1zoy, sequence identity 95, 96, 92, and 88% for SDHA to SDHD)
using the Modeller suite of programs.® The single point SDHC mutations (I56F, S68A,
R72C) were then introduced using the FoldX program,®® which was also used to
optimize the side chain rotamers within the WT as well as mutated structures. All the
structures were further subjected to a short (10ns, implicit solvation) molecular
dynamics (MDs) run in order to relax the potentially non-equilibrium structures. The
MD was prepared and performed using the GPU version of the GROMACS suite
of programs®* as implemented in the OpenMM Zephyr package.®® Average
structures from second half of the simulations were further used for the docking
study. The docking study of the MitoVES, TTFA and ubiquinone ligands/inhibitors
to a series of mutated mitochondrial complex Il structures was performed using
the autodock suite of programs.®® The ligands were docked into the homology
model of human ClI and its single point mutants using Python Molecular Viewer
version 1.5.6rc3.%” Each ligand was allowed to sample docking poses in a box
(70x70x 70 grid points with 0.375A spacing) centered at the level of the
ubiquinone binding site (based on the crystal structure). The side chains of
residues surrounding the binding site were considered flexible. A series of four
separate “local search” runs of 50 cycles each was performed and the results
were combined to find the most stable poses.

Statistical analysis. Statistical analysis was performed using GraphPad Prism
6 software (GraphPad Software, La Jolla, CA, USA). Statistical significance was
determined by oneway ANOVA followed by Dunnett's post test. For pair-wise
comparisons (Figures 3a and 4c—e, Figures 5f-h, Figures 6¢ and 7c,Supplementary
Figures S4C and S5C), we used unpaired t+test. P < 0.05 was considered statistically
significant. The value of n indicates the number of independent experiments.
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5.Analyza vybranych léCiv a jejich metaboliti v télnich tekutinach

5.1.Vyznam stanoveni koncentrace 1é¢iva pro klinickou praxi

V klinické praxi se lékafi setkavaji s pacienty, u kterych 1é¢ba nevede k poZzadovanému
terapeutickému ucinku. Jednou z pficin tohoto jevu jsou velké interindividualni rozdily ve
vstiebavani, metabolizmu a ve vyluCovani 1éku. Studiem genetickych pii¢in rtznorodosti
genetické odpovédi se zabyva farmakogenetika [1, 2].

Castou pfi¢inou variability farmakokinetickych vlastnosti 1é&iv jsou mutace pfitomné na
typickych mistech genti jaternich enzymi. Tyto mutace se nazyvaji polymorfismy.

Existuji dva zplsoby, jak urcit aktivitu enzymii podilejicich se na biotransformaci 1é¢iv —
uréeni fenotypu a genotypu. Pfi stanovovani fenotypu je podana jedna davka modelového
lé¢iva, které je metabolizovano enzymem, jehoz aktivitu stanovujeme. Jako parametr
aktivity enzymu potom pouzivame metabolicky pomér (koncentrace metabolitu/koncentrace
mateiské latky). Jeho hodnota udava rychlost pfemény matetské latky na metabolit a 1ze
podle ni odliSit pomalé a rychlé metabolizatory. [1].

V piipadé, Ze je podavano profarmakum, snizend aktivita enzymu zptisobi, Ze matei'ské latka
neni dostateCné¢ transformovdna na aktivni metabolit, neni dosazeno terapeutické
koncentrace a ocCekavany ucinek se nedostavi. Kdyby tedy bylo u pacienta pfed vlastnim
zahajenim terapie znamo, do jaké skupiny metabolizatort patii, bylo by mozné na zakladé
individudlnich potifeb upravit davkovéni, pfipadné zvolit alternativni lé¢ebny postup v
situaci, kdy by méla byt 1é¢ba neucinna, nebo toxicka. Jednou z moZnosti je stanoveni

genotypu. Vliv genotypu vSak neni u mnoha farmak zatim dostate¢né prostudovan [3].

5.2.Vyvoj rychlé metody LC-MS/MS pro kvantifikaci rilmenidinu v lidském séru:
objasnéni fragmentacnich cest pomoci HRMS (publikace VII)

5.2.1. Teoreticky uvod

Rilmenidin je latka vyuzivana k 1écbé vysokého krevniho tlaku a pusobi zejména na
imidazolové receptory. Je vhodny zejména pro IéCbu pacienti s mirnou az stiedné tézkou
hypertenzi [4,5]. Rilmenidin je slaba baze s pKa 9.0 nejcastéji se pouziva ve formé fosfatu,
kdy je velmi dobfe rozpustny ve vodé. Po podani 1 mg rilmenidinu dosdhne koncentrace v

séru zdravého dobrovolnika maximalni hodnoty mezi 3,25 az 3,97 ng/ml asi po 1,33 az
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1,94 h[6-8]. Pro preklinickeé a klinické farmakologické studie bylo nutné vyvinout selektivni,
vysoce citlivou a robustni analytickou metodu. Doposud existuje je nékolik metod stanoveni
rilmenidin v biologickych matricich vyuzivajici ptevazné GC-MS a LC-MS [9-13]. Cilem
této prace bylo vyvinout a validovat citlivou a Siroce pouzitelnou metodu stanoveni
rilmenidinu ve vzorcich lidského séra. Soucasti prace bylo srovnani selektivity, extrakéni
ucinnosti, citlivosti a presnosti dvou separacnich technik zalozenych na principu extrakce
kapalinou LLE (liquid-liquid extraction) a extrakci na pevné fazi SPE (solid-phase
extraction). Navrzeny fragmentacni mechanismus rilmenidinu pfi méteni MS/MS spekter
byl potvrzen za pomoci pfistroje s vysokou rozliSovaci schopnosti (HRMS). Schéma
hmotnostniho spektrometru s trojitym kvadrupdélem (QqQ) pracujiciho v rezimu SRM je na
obrazku 5.1 [14].

Q1 Q2 (CID) Q3 detektor

\ .
O ‘ ) ‘\‘

°_ =0T => o =>

s

-_—

O

¥

Obr.5.1 Schéma hmotnostniho spektrometru typu trojity kvadrupdl pracujiciho v rezimu monitorovani

vybranych reakci

5.2.2. Vysledky a diskuse — dopliikovy komentar k publikaci

Uplné separace rilmenidinu a interniho standardu trimipraminu-ds(IS) bylo dosaZeno
isokratickou eluci na kolon¢ C18 smési acetonitrilu a 5 mM mraven¢anu amonného. Jak se
ukézalo, zvySovani obsahu acetonitrilu v mobilni fazi vedlo ke snizovani separa¢ni u¢innosti
kolony, zatim co zvySovani pomérného zastoupeni pufru vyrazné prodluzovalo retenéni Cas.
Jako optimalni byl zvolen pomér 50:50 (v/v), se kterym bylo dosaZzeno nejlepsi separace
pikli a zarovenn dobré odezvy MS detektoru. Déle bylo zjiSténo, ze optimalni pratokova
rychlost mobilni faze je 1,15 ml/min a Ze zména teploty v intervalu 20-50°C separani
proces vyraznéjsim zpuisobem neovliviiuje. Podminky pro MS detektor, ktery pracoval v
rezimu monitorovani vybranych reakci (“selected reaction monitoring”, SRM), byly
optimalizovany s ohledem na nejintenzivnéjs$i odezvu produktovych iontl. Pro rilmenidin
byly sledovany dva iontové ptechody m/z 181,1 — 95,1 a 67,1 a pro interni standard byl
vybran ptechod m/z 298,2 — 103,1, tento piechod analogicky odpovida vzniku iontu

m/z 101,1 pro izotopicky neznaceny trimipramin.
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Fragmentace protonovaného rilmenidinu byla studovana s pomoci HRMS. Bylo zjisténo, Ze
nejintenzivnéj$i fragment m/z 95,1 odpovida iontu C;Hy1", ktery vznika eliminaci neutralni
molekuly heterocyklického aminu C3HgN,O. Dalsi ion m/z 93,1 odpovida slozeni C;Hy" a
vznikd ztrdtou C3HgN2O. Druhy nejintenzivngjsi signal m/z 67,1 ptislusi iontu CsH,"
vznikajiciho pravdépodobné z iontu C;Hy;" eliminaci etylenu. Ztrata C3Hs ze stejného iontu
poskytuje C4H;+m/z 55,1. Méné intenzivni ion obsahujici heterocyklickou ¢ast m/z 99,1
odpovida slozeni CsH;N,O". Navrzené fragmentaéni schéma rilmenidinu je zachyceno na
obréazku 5.2.
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Obr.5.2 Navrzené fragmentaéni cesty rilmenidinu

5.3. Stanoveni enantiomeri tramadolu a O-desmethyltramadolu v lidské moci
pomoci GC-MS (publikace VIII)

5.3.1. Teoreticky uvod

Tramadol (1RS, 2 RS)-2-[(Dimethylamino)methyl]-1-(3-methoxyphenyl)cyclohexanol
hydrochlorid je syntetické centralné pusobici analgetikum patiici mezi slabé opinoidy. V
Iékovych forméch se vyskytuje jako racemicka smés dvou enantiomert liSicich se afinitou k
riznym receptorim CNS. [15]. Struktura tramadolu a jeho hlavniho metabolitu je na
obrazku 5.3. Metabolismu tramadolu je neobyéejné komplikovany a poskytuje nejméné 11
nekonjugovanych a 12 konjugovanych metaboliti. Za nejaktivnéjsi metabolit zodpovédny za

analgeticky uc¢inek je povazovan O-desmethyltramadol (ODT) [16].
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Obr.5.3 Sruktura tramadolu a O-desmetyl tramadolu

Tramadol byl diky svému metabolismu, ktery je zavisly na aktivit¢ CYP2D6, navrzen pro
snadnou a bezpecnou fenotypizaci aktivity jaternich enzymu ve farmakogenetickych studiich
[17]. Pravé v téchto ptipadech je nezbytné stereoselektivni stanoveni uvazovanych analyt v
lidské moci. Mnoho nestereospecifickych analytickych metod stanoveni vyuZivajicich GC-
MS bylo vypracovano jiz diive [18-25], ale jak jiz bylo dfive zminéno, vzhledem k
odlisnému farmakodynamickému chovani jednotlivych enantiomerii je vyzadovana chiralni
analyza. Pro stereoselektivni stanoveni tramadolu a DOT byly dosud popsany metody CZE
[26-28] a HPLC [29-34]. Alternativni metoda vyuZivajici plynovou chromatografii s

hmotnostni detekci doposud nebyla popsana.

5.3.2. Vysledky a diskuse — doplitkkovy komentar k publikaci

Byla vypracovdna metoda stereoselektivniho stanoveni tramadolu a jeho hlavniho
metabolitu pomoci GC-MS bez nutnosti derivatizace. Metoda zahrnuje jednoduchou a
rychlou SPE extrakcei analytu z biologické matrice, kterou bylo moZzno pfipravit vzorky pro
ptimé davkovani do GC. Enantiomery byly za optimalizovanych chromatografickych
podminek dobie rozdéleny a byla naméfena vSechna potiebna data pro validaci metody.
Uspésna chromatografickd separace je zachycena na obrazku 5.4 (a). Na obrazku 5.4 (b) je
zaznam analyzy realného vzorku moci dobrovolnika 2 hodiny po podani standardni davky

tramadolu 0,7mg/kg.
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Obr.5.4 SIM chromatogram mo¢i po SPE s pfidavkem 3 pg/mL enantiomert T (a), ODT (b) a mo¢i zdravého
dobrovolnika 2 h po podani standardni oralni davky tramadolu 0,7 mg/kg.

Bylo ovéteno, ze metoda je pouzitelnd pro CYP2D6 fenotypické testovani a pln€ validovana

metoda mtize byt doporucena pro farmakokinetické studie.
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5.4. Stanoveni nabumetonu a kyseliny 6-methoxy-2-naftyloctové
v plasmé pomoci HPLC s UV a MS detekci (publikace 1X)

5.4.1. Teoreticky uvod

Nabumeton (4-(6-methoxy-2-naftyl)-butan-2-on) je 1é¢ivo, které patii mezi nesteroidni
zanétlivych a degenerativnich revmatoidnich onemocnéni (revmatoidni artritida,
osteoartritida), u revmatismu mékkych tkani a u bolestivych pourazovych a pooperacnich
stavll [36,37]. Nabumeton sdm o sobé€ je prolécivo, které nevykazuje farmakologicky ucinek.
Po oralnim podani je dobfe absorbovan z traviciho traktu a nasledné v jatrech podléha
rozséhlé biotransformaci za vzniku fady metaboliti. Hlavni metabolit, 6-methoxy-2-
naftyloctova kyselina (6-MNA) vznikd oxida¢nim S$tépenim postranniho fetézce a ma
farmakodynamické G¢inky antipyretické, antiflogistické a analgetické, které jsou zplsobeny
tlumenim syntézy prostaglandind a dal$ich mediatorti zanétu [38].

Piestoze jsou klinické ucinky nabumetonu dobie popsany, farmakokinetika nabumetonu
dosud podrobnéji popsana nebyla kvili pfili§ nizkym koncentracim matetské latky v krvi.
Dobie je naopak popsana farmakokinetika 6-MNA diky dostupnosti dostate¢né citlivych
analytickych technik [39-42]. Maxima plasmatické koncentrace 6-MNA je dosaZzeno
prumérné 4-12 h po podani nabumetonu [43]. Cilem prace bylo vyvinout a validovat
analytickou metodu, kterd by umoznila soucasné stanovit nizké koncentrace nabumetonu a

6-MNA po jednorazovém podani terapeutické davky léciva.

5.4.2. Vysledky a diskuse — dopliikovy komentai k publikaci

HPLC separace byla provadéna na reverzni C18 koloné. Jako mobilni faze byly testovany
mobilni faze ze smési acetonitril/voda a acetonitril/0,1% TFA v izokratickém mddu. Byla
pouZzita dudlni UV absorpéni (4 = 230 nm) a MS detekce v médu SIM s pouzitim mékkych
ionizacnich technik APCI a ESI, obecné vhodnych pro polarni analyty snadno podléhajici
protonaci ¢i deprotonaci. Modelovy vzorek obsahoval smés 6-MNA, naproxenu (IS) a
nabumetonu o koncentraci slozek 2.10~ mol.dm™. Davkovany objem vzorku do kolony
¢inil 30 ul. Pro pfedipravu vzorkd byla zvolena technika extrakce na tuhou fazi (SPE).
Vzhledem k povaze studovanych latek byly testovany tii nepolarni sorbenty — silikagel
modifikovany C8, C18 a Ph, které byly dale porovnavany. Ionizace elektrosprejem patii
stejné jako APCI a APPI mezi mékké ionizaéni techniky z hlediska maximalniho vytézku

“142-



extrakce. V pripadé 6-MNA a naproxenu svolnou karboxylovou skupinou snadno
odstépujici proton byly obé latky dobfe ionizovatelné elektrosprejem v negativnim maodu.
Naopak struktura nabumetonu obsahuje karbonyl, ktery je pfistupny protonaci, poskytovala
signdl v pozitivnim modu. Pti pouziti chemické ionizace za atmosférického tlaku vSechny tii
sledované latky poskytovaly signal pouze spektra kladnych iontd.

Celkovy piehled vsech vyznamnych iontl sledovanych latek je uveden v tabulce 5.1

Tab. 5.1 Pfehled vyznamnych iontit 6-MNA, naproxenu a nabumetonu

ESI+ ESI- APCI+

slou¢enina iont m/z iont m/z iont m/z
2M-2H+Na 453 M+H 217
6-MNA M-60 156 M-45 171
M-29 187
6-MNA M+H 217
(TFA) M-45 171
naproxen 2M-2H+Na 481 M+H 231
M-61 169 M-45 185
naproxen M+H 231
(TFA) M-45 185
M+Na 251 M+H 229
nabumeton \-57 171 M-57 171
M-17 211
M+Na 251 M+H 229

nabumeton
(TFA) M-57 171 M-57 171
M-17 211

Vysvétlivky: 2M-2H+Na ... ion tvofeny dvéma molekulami analytu se ztratou dvou atomt vodiku a pfipojenim
jednoho atomu sodiku; M+H ... ion odpovidajici protonované molekule analytu; M-H ... ion odpovidajici
deprotonované molekule analytu; M-60 ... fragmentovy ion odpovidajici molekule se ztratou 60 u, obdobné
ostatni fragmentové ionty.

Zavérem je mozno konstatovat, Zze se podafilo nalézt optimalni podminky pro stanoveni
nabumetonu a jeho metabolitu (6-MNA) v krevni plasm¢ metodou SPE-HPLC/UV/MS.
Vypracovana metoda je spolehliva, presna a byla tispé$né validovéana. Nasledné byly timto

postupem zpracovany a analyzovany realné vzorky z klinické studie.
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Rilmenidine is an alpha 2 adrenoreceptor agonist used in the treatment of mild and moderate hypertension. In this study, a
fast and accurate liquid chromatographic method with tandem mass spectrometric detection has been validated in order to
assure quantification of rilmenidine in human serum. The fragmentation pathway of protonated rilmenidine was studied using
high-resolution mass spectrometry (HRMS). This study compared selectivity, linearity, accuracy, precision, extraction efficiency,
matrix effect and sensitivity using common liquid - liquid extraction (LLE) and solid-phase extraction (SPE) procedures. The limit
of quantitation for both extraction techniques was 0.1 ng/ml. Several differences between the LLE and SPE have been observed
in terms of linearity, accuracy, precision and matrix effect. Additionally, the advantages of SPE included less manual work load
and increased recovery of rilmenidine in human serum to approximately 80% (LLE, 57%). The developed method involving SPE
was found to be accurate (relative error (RE) <5%), reproducible (relative standard deviation, RSD <7%), robust and suitable
for quantitative analysis of rilmenidine in serum samples obtained from patients under antihypertensive treatment. Copyright

(© 2010 John Wiley & Sons, Ltd.

Keywords: rilmenidine; LC-MS/MS; serum; quantification; HRMS

Introduction

Primary or essential hypertension relates to high blood pres-
sure with no identifiable origin. It represents a major modifiable
risk factor for the development of cardiovascular disease. If
lifestyle and diet modifications are not satisfactory, medical
treatmentwith antihypertensive drugsis required. Rilmenidine [(N-
dicyclopropylmethyl)amino-2-oxazoline] is an alpha 2 adrenore-
ceptoragonist!! effective after oral administration in the treatment
of mild-to-moderate hypertension.?3! The hypotensive action of
rilmenidine is mediated through a reduction in peripheral sympa-
thetic tone, resulting from a central and possibly also a peripheral
action. Rilmenidine also decreases catecholamine release from the
adrenal medulla, which might contribute to the antihypertensive
effect.

Rilmenidine is a weak base with pK, of approximately 9.0.
At physiological pH (7.4), 97% of the substance is ionized.
However, it is a mildly lipid-soluble compound with a true
partition coefficient between octanol and water of about 20.*
Rilmenidine is mainly used as a phosphate salt, which is freely
soluble in water. Absorption of rilmenidine (1 mg) in healthy
volunteers is rapid, with tmax ranging between 1.33 and 1.94 h{6-*!
and maximal plasma concentration (cmax) between 3.25 and
3.97 ng/ml.[67)

To meet the requirements for preclinical, biopharmaceutical
and clinical pharmacology studies, a rapid, selective, sensitive and
robust analytical method is highly desirable. Very few analyti-
cal procedures, applied mainly to pharmacokinetic studies, have
been reported for the determination of rilmenidine, which include

gas chromatography-mass spectrometry (GC-MS)!"%='4 and lig-
uid chromatography-tandem mass spectrometry (LC-MS/MS).1"!
Other methods such as LC coupled with ultraviolet or fluorescence
(LC-UV/FL) detection have not been described to date. GC-MS
analysis was performed using a negative chemical ionization and
two-step extraction and derivatization['>~'4 with the lower limit of
quantification (LLOQ) of 0.1 and 0.2 ng/mL.['3! These methods,
however, do not meet modern bioanalytical needs with respect to
a simple extraction procedure or short analytical run time, as they
require a prior derivatization procedure. Nowadays, LC-MS/MS is
a preferred tool for quantitative bioanalysis because of its speed,
selectivity and sensitivity. The LC—-MS/MS method!® was used for
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quantification of rilmenidine in plasma samples obtained from
volunteers as a background for a bioequivalence study of two
rilmenidine formulations. The aim of this published work was to
demonstrate pharmacokinetics data obtained after ingestion of
rilmenidine, while a detailed description of the analytical method
development was not provided. However, it was reported, that
the LLOQ was 0.212 ng/ml and other validation parameters were
within acceptable criteria.

The objective of this study was to develop and validate a robust,
sensitive and high throughput LC-MS/MS method for routine
determination of rilmenidine in human serum samples. In the
presented work, we have compared two extraction techniques
based on a liquid-liquid extraction (LLE) and a solid-phase
extraction (SPE). In both extraction procedures, all main validation
parameters such a selectivity, extraction efficiency, matrix effect,
linearity, sensitivity and an accuracy were investigated. We used
high-resolution MS (HRMS) for the identification of product ions
of rilmenidine, which are formed from protonated rilmenidine
during MS/MS analysis. The LC-MS/MS assay will be useful in a
rilmenidine serum concentration measurement in clinical trials as
well as for therapeutic drug monitoring.

Experimental
Chemicals and reagents

Standard of pure rilmenidine phosphate (>99.0%) was kindly
supplied by Farmak (Olomouc, Czech Republic). Trimipramine-ds
(99.0%), which was used as internal standard (IS), was obtained
from Alltech (Prague, Czech Republic). Formic acid (p.a.), ammo-
nium formate (p.a.) and acetonitrile (HPLC grade) were purchased
from Sigma Aldrich (Steinheim, Germany) and tert-butyl methyl
ether (TBME) (pure) was obtained form Merck (Darmstad, Ger-
many). Deionized water (DI) was produced in-house using a
Milli-Q system from Millipore (Bedford, MA, USA). Bond Elut Cer-
tify 50 SPE column was purchased from Varian (Palo Alto, CA,
USA).

Sample preparation
Liquid-liquid extraction

Serum samples (1 ml) were diluted with 1T ml of borate buffer
(pH 9.5). After addition of 10 ul of a methanolic solution of the IS
containing 2 pg/ml of trimipramine-ds and an appropriate amount
of rilmenidine methanolic solution, the samples were mixed for
10 s on a rotary shaker and consequently extracted with 4 ml of
TBME. After centrifugation (4000 g for 8 min), the organic phase
was separated, acidified with 100 ul 1% HCl in methanol (v/v) and
evaporated to dryness under a stream of nitrogen at 40°C. The
residue was dissolved in 100 pl of LC mobile phase, and a 5-ul
aliquot was injected into the chromatographic system.

Solid-phase extraction

The Bond Elut Certify column was conditioned with 1 ml of
methanol, followed by 1 ml of DI water. A mixture of 1 ml of
centrifuged serum (4000 gfor8 min), 1 mlof 0.1 mphosphate buffer
(pH 6.0), and 10 pl of IS working solution (2 ug/ml) was applied to
the column. The sample was forced through the bed at a low flow
rate by vacuum.The column was subsequently washed with 1 ml of
water, 0.5 ml of 0.1 Mm HCl, T ml of methanol/water solution (50: 50,
v/v) and dried for 5min under vacuum. Analytes were eluted
by 2ml of mixture containing isopropanol, dichloromethane
and ammonium hydroxide (80:20:2, v/v/v). The extract was
evaporated to dryness under a stream of nitrogen at 40 °C after
addition of 100 ul 1% HCl in methanol (v/v). The residue was
redissolved in 100 pl of mobile phase and 5 pL was injected into
the chromatographic system.

Liquid chromatography-mass spectrometry
Apparatus

Apparatus. The chromatographic separation was performed
on a 1200 rapid resolution LC (RRLC) Agilent (Waldbronn,
Germany), consisting of a degasser, binary pump, autosampler
and thermostatted column compartment. The MS/MS analysis
was performed using a 3200 Q trap triple quadrupole/linear ion
trap mass spectrometer with a TurbolonSpray source (MDS Sciex,
Ontario Canada). For data analysis was used Analyst software
version 1.5.1.

LC conditions

Chromatographic separation was achieved with an Agilent Zorbax
Eclipse XBD-C18 column (1.8 um, 50 x 4.6 mm |.D.), protected by
a C18 security guard cartridge (4 x 2 mm LD.). Isocratic elution
occurred with (A) 5mm ammonium formate with 0.02% formic
acid and (B) 0.02% formic acid in acetonitrile (50:50, v/v) at a
flow rate of 1.15 ml/min. The mobile phase was thermostatted at
30+ 0.5°C.

MS/MS conditions

The mass spectrometer was operated in the positive Turbolon-
Spray mode and selected reaction monitoring (SRM) was used for
data acquisition of rilmenidine and IS. The following transitions
were monitored: m/z 181.1 — 95.1 and 67.1 for rilmenidine and
m/z298.2 — 103.1forlS. The moreabundant production (m/z95.1)
was used for quantification. The MS parameters for the analysis
were as follows: ion source temperature 550 °C; ion-spray voltage
2000 V; nebulizer gas 40 psi; auxiliary gas 40 psi; curtain gas 30 psi
and medium collision gas. Conditions of mass spectrometric de-
tection were optimized by direct infusion of standard solutions
into the MS. The compound-dependent parameter settings are
listed in Table 1.

Table 1. Parameters of MS detection for rilmenidine and trimipramine-ds
Dwell Declustering Entrance Collision Collision Cell exit
time potential potential energy entrance potential lon ratio,
SRM transitions (ms) V) (V) V) potential (V) (V) SRM2/SRM1
Rilmenidine 181.1 — 95.1 75 23 6 19 15 3 0.58
181.1 — 67.1 75 23 6.5 28 15 3 -
Trimipramine-ds 298.2 — 103.1 75 40 5 25 15 2.8 -
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High-resolution mass spectrometry

High-resolution exact mass MS/MS spectra were obtained with
an LTQ Orbitrap XL hybrid mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an electrospray
ion (ESI) source. The spectrometer was operated in the positive
ion mode with a mass resolving power of 100000. The MS/MS
experiments were performed in CID and HCD mode with
normalized collision energy of 30 and 40%, respectively. Nitrogen
was used as sheath/auxiliary gas (35 a.u./5 a.u.) and helium served
as the collision gas. The mobile phase was delivered using a
Rheos Allegro UHPLC pump (Flux Instruments AG, Switzerland)
and consisted of methanol/water (1: 1), at a flow rate of 50 pl/min.
The sample was diluted with the mobile phase and injected using
a 2-ul loop. Spray voltage, capillary voltage, tube lens voltage
and capillary temperature were 4.3kV, 40V, 155V and 275°C,
respectively. The mass spectra were internally calibrated using
sodium adduct of dibutyl pthalate (m/z 301.14103) to provide
high-accuracy mass measurements within 2.0 ppm.

Assay validation for quantification of rilmenidine in human
serum

The following parameters were evaluated for the validation of
the LC-MS/MS method for the determination of rilmenidine
in human serum: selectivity, sensitivity (limits of detection and
quantification), linearity, precision, accuracy, extraction recovery,
matrix effect and stability.

Standard working solutions

Standard solutions (200 pg/ml) of rilmenidine or IS were prepared
in methanol. Working solutions at rilmenidine concentrations of
2, 0.2 and 0.02 pg/ml were prepared by diluting with mixture of
methanol and water (50:50, v/v). The IS working solution was
prepared by diluting with methanol at the final concentration of
2 ug/ml.

Calibration samples and quality control samples

Blood samples obtained from drug-free volunteers were cen-
trifuged (4000 g for 5 min) and the serum was stored at —20°C
prior to analysis. Appropriate amounts of working solutions were
added to 1 ml of drug-free human serum to create calibration
samples at final concentrations of 0.1, 0.5, 1.5, 3, 6 and 12 ng/ml of
rilmenidine (free base). Quality control (QC) samples at concentra-
tions of 0.4 (QC1), 4 (QC2) and 8 (QC3) ng/ml of rilmenidine were
prepared daily.

Selectivity

The method selectivity was assessed by analyzing six different
lots of pooled blank human serum and by comparing them
with spiked serum samples at concentration near to the lowest
point of calibration curve. A zero sample (blank sample with IS)
was analyzed to check for the absence of ions of the IS in the
respective peaks to rilmenidine. Additionally, serum samples from
patients receiving other medications frequently used for therapy
of cardiovascular diseases (amlodipine, betaxolol, bisoprolol,
hydrochlorothiazide, losartan, metoprolol, perindopril, ramipril
and telmisartan) were tested to exclude possible interferences.

Linearity

The peak-area ratio of rilmenidine/IS was measured and plotted
against the theoretical concentration of the spiked standards.
A six-point calibration curve was constructed over the whole
concentrationrange (0.1-12 ng/ml) with a weighting factor of 1/x.
Leastsquare linear regression analysis was performed to determine
slopes, intercepts and correlation coefficients (R?> required to
be >0.99). Replicates (n = 6) at each concentration level were
prepared by both extraction techniques as described above
and the obtained results were compared. The calibration range
was defined considering the normal therapeutic concentrations
obtained from previously published works.>®?] The working range
was extended in comparison to the methods applied in studies
with healthy volunteers since overdosed patients are likely to be
monitored in real clinical settings.

Accuracy and precision

Accuracy, intra- and interday precision for rilmenidine were
evaluated according to the requirements of FDA guidelines on
bioanalytical method validation.['” However, the QC1 level was
greaterthan 3 x LLOQ, which was more suitable for the application
of this method in clinical settings with drug levels expected to be
higher than in samples from single-dose bioavailability studies.
Intraday variation was assessed by six replicate determinations of
three concentrations (QC1, QC2, and QC3) over the tested range.
Intraday accuracies were expressed as the mean of assays relative
to the exact value. The intraday precision of the method was
calculated as the relative standard deviation (RSD) of the assay
made for intraday accuracy. Interday variation was determined by
analyzing replicates of QC samples with the same concentrations
for 3 days. Accuracies were calculated as the mean of the assays
relative to the nominal value. The interday precision of this
method was expresses as the RSD of the assays made for interday
accuracy.

Extraction efficiency and matrix effect

Peak areas obtained from QC serum samples and those found
by direct injection of mobile phase solutions at the same
concentration levels were compared to the calculated extraction
efficiency of analyzed compounds. The matrix effect was calculated
according to the method by Matuszewski et al.l'® as peak areas
of the samples spiked after extraction procedure divided by
the corresponding areas of the standard solutions dissolved in
serum before extraction. Recovery and matrix effect experiments
were performed for five different lots of human serum at three
concentration levels (QC) of rilmenidine and at one concentration
level of IS. Obtained values were converted to a percentage and
subtracted from 100 to represent the amount of signal suppressed
or enhanced by the presence of matrix.

Limits

The LLOQ refers to the lowest concentration of each compound
in human serum, that can be analyzed quantitatively by the
LC-MS/MS method with precision less than or equal to 20% and
accuracy within 80-120% (n = 6). The limit of detection (LOD) is
the lowest concentration with a signal to noise ratio higher than
3:1. Both parameters were empirically evaluated by analyzing
samples with low concentrations of analytes.
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Figure 1. SRM chromatograms obtained after SPE of serum samples
collected in a period of 2 h after an oral dose of rilmenidine in dose
of 1 mg (3.51 ng/ml).

Stability

Stability was evaluated with human serum fortified with ril-
menidine at the three QC concentrations (n = 6). Short-term
temperature stability was tested during the whole working day at
room temperature, at 4 °C for 10 days and at —20 °C for 1 month.
QC samples were kept at these storage conditions and calcu-
lated concentrations of stability specimens were compared to QC
samples prepared freshly on the day of analysis.

Results and Discussion
LC-MS method development

Separation of rilmenidine and IS was performed under acidic
conditions. Chromatographic behavior of both analytes on an
octadecyl reversed phase packing material was suitable. No
extensive tailing was observed during the chromatographic
method development. Different ratios of acetonitrile and solution
A, temperature and flow rate were tested for obtaining good
chromatographic separation. A higher content of acetonitrile
(>90%) resulted in insufficient analytes separation and stability
of retention times. Additionally, a high content of acetonitrile
gave rise to insufficient response of the analytical system, while
a higher content of solution A (>70%) induced a significantly
longer chromatographic run. Finally, using a mobile phase with
50% fraction of acetonitrile provided the best separation and a
good response of MS detector was obtained. The optimal flow rate
of mobile phase was found to be 1.15 ml/min. The tested column
oven temperature changes (20-50 °C) did not substantially affect
the time of analysis or response of the MS detector, while the
best peak sharpness was observed using 30 °C. Stability of the
chromatographic method was evaluated by calculating retention
time variability. RSD for retention times was lower than 0.17% for
both analytes over 20 consecutive injections. Analyte and IS were
eluted within 0.7 min with a total chromatographic run time of
1.5 min (Fig. 1).

The conditions of MS detection were optimized for maximum
product ion formation by direct infusion of the single compound
of interest. Product spectra of protonated molecule [M + H]* of
rilmenidine and IS are displayed in Fig. 2. For rilmenidine two SRMs
were set up, one for quantification and one as a qualifier using

one precursor ion and two product ions per compound as shown
in Table 1. The ratios of signal intensities of SRM1 and SRM2 and
retention time deviations were used for analyte identification in
analyzed unknown samples. The RSD of SRM ratios were lower than
2.82% over the whole working range. The transition m/z 298.2 —
103.1 was used for the SRM analysis of trimipramine-ds. Formation
of the most abundant fragment ion m/z 103.1 was analogical to
the formation of m/z 101.1 in unlabelled trimipramine.l'”/18!

Accurate mass measurement of the productions of rilmenidine

The fragmentation of protonated rilmenidine was studied using
HRMS. The most intense fragment at m/z 95.1 was found to
be C;Hi;1t (95.08549, —0.4 ppm) and formally explained by
elimination of neutral molecule of heterocyclic amine C3HgN;O.
The ion at m/z 93.1 is CsHg™ (93.06985, —0.3 ppm) was
formed by loss of C3HgN,O. The second most intense signal
observed at m/z 67.1 was CsH; " (67.05417, —0.8 ppm) probably
originated from C;H1 " after elimination of ethylene. The loss
of C3Hg from the same ion gives m/z 55.1 (C4H;T; 55.05411,
—2.1 ppm). The less abundant ions contain heterocyclic moiety;
m/z 99.1 corresponding to C4H;N,0* (99.05525, —0.4 ppm), m/z
87.1 representing C3H;N,O" (87.05529, 0.1 ppm). The chemical
structure and fragmentation pathway of rilmenidine are displayed
in Fig. 3.

Sample preparation

The determination of extraction efficiencies and matrix effects
is a major part of bioanalytical LC-MS/MS method validation
procedure. For analysis of medications in biological matrices,
sample clean up is used to reduce possible ion enhancement
or suppression. Serum concentration of rilmenidine is very low,
which can lead to trouble during routine clinical analysis. To avoid
potential problems with sensitivity it was necessary to find a very
effective extraction technique.

Different buffers for alkalization of serum samples and different
solvents were tested during optimization of LLE for rilmenidine.
The most common buffers used for the extraction of basic drugs
are Soérensen’s buffer,'”! TRIS buffer?” and borate buffer!?"
and the most frequent organic solvents used for the LLE of
drugs are TBME,!?? butyl acetate!?®! and dichloromethane.?*! In
the initial experiment, rilmenidine (1 ng/ml) was extracted from
human serum, using nine different combinations of solvents and
buffers. LLE using borate buffer and TBME showed the best results
and, therefore, this method was chosen for further comparison
of LLE and SPE. Chromatograms obtained by analyzing serum
samples extracts from various pHs are displayed in Fig. 4. Similar
to the optimization of LLE, different buffers for pH adjustment
and various compositions of elution solvents were examined
during SPE method development. The best extraction efficiency
was observed using the phosphate buffer (pH 6.0), which was
also recommended by the column manufacturer. In solvent
testing, comparable results were obtained using a mixture of
isopropanol, dichloromethane, ammonium hydroxide (80:20:2,
v/v/v) and ethyl acetate, ammonium hydroxide (98:2, v/v) for
elution of rilmenidine and IS. However, reproducible recoveries
were obtained using isopropanolic solution only.

Assay validation
Selectivity

The selectivity of the method was tested by comparing the
chromatograms of six different lots of blank human serum. All
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Figure 2. Product ion spectra of [M + H]* of (a) rilmenidine and (b) trimipramine-ds, the internal standard.
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Figure 3. Chemical structure and fragmentation pathways proposed for
rilmenidine.

blank serum samples, prepared by both extraction techniques,
were found to be free of interferences with respect to both
SRM transitions. Analysis of zero samples (blank plus IS) gave
no indication of possible interferences from IS. Additionally, no
interfering peaks to rilmenidine and IS were found with potentially
interfering compounds.

Linearity

Replicates (n = 6) of matrix calibrator at six different concentra-
tions from 0.1 to 12 ng/ml were extracted using both described
method and consequently analyzed. The back-calculated concen-
trations of all calibrators were compared with their respective
nominal values. If the LLE was used for extraction, it was necessary
to exclude some calibrators, whose back-calculated concentra-
tions deviated more than +£15% (+20 LLOQ). Back calculations
of the calibrators extracted using SPE were more accurate and
the deviation did not exceed 9.8%. The parameters of the calibra-
tion curve equations obtained after analysis and computations of
calibrators extracted through both methods are listed in Table 2.

Table 2. Comparison of slopes, intercepts and correlations coeffi-
cients of calibrations curves obtained after LC-MS/MS analysis of
calibrators prepared by two different extraction methods

a b R? a b R?
n==6 SPE LLE
Mean 1.267 —0.0038 0.9992 0.848 0.0065 0.9972
SD 0.026 0.0011 0.0002 0.077 0.0063 0.002
RSD (%) 2.07 - - 9.08 - -

a, slope; b, intercept; R?, correlation coefficient; SD, standard deviation;
RSD, relative standard deviation.
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Figure 4. SRM chromatograms of rilmenidine extracted from spiked
human serum (1 ng/ml) using liquid-liquid extraction with tert-butyl
methyl ether. Alkalinization was performed by adding 1 ml of Sérensen'’s
buffer (pH 7.2; A), 1 ml of TRIS buffer (pH 8.1; B) and 1 ml of borate buffer
(pH9.5; C).

Accuracy and precision

QC samples at low (QC1), medium (QC2) and high (QC3) concen-
tration levels were analyzed and calculated on the basis of a freshly
prepared calibration curve. QCs and calibrators were prepared
using both extraction procedures. The results are summarized
in Table 3. The criteria for precision (<15%) were fulfilled for
both tested extraction techniques at each concentration level.
However, in the case of LLE, the deviations were significantly
higher than for SPE. The data for accuracy were within the
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Table 3. Inter- and intraday variation data from the determination of rilmenidine in human serum

QC1 QC2 Qa3

Precision (%)

Accuracy (%) Accuracy (%) Precision (%) Accuracy (%) Precision (%)

Intraday variation

LLE 102.4 7.5 105.4 6.5 106.6 3.9
SPE 104.4 25 97.0 5.8 97.7 1.3
Interday variation

LLE 92.8 9.9 108.7 6.7 117.9 7.0
SPE 96.6 29 97.3 6.9 99.3 24

QC, quality control; LLE, liquid-liquid extraction; SPE, solid-phase extraction.
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Figure 5. SRM mass chromatograms obtained after analysis of a spiked
serum sample containing 0.1 ng/ml (LLOQ) of rilmenidine (m/z 181.1 —
95.1).

acceptance limit (£15% of the nominal value), with the exceptions
of LLE at the high concentration level. Better results obtained after
SPE extraction are probably due to the smaller amount of organic
solvent that must be evaporated during preparation.

Extraction efficiency and matrix effect

Generally, solvent selection and evaporation are crucial steps
in LLE. LLE requires a large volume of organic solvents that
must be evaporated with caution because of suspect volatility of
small molecules as rilmenidine. In order to prevent rilmenidine
volatility, hydrochloric acid was added to form rilmenidine salt
prior to evaporation. The detailed description of LLE optimization
is summarized above. SPE simplified specimen preparation and
reduced extraction time and solvent consumption compared
to LLE. Mean extraction efficiency of rilmenidine at three QC
concentrations was higher than 57.1 and 76.0% for LLE and
SPE, respectively. The recovery of IS at one concentration level
(20 ng/ml) reached 81.0 and 71.1% for LLE and SPE, respectively.
The matrix effect was observed regardless of applied extraction
technique. The ion enhancement less than 34.8% (< 13% RSD) was
calculated for LLE, while a level of the ion suppression for SPE of
rilmenidine was better than 19.9% (<8% RSD). The ion suppression
for IS was better than 17.2% (10% RSD) and 13.4% (5% RSD) for
LLE and SPE, respectively. Pretreatment of serum samples by SPE
seems to be more functional to minimize the matrix effect and
increase extraction efficiency of rilmenidine (Table 4).

Table 4. Comparison of recovery and matrix effect for rilmenidine
extracted from human serum using LLE and SPE

Recovery (%, n = 5) Matrix effect (%, n = 5, RSD)

QC1 QC2 QC3 QC1 (%) QC2 (%) QC3 (%)
LLE 66.1 57.1 719 113.2(13) 134.8 (11) 118.2(9)
SPE 80.3 76.0 88.4 84.9 (5) 80.1 (5) 94.0 (8)

RSD, relative standard deviation; LLE, liquid-liquid extraction; SPE,
solid-phase extraction.

Limits

Computations of LLOQ and LOD were conducted for both
extraction techniques. Criteria for LLOQ were fulfilled by the lowest
point of the calibration curves, while the empirical determination
of LOD with decreasing concentrations of analyte resulted in
LOD values of 0.02 and 0.04 ng/ml for SPE and LLE, respectively.
Chromatograms of spiked serum sample containing 0.1 ng/ml of
rilmenidine obtained after LLE and SPE are presented in Fig. 5.

Stability

Rilmenidine was found to be relatively stable under different
storage conditions. The variations in concentrations were within
49.6% of values obtained from the freshly prepared samples. Thus,
storage of serum samples under above-mentioned laboratory
conditions was not critical for this method.

Application of the method

The developed assay has been successfully applied to serum
samples obtained from five patients under treatment with
rilmenidine (1 mg once a day (n = 3) and twice daily (n = 2)). All
the patients were using co-medication of diuretics, statins and/or
ACE inhibitors. The blood samples were taken between 2 and 3 h
post-dose and at 12 h post-dose in patients using rilmenidine in
once a day regime. The samples were transferred into venous
blood collection tubes (4 ml, BD Vacutainer, Heidelberg, Germany)
containing no additives or gels for serum separations. The
concentrations at time near to ¢max Were 3.51 and 3.59 ng/ml
in patients using 1 mg per day while ranging between 6.70 and
7.20 ng/ml in patients using 1 mg of rilmenidine twice daily.
These values correspond to previously reported cmax levels in
healthy volunteers®”?) and also demonstrate a linear, dose-
dependent increase of drug concentration in the serum. The drug
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concentrations of the two patients at 12 h post-dose were 0.33
and 0.39 ng/ml, respectively. The representative chromatogram
obtained after analysis of serum samples is displayed in Fig. 1.

Conclusion

A novel analytical procedure based on LC-MS/MS is a suitable
and valid method for the determination of rilmenidine in serum
samples obtained from patients under a treatment with the drug.
This LC-MS/MS method, which is described for the first time, is
fast, accurate, sensitive and applicable in clinical practice. It was
shown to be selective without interferences from the endogenous
compounds and co-administered drugs. Matrix effect in terms of
ion enhancement or suppression was investigated in this work
and seems to be insignificant. Interpretation of the product ion
spectra and their correctly structural assignment was performed
using HRMS. Application of the method in real samples showed
rilmenidine concentrations in line with known pharmacokinetic
characteristics of the drug and also demonstrated the ability to
determine rilmenidine dose-dependent increase of cimax levels.
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ABSTRACT

A GC-MS assay for stereoselective determination of tramadol and its pharmacologically active phase I
metabolite O-desmethyltramadol in human urine was developed. Nefopam was used as internal standard.
The method involves a simple solid phase extraction with chiral analysis by gas chromatography-electron
ionization mass spectrometry using m/z 263; 58, 249; 58, and 179; 58 for the determination of con-
centration of tramadol, O-desmethyltramadol and internal standard, respectively. Chromatography was
performed on a Rt-BDEXcst column containing alkylated beta-cyclodextrins as a chiral selector. The cal-
ibration curves were linear in the concentration range 0.1-20 pg/mL (R? > 0.998). Intra-day accuracies
ranged between 97.2-104.9%, 96.1-103.2%, and 97.3-102.8% at the lower, intermediate, and high concen-
tration for all analytes, respectively. Inter-day accuracies ranged between 95.2-105.7%, 99.1-105.2%, and
96.5-101.2% at the lower, intermediate, and high concentration for all analytes, respectively. This method
was successfully used to determine the concentration of enantiomers of T and ODT in a pharmacogenetic
study.

Cytochrome P450 2D6

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Tramadol hydrochloride (T) (1RS, 2RS)-2-[(dimethylamine)
methyl-1-(methoxyphenyl)-cyclohexanol HCl] (Fig. 1) is a cen-
trally acting analgetic drug with analgesic efficacy and potency
that ranges between weak opioids and morphine. T is used as the
racemate for therapy. Each enantiomer displays different binding
properties for various receptors. (+)-T preferentially inhibits sero-
tonin reuptake while (—)-T mainly inhibits noradrenalin reuptake
[1,2]. (+)-T is 10-times more potent than (-)-T [3].

The metabolic fate of tramadol is unusually complex having at
least 11 unconjugated metabolites and 12 conjugated compounds
[4]. There are three major metabolic pathways via three distinct
cytochrome P450 enzymes CYP2D6, CYP3A, and CYP2B6 forming
0O- and N-demethylated metabolites. Major active metabolite O-
desmethyltramadol (ODT), which is considered to be the main agent
responsible for the drug-induced opioid analgesia, is, however,
formed in the liver [2,4] predominantly via CYP2D6 enzyme. (—)-
ODT also possesses potent monoamine reuptake inhibitory activity
and, moreover, has been reported to potentiate the antinocicep-
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tive effects of (+)-ODT in rats [5]. Studies using the cloned human
-opioid receptor have also established that (+)-ODT has approx-
imately 200-times the affinity of the parent (4)-T [6]. Moreover,
(+)-ODT had the greatest intrinsic efficacy in an in vitro screen [6].

Cytochrome P450 2D6 is a highly polymorphic gene locus with
more than 70 variant alleles. Its single nucleotide polymorphisms
can greatly affect the phenotype leading to complete enzyme defi-
ciency in poor metabolizers, incomplete deficiency in intermediate
metabolizers in comparison to extensive metabolizers. The phar-
macokinetics of T and ODT is greatly affected by CYP2D6 deficency
[7] and the metabolism catalyzed through CYP2D6 is stereose-
lective for (+)-ODT formation in vivo [8-10]. The genetic enzyme
deficiency predispose poor metabolizers to have no or extremely
low levels of (+)-ODT in blood, while ultrarapid metabolizers were
shown to have unusually high (+)-ODT levels in blood [ 11]. Although
there is no convincing evidence that the genotype-dependent phar-
macokinetics differences relate to analgesic action of the drug in
clinical practise, pharmacodynamic action of the drug is modified
by CYP2D6 polymorphism [7,11-13]. Due to the metabolic fate of
tramadol that is depedent on the activity of CYP2D6, the drug has
been proposed to be used as a probe drug for easy and safe phe-
notyping of the liver enzyme activity in human pharmacogenetic
studies [14]. For this purpose, a stereoselective determination from
human urine needs to be applied.

Achiral determinations of T or ODT in biological matrices are
still routinely used in bioequivalence studies. Number of achiral
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Fig. 1. Structures of tramadol, O-desmethyltramadol and nefopam.

methods have been developed previously using TLC [15], GC with
nitrogen-phosphorous detection [16], GC with flame ionization
detection [17], GC-MS [18-25], and HPLC [26-32]. Chiral analysis
of T and ODT is important in clinical studies due to the different
pharmacodynamic action of individual enantiomers. As the drug
undergoes a stereoselective metabolism, which is dependent on the
activity of liver cytochrome P450 2D6, enantiomeric determination
of T and ODT in urine may be reliably used as a simple noninva-
sive phenotyping test for the evaluation of CYP2D6 activity in vivo.
Stereoselective determinations of T and ODT have been described
using CE [33-35] or HPLC [36-42], but no GC method was described
so far.

The aim of this work was to develop a simple method for simul-
taneous enantiomeric determination of T and ODT in urine as an
analytical method for CYP2D6 phenotyping in vivo. T, ODT and
IS. were analysed by gas chromatography with mass spectromet-
ric detection, which is more available than CE and can be used as
alternative method to generally more costly HPLC technique. This
method is easy to provide and is aplicable for routine enantiomeric
determination of T and ODT in a single sample of human urine as a
basis for CYP2D6 phenotype determination in vivo. Described pro-
cedure involves a simple SPE extraction for obtaining clear extract,
which is prepared for injecting onto GC/MS system without deriva-
tization step.

2. Experimental
2.1. Materials

BondElut Certify 130 SPE column and Vac Elut 20 vacuum man-
ifold were purchased from Varian (Palo Alto, CA, USA). Automatic
pipettes were obtained by Eppendorf (Hamburg, Germany). Glass
vials were obtained from Jaytee Biosciences (Whitstable, UK). Heat-
ing block was purchased from Barkey (Bielefeld, Germany).

2.2. Chemicals and reagents

Standards of pure T and ODT enantiomers and racemic com-
pounds were kindly supplied by Griinenthal (Stolberg, Germany).
Internal standard nefopam hydrochloride was purchased from
MP Biomedicals (Illkirch, France). Ammonium hydroxide (28%),
methanol, 2-propanol and dichloromethane (gradient grade) were
purchased from Merck (Darmstadt, Germany). TRIS buffer was
purchased from Sigma-Aldrich (Prague, Czech Republic). Natrium
acetate for the preparation of acetate buffer pH 4 was supplied
by Penta Chemicals (Prague, Czech Republic). Ultra/high quality
water was obtained using a Milli-Q apparatus Millipore (Bedford,
MA, USA). Helium (purity 6.0) and nitrogen (purity 5.0) were pur-
chased from Linde Gas (Prague, Czech Republic). All chemicals were
obtained in p.a. grade unless specified otherwise.

2.3. Gas chromatography-mass spectrometry

A GC Fisons Instruments 8000 series chromatograph with
autosampler CTC-2005, CTC Analytics (Zwingen, Switzerland) cou-
pled to a mass spectrometer Fisons Instruments MD 800 was used.
Chromatographic separation was achieved by Rt-BDEXcst capillary
column (30 m x 0.25mm ID, 0.25 wm film thickness) from Restek
(Bellefonte, PA, USA).

The oven temperature initially set at 120 °C was increased at a
rate of 2.5°C/min to 230°C and then held for 10 min. The injec-
tor temperature was 230 °C. Pressure of carrier gas (helium) was
70 kPa. Injection was performed in splitless mode (60 s delay before
opening the splitter).

The MS detector parameters were GC-MS transfer line temper-
ature 230°C, electron energy 70 eV. Selected ion monitoring mode
for quantitative analysis from 35 to 55 min was used, m/z: 58; 263
for T, 58; 249 for ODT and 58; 179 for IS (m/z 58 was used for the
quantification of both analytes and IS).

2.4. Stock and standard working solutions

Separate stock solutions of racemic T and ODT (200 wg/mL)
in methanol were stored at +4°C. Standards were prepared from
stock solutions at final concentrations of 5, 25, 100, 250, 500, and
1000 pg/mL. The IS working solution was prepared at the final con-
centration of 1 mg/mL.

2.5. Standard samples and quality control samples

Aliquotes of blank urine obtained during a 24-h urine collection
from a healthy volunteer were stored at —70 °C and used to prepare
spiked urine samples. Standard working solutions of T and ODT
were added to 1 mL of drug free human urine creating final con-
centrations from 0.1 to 20 pg/mL. Quality control samples of T and
ODT at concentrations of 0.5, 5 and 10 p.g/mL were prepared daily.

2.6. Sample preparation

All standard, quality control and biological samples were
processed by identical method. Bond Elut Certify column was con-
ditioned with 2mL of methanol, followed by 2mL of water. A
mixture of 1 mL of centrifuged urine, 2 mL of TRIS buffer and 10 p.L of
IS working solution was applied to the column. Sample was forced
through the bed at a low-flow rate by vacuum. The column was sub-
sequently washed with 4 mL of water, 1 mL of acetate buffer pH 4
and 2 mL of methanol and dried for 5 min under 250 mmHg vacuum.
Analytes were eluted by 3 mL of mixture containing isopropanol,
dichloromethane and ammonium hydroxide (80:20:2, v/v/v). The
extract was evaporated to dryness under a stream of nitrogen at
45°C in a heating block. The residue was redissolved in 150 L of
methanol and 2 p.L was injected into the GC/MS system.
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Fig. 2. SIM chromatograms obtained after SPE of a blank urine spiked with 3 pg/mL of each enantiomers of T (a), ODT (b) and a healthy volunteer urine sample (c) collected
in a period of 2 h after an oral dose of tramadol drops in standardized dose of 0.7 mg/kg (1.93 pg/mL (+)-T, 1.97 pg/mL (—)-T, 0.73 pg/mL (+)-ODT and 1.08 pg/mL (—)-ODT).

2.7. Calibration

Six-point calibration curves were constructed over the whole
concentration range (0.1-20 pg/mL). Normalized peak area ratio
of T and ODT enantiomers/IS was measured and plotted against
the theoretical concentration of the spiked standards. Least-square
linear regression analysis was performed to determine correlation
coefficients, slopes and intercepts. Mean accuracy was evaluated on
back-calculated concentrations at each calibration level.

2.8. Precision, accuracy and recovery

Accuracy, intra- and inter-day precisions for all analytes were
evaluated according to the requirements of FDA guideline on bio-
analytical method validation. Intra-day variation was assessed by
six replicate determinations of three concentrations over the tested
range (0.5, 5 and 10 pg/mL). Intra-day accuracy was expressed as
the mean of the assays relative to the theoretical value. The intra-
day precision of the method was calculated as the relative standard
deviation (RSD) of the assays made for intra-day accuracy. Inter-day
variation was assessed by analysing replicates of standards with the
same concentrations on three days. Accuracy was computed as the
mean of the assays relative to the nominal concentration. The inter-
day precision of this method was expressed as the RSD of the assays
made for inter-day accuracy.

Recoveries of T and ODT over entire concentration range were
determined by comparing peak areas obtained from processed
quality control urine samples with those achieved after direct injec-
tions of methanolic standard solutions at the same concentrations.

2.9. Peak purity and selectivity

Ten different blank urine samples were analysed for peaks inter-
fering with the detection of the analytes and the IS. The noise data
from the assay of blank urine were used in the LOD and LOQ exper-
iment.

2.10. Application of the method

To apply the newly developed method for CYP2D6 phenotyp-
ing from a single urinary sample we analysed samples from six
healthy, young adult volunteers who received a single oral dose
of tramadol drops in standardized dose of 0.7 mg/kg. The volun-
teers were selected according to their genotype of CYP2D6 that
was determined by polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) analysis revealing the presence
of CYP2D6%3, *4, *5, *6 alleles and gene duplication/multiplication
according to the previously published method [43]. Two subjects
who carried no variant allele in their CYP2D6 gene were classified as
extensive metabolizers (EM), two intermediate metabolizers (IM)
had one variant and one wild-type allele of CYP2D6 and two poor
metabolizers (PM) were homozygous carriers of variant CYP2D6*4
allele. The study drug was administered with 150 mL of water at 8
a.m. after a 10 h overnight fast. Urine samples were collected 2 h
after dosing and stored at —70°C until analysis.

3. Results
3.1. Chromatography

Peaks of enantiomers of both analytes were well resolved. Fur-
ther, no interfering peaks to T, ODT and IS were found in the urine.

Fig. 2 shows m/z 58 SIM chromatograms of blank urine samples
spiked with 3 pg/mL of each enantiomers of T (a), blank urine sam-
ple spiked with 3 pg/mL of each enantiomers of ODT (b) and result
(c) of the analysis of urine sample obtained at 2 h from a volunteer
who received tramadol drops.

3.2. Extraction

Mean recovery values +RSD for T and ODT were 86 +8.1% and
84 +9.1%, respectively. The recovery for IS was 78 + 7.2% in concen-
tration of 10 pg/mL.



1940 L. Chytil et al. / ]. Chromatogr. B 877 (2009) 1937-1942

CALO1 Sb (2,10.33) SIR of 1 Channel El+
100+ ne
(a) 7.00e3

%

0- R e R ALY : ‘
CL_BL Sb (2,10.33) SIR of 1 Channel EI+
TIC
100 7.00e3
blank
o %
e R e A o ety [
36.000 36.500 37.000 37.500 38.000 38.500 39.000 39.500 40.000 40.500 41.000
N7 Sb (2,10.33) SIR of 1 Channel El+
Tic
100+ 7.00e3
(b)
. (+)-ODT (-)-ODT
iy e AT b st A i e e P A Taala
- -leptoeseeo e e T ey e e e 4 . A - . — e - - - s
CL_BL Sb(2,10.33) SIR of 1 Channel El+
Tic
1004 7.00e3
blank
9%
o bt oV e AT A Ao b TR YA AT TP AT oo M gt b A e WP g " bt
0 . . - ; e ; . - - e !
47.000 47.500 48.000 48.500 49.000 49.500 50.000 50.500 51.000 51.500 52.000 52.500

Fig. 3. SIM mass chromatograms obtained after analysis of spiked urine sample containing 0.1 pg/mL (LOQ) of each enantiomers of T (a) and ODT (b).

3.3. Limits of detection and quantification of T and ODT). Chromatograms of spiked urine sample containig
0.1 p.g/mL of each enantiomers of T and ODT are presented in Fig. 3.
The limit of detection (LOD, signal-to-noise greater than 3:1) for
enantiomers of T and ODT were found to be 0.01 pg/mL for T and 3.4. Calibration
0.03 pg/mL for ODT and the criteria for the limit of quantification
(LOQ, signal-to-noise greater than 10:1) were fulfilled by the low- Calibration curves of T and ODT were linear over the range
est point of the calibration curve (0.1 wg/mL for both enantiomers ~ 0.1-20 p.g/mL. Mean parameters of equatations are described in
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Table 1
Parameters of calibration curves.

a b R? a b R?

(+)-T (=)T
n 6 6 6 6 6 6
Mean 0.5068 -0.0126 0.9988 0.5022 -0.0144 0.9981
SD 0.0315 0.0351 0.0011 0.0292 0.0255 0.0007
RSD (%) 6.22 5.81

(+)-ODT (=)-ODT
n 6 6 6 6 6 6
Mean 0.3007 -0.0169 0.9992 0.3031 —-0.0167 0.9992
SD 0.0241 0.0405 0.0005 0.0187 0.0283 0.0004
RSD (%) 8.01 6.17
a: slope; b: intercept; R?: correlation coefficient.
Table 2
Inter- and intra-day variation data from the chiral determination of T and ODT.

0.5 pg/mL 5.0 pg/mL 10 pg/mL
Accuracy (%) Precision (%) Accuracy (%) Precision (%) Accuracy (%) Precision (%)

Intra-day variation
(+)-T 104.9 4.7 103.2 5.6 97.3 5.4
(=)-T 102.3 55 100.6 3.6 96.9 6.7
(+)-ODT 97.2 7.2 98.8 5.1 100.7 53
(—)-ODT 98.6 6.6 96.1 7.9 102.8 53
Inter-day variation
(+)-T 105.7 52 105.2 23 96.5 23
(=)-T 103.2 53 102.6 3.8 99.8 3.1
(+)-ODT 96.4 7.5 99.1 4.2 101.2 23
(—)-ODT 95.2 8.0 101.2 4.6 100.5 3.7

Table 1. Correlation coefficients were higher than 0.998 and RSD
values of concentrations, which were back calculated from the
equation of the regresion curves, for each level of calibration curve,
ranged from 98.1% to 104.3% for both enantiomers of T and ODT.

3.5. Precision and accuracy

The results obtained from the inter- and intra-day precision and
accuracy studies are listed in Table 2.

Intra-day accuracies ranged between 97.2-104.9%, 96.1-103.2%,
and 97.3-102.8% at the lower, intermediate, and high concentration
for all analytes, respectively.

Inter-day accuracies ranged between 95.2-105.7%, 99.1-105.2%,
and 96.5-101.2% at the lower, intermediate, and high concentration
for all analytes, respectively.

Precision was 8.0% or less in all analyses.

3.6. CYP2D6 phenotype determination

Metabolic ratios of ODT/T concentrations for enantiomers and
total analyte levels in urinary samples are shown in Table 3. The
metabolic ratio based on (+)-ODT/(+)-T was clearly the most sen-
sitive for phenotyping of CYP2D6 based on known genotype of the
volunteers. The urinary levels of (+)-ODT were below the limit of
detection in both poor metabolizers at 2 h post-dose and the excre-
tion of (+)-ODT in intermediate metabolizers was lower than in the
extensive metabolizers. Excretion of (—)-ODT was not specific for

Table 3
Mean (4+SD) urinary metabolic ratios (enatiomer-specific and racemic) in extensive
(EM), intermediate (IM) and poor (PM) metabolizers of CYP2D6.

(+)-ODT/(+)-T (—)-ODT/(-)-T (£)-0DT/(+)-T
EM (n=2) 0.63 (0.12) 0.51 (0.49) 0.57 (0.07)
IM (n=2) 0.38 (0.01) 0.30(0.02) 0.34(0.02)
PM (n=2) 0.00 (0.00) 0.51(0.02) 0.26 (0.18)

subjects with an active CYP2D6 enzyme. These findings are fully
consistent with previously reported stereoselective production of
(+)-ODT by liver CYP2D6.

4. Conclusions

Asimple, accurate and precise method based on GC/MS has been
developed for the simultaneous enantioselective determination of
T and ODT in human urine. The method was verified for use in a
CYP2D6 phenotyping test and may be fully recommended in clinical
pharmacogenetic studies.
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SOUHRN

Stanoveni nabumetonu a kyseliny 6-methoxy-2-naftyloctové v plazmé pomoci HPLC s UV
a MS detekei

Cilem prace bylo zavést a validovat analytickou metodu, kterd by umoZnila detekovat koncentrace
nabumetonu a kyseliny 6-methoxy-2-naftyloctové (6-MNA) po jednorazovém podani terapeutické
davky 1éciva. Byly porovniny dvé metody stanoveni pomoci HPLC s UV a hmotnostni detekci. Pri
dpravé vzorku bylo optimélnich vysledkti dosazeno pomoci extrakce na pevné fazi (SPE).
Vytéznost se pohybovala okolo 84 % pro nabumeton a 86-90 % pro 6-MNA. HPLC separace
analytd byla provadéna na reverzni C18 koloné. Limit UV detekce pro 6-MNA byl 50 nM, pro
nabumeton 0,1 uM. Limit MS detekce pro 6-MNA ¢inil 1 uM, pro nabumeton 0,5 uM. Presnost
metody pro stanoveni nabumetonu se pohybovala v rozmezi 4,2—14,4 % pti UV detekci a 4,6-8,5 %
pri MS detekci. Presnost metody pro 6-MNA byla 2,4—-12,5% pti UV detekci a 2,1-9,4 % pii MS
detekci. Spravnost metody pro stanoveni nabumetonu se pohybovala v rozmezi 93,4-109,6 % pfi
UV detekci a 86,2—-107,9 % pii MS detekci. Spravnost metody pro 6-MNA byla 87,8—-107,4 % pii
UV detekci a 86,3-106,4 % pii MS detekci. Vhodnost metody byla ovéfena na vzorcich pro
stanoveni farmakokinetiky 1é¢iva u 24 zdravych dobrovolniku.

Klic¢ova slova: nabumeton — farmakokinetika — kyselina 6-methoxy-2-naftyloctova — HPLC — LC/MS
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SUMMARY

Determination of nabumetone and 6-methoxy-2-naphthylacetic acid in plasma using HPLC
with UV and MS detection

The study aimed to establish and validate an analytical method for the determination of nabumetone
and 6-methoxy-2-naphthylacetic acid (6-MNA) in human plasma after a single therapeutic dose of
the drug. Two methods based on HPLC with UV and MS detection were compared. Optimal results
in sample preparation were achieved using solid phase extraction. The recovery reached
approximately 84% and 86—90% for nabumetone and 6-MNA, respectively. A reverse C18 column
was used for HPLC separation of the analytes. The limit of UV detection was 50 nM and 0.1 uM
for 6-MNA and nabumetone, respectively. The limit of MS detection was 1 uM and 0.5 pM for
6-MNA and nabumetone, respectively. Precision ranged between 4.2—14.4% and 4.6-8.5% using
UV and MS detection for nabumetone, respectively. The respective values for 6-MNA were
2.4-12.5% and 2.1-9.4%. Accuracy ranged between 93.4-109.6% in UV detection and
86.2-107.9% using UV and MS detection for nabumetone, respectively. The respective values for
6-MNA were 87.8-107.4% and 86.3—-106.4%. The method was subsequently applied to determine
the pharmacokinetic parameters of nabumetone and 6-MNA in a group of 24 healthy volunteers.
Key words: nabumetone — pharmacokinetics — 6-methoxy-2-naphthylacetic acid - HPLC — LC/MS

Ces. slov. Farm. 2011; 60, 17-24 Md

Adresa pro korespondenci:
doc. MUDr. Ondfej Slanaf, Ph.D.
Farmakologicky tstav 1. LF UK
Albertov 4, 128 00 Praha 2
e-mail: oslan@If1.cuni.cz

CESKA A SLOVENSKA FARMACIE, 2011, 60, ¢&. 1

17



Uvod

Nabumeton (4-(6-methoxy-2-naftyl)-butan-2-on) patii

~~~~~

ren¢ni inhibici cyklooxygenazy 2 V. Je pouzivan v 16€bé
akutnich i chronickych symptomi revmatoidni artritidy
a osteoartrozy >¥. Nabumeton je prolé¢ivo, které nevy-
kazuje protizanétlivou aktivitu, zatimco jeho hlavni
metabolit kyselina 6-methoxy-2-naftyloctova (6-MNA)
vykazuje farmakodynamické ucinky antiflogistické, anti-
pyretické a analgetické.

Ptestoze jsou klinické ucinky nabumetonu dobie
popsany, farmakokinetika nabumetonu dosud podrobnéji
popsdna nebyla kvili pfili§ nizkym koncentracim matet-
ské latky v krvi po podani terapeutickych davek. Z davo-
du nizkych hladin nabumetonu v krvi je dosud publiko-
vana jen jedna metoda HPLC s fluorimetrickou detekci
nabumetonu pro pouZiti v klinickych studiich ¥. Dobre je
naopak popsdna farmakokinetika 6-MNA diky dostup-
nosti dostate¢né citlivych analytickych technik 5.

Cilem nasi prace bylo zavést a validovat analytickou
metodu, kterd by umoZnila detekovat koncentrace nabu-
metonu a 6-MNA po jednordzovém podani terapeutické
davky 1éciva.

POKUSNA CAST

Chemikdlie

Nabumeton p.a. (Sigma-Aldrich), 6-MNA p.a. (MP
Biomedicals), naproxen 98% (Sigma-Aldrich), methanol
pro HPLC (Lach-Ner), aceton p.a. (Merck), propan-2-ol
p-a. (Lach-Ner) kyselina o-fosfore¢na 85% (Merck), fos-
forecnan sodny terciarni Cisty (Lachema), acetonitril pro
HPLC (Lach-Ner), kyselina trifluorooctovd 99% (Sig-
ma-Aldrich), deionizovana voda (Millipore), dusik 4.6
(Linde Gas), helium 4.6 (Linde Gas).

Priprava vzorku

Vzorky krve jsme odebirali do zkumavek Vacutainer
s pridavkem heparinu. Thned po odebrani krve jsme
oddélili plasmu centrifugaci pfi 3000 g. Plasma byla poté
uloZena do -70 °C aZ do doby analyzy.

Pro preddpravu vzorkl jsme zvolili techniku extrakce
na tuhou fazi (SPE). K 0,5 ml vzorku jsme pfidali 50 pl
roztoku vnitiniho standardu o koncentraci 0,1 mmol/L
Vzorek jsme natedili 0,5 ml fosfitového pufru pH 2
(10 mM), okyselili 50 ul 10% kyseliny fosforecné a fad-
né promichali.

Takto pripraveny vzorek jsme aplikovali na kolonku
Discovery® DSC-18 (1 ml, 100 mg), Supelco, USA pie-
dem promytou 2 ml methanolu a 2 ml fosfatového pufru
pH 2 (10 mM). VsSechny roztoky protekly rychlosti
1 ml.min™'.

Nasledné jsme kolonku prosavali vzduchem po dobu
5 minut. Zachycené latky byly vymyty 2 ml methanolu.
Ziskany extrakt jsme odpafili dosucha pri 45 °C pod mir-

nym proudem dusiku. Reziduum jsme poté rozpustili ve
250 pl mobilni faze a 30 pl nastiikli do HPLC.

HPLC/UV/MS analyza

Pro analyzu extraktu jsme pouZili kapalinovy chroma-
tograf HP 1100 s UV DAD, Hewlett Packard, USA. Jako
hmotnostni detektor jsme pouzili pfistroj Esquire 3000,
Bruker Daltonics, Némecko.

Separace probihala na koloné Supelcosil LC-18 15 cm
x 4,6 mm 5 pm, Supelco, USA a jako mobilni fizi jsme
pouZili smés acetonitrilu a 0,1% TFA v poméru 50 : 50
(v/v) o prutokové rychlosti 0,3 ml.min™'.

UV detekce probéhla pii vinové délce absorpéniho
maxima sledovanych latek A = 230 nm. Soucasné jsme
sledovali i hmotnostni detekci s chemickou ionizaci za
atmosférického tlaku v pozitivnim modu. Podminky
APCI detekce byly nésledujici: rozsah skenu 50-800 u,
teplota suSiciho plynu 250 °C, teplota iontového zdroje
400 °C, tlak plynu v zamlZovaci 30 psi, pritok suSiciho
plynu (N2) 5 1. min"!, napéti na kapilaie 4 kV.

Vyhodnoceni jsme provedli podle chromatogramu
ndlezejiciho nejintenzivnéjSimu iontu ve spektru prislus-
né latky. Pro 6-MNA a nabumeton to byl ion m/z 171
a pro vnitini standard — naproxen ion m/z 185.

Validace metody

Validaci metody jsme provedli na zdkladé poZadavkl
pro validaci bioanalytickych metod '?. V souladu s témi-
to pozadavky jsme stanovili mez stanovitelnosti
(LLOQ), spravnost, presnost, vytéZnost, linearitu
a selektivitu detekce.

Pro nabumeton i 6-MNA byly sestrojeny kalibra¢ni
kiivky. Vzorky o zndmé koncentraci s ptidavkem vniti-
niho standardu byly zpracoviny SPE a dile analyzovany
pomoci HPLC s UV a MS detekci. Pro 6-MNA byly pfi-
praveny roztoky o téchto koncentracich: 0,2; 0,5; 1; 2; 5;
10; 20; 50 a 100 wmol/l pro nabumeton 0,2; 0,5; 1; 2; 5;
10 a 20 wmol/1.

Mez stanovitelnosti jsme urcili jako nejniz§i bod
kalibracni kfivky, kde pik analytu je indentifikovatelny,
oddéleny a reprodukovatelny s piesnosti 20 % a sprav-
nosti 80—-120 %.

Soucasti validace metody bylo také studium stability
zasobnich roztokd a vzorkd. V pfipad€ zasobnich rozto-
ki analytl a vnitfniho standardu jsme méfili koncentra-
ce latek pritomnych ve vzorku v zavislosti na ¢ase u skla-
dovanych roztokii po nastfiku 5 ul zdsobniho roztoku.
Detekéni podminky byly shodné s podminkymi pii
méfeni extraktll z plazmy. Prvni métfeni probéhlo ihned
po jejich pfiprave.

Déle jsme sledovali vliv zmrazeni a roztati vzorkd
v nékolika cyklech na koncentraci analytl ve vzorku.
Vzorky o vysoké a nizké koncentraci analytli (mnoZstvi
dostatecné pro tfi analyzy na koncentraci, pro 6-MNA 1
a 50 uM; pro nabumeton 0,5 a 10 uM) jsme skladovali
pri teploté -70 °C po dobu 24 hodin. Poté roztaly pfi
laboratorni teploté a nasledné byly znovu zmraZeny. Ten-
to postup jsme opakovali a po ctvrtém cyklu roztati vzor-
ki jsme provedli analyzu.

18

CESKA A SLOVENSKA FARMACIE, 2011, 60, &. 1



Pro studium kritkodobé teplotni stability jsme pfipra-
vili vzorky o vysoké a nizké koncentraci (pro 6-MNA 1
a 50 uM; pro nabumeton 0,5 a 10 uM, tfi alikvoty od
kazdé). Vzorky byly ponechdny pfi laboratorni teploté
6 hodin a nésledné zpracovany.

Pro stanoveni dlouhodobé teplotni stability vzorki
jsme pfipravili vzorky o vysoké a nizké koncentraci ana-
lytd (pro 6-MNA 1 a 50 puM; pro nabumeton 0,5
a 10 uM). Vzorky jsme uchovavali pri teploté -70 °C
a v Casovych intervalech je analyzovali ve tfech stanove-
nich v kazdé koncentraci.

Reprodukovatelnost metody jsme zhodnotili na zakla-
dé vysledki analyz kontrolnich vzorki, které jsme pro-
vedli v pribéhu péti tydnd. Celkem jsme analyzovali
deset sérii po tfech koncentracich (nizké, stfedni a vyso-
ké) pro oba analyty. 6-MNA byla sledovana na koncent-
racnich drovnich 1; 10 a 50 uM, nabumeton pak v kon-
centracich 0,5; 2 a 10 uM.

Aplikace metody

Metodu jsme nasledné pouzili na stanoveni farmako-
kinetickych parametri nabumetonu a 6-MNA u 24 zdra-
vych dobrovolnikd po podani 500 mg nabumetonu (Reli-
fex, MEDA AB Svédsko). Zdravi dobrovolnici byli po
vstupnim fyzikdlnim, biochemickém a hematologickém
vysetieni kratkodobé hospitalizovani na naSem oddéleni.
Béhem hospitalizace dostal kazdy dobrovolnik jednora-
zovou davku pfipravku Relifex s 250 ml vody na zapiti.
Podéni 1éciva probihalo vZzdy v rannich hodinach pod
dohledem zdravotni sestry. Po dobu studie méli dobro-
volnici volny pristup k pitné vodé ad libitum. Prvni leh-
ké standardizované jidlo bylo podavano za 4 hodiny od
podéni nabumetonu. Odbéry jsme provadéli v case pred
podanim léciva a 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, 72 a 96
hodin po podéni 1éku. Tato studie byla schvélena Etickou
komisi VEN a vSichni dobrovolnici podepsali informo-
vany souhlas pfed zafazenim do studie.

VYSLEDKY A DISKUZE

Optimalizace metody

HPLC separace analyti probéhla na reverzni CI18
koloné. Testovali jsme mobilni faze o sloZeni acetonit-
ril/voda a acetonitril/0,1% TFA. Chromatograficka sepa-
race byla ve vSech pripadech provedena isokratickou
elu¢ni technikou.

Jako vychozi bod jsme zvolili mobilni fazi acetonitril
: voda 50 : 50 (v/v), kdy jsme pozorovali dobrou separa-
ci analyt a vnitiniho standardu. Zjistili jsme, Ze rostou-
ci pratokova rychlost méla negativni vliv na symetrii
piktl a odezva MS detekce (vyska piku) pri prekroceni
pratoku 0,3 ml.min™! klesala.

Pfi pouziti mobilni faze acetonitril: 0,1% TFA
v poméru 50 : 50 (v/v) doslo k ocekdvanému vylepSeni
symetrie piki a k navySeni signalu MS, nicméné pfi pre-
kro¢eni pratokové rychlosti 0,3 ml.min™ i za téchto pod-
minek Gc¢innost ionizace MS klesala.

Vyssi obsah acetonitrilu vedl ke sniZeni retence
a zhorSeni symetrie pikii. Odezva MS prii obsahu aceto-
nitrilu 50 % a vice setrvavala na pfiblizné konstantni
drovni. Pro dalsi praci jsme zvolili pomér acetonitril :
0,1% TFA 50 : 50 (v/v).

MS detekce

Soucasné pozadavky na validaci bioanalytickych
metod vyZzaduji prikaz nepfitomnosti matri¢nich efektu.
V nasi praci jsme tento priikaz nezjistovali, protozZe jsme
pouZili metodu chemické ionizace za atmosferického tla-
ku (APCI), ktera je podstatné robustnéjsi vzhledem ke
sloZzeni matrice a riziko matri¢nich efekti je vyznamné
niz§i ve srovnani s metodou elektrosprejové ionizace
(ESI). Pro pouziti v ramci TDM, ke kterému jsme nasi

Intenﬁs
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Obr. 1. Hmotnostni APCI spektrum 6-MNA, pozitivni méd (50 uM roztok, ACN : 0,1% TFA 50 : 50 (v/v))
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Obr. 2. Hmotnostni APCI spektrum naproxenu, pozitivni méd (50 uM roztok, ACN : 0,1% TFA 50 : 50 (v/v))
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Obr. 3. Hmotnostni APCI spektrum nabumetonu, pozitivni méd (50 uM roztok, ACN : 0,1% TFA 50 : 50 (v/v))

metodu vyvinuli, 1ze proto popisovanou metodu povazo-
vat za dostatecné robustni s ohledem na matri¢ni efekty.

Pti pouziti chemické ionizace za atmosferického tlaku
vSechny tii sledované latky poskytovaly signdl pouze pii
zaznamu kladnych ionti.

Na obrazku 1 je zobrazeno spektrum 6-MNA, kde Ize
vidét ion m/z 217, ktery je tvofen protonovanou moleku-
lou (M+H)* a fragmentovy ion m/z 171, vznikly dekar-
boxylaci molekuly. Ion m/z 282 nepatii sledované létce,
jednad se o ion z pozadi. Na obrazku 2 je APCI spektrum
naproxenu. Opét je zde pozorovatelnd protonovana
molekula (M+H)* o hmoté¢ m/z 231 a intenzivni frag-
mentovy ion m/z 185 vznikly dekarboxylaci.

Na obrazku 3 je zobrazeno spektrum nabumetonu. Ion
m/z 229 patii protonované molekule (M+H)* a intenziv-
ni m/z 171 je fragment vznikly odstépenim Césti postran-

niho fet€zce (M-CH,COCH,)*. Ion m/z 211 pak odpovi-
dd ztrat€ 17 u. Ostatni pfitomné ionty patii k signalu
pozadi.

Validace

Metoda stanoveni 6-MNA a nabumetonu spliiuje
pozadavky na presnost a spravnost. Selektivita metody
byla testovana analyzou deseti ,slepych® vzorkd, pii-
¢emZ jsme nepozorovali Zadné interference.

Zaroven jsme urcili detek¢ni limity pro obé stanovo-
vané latky. Limit UV detekce pro 6-MNA byl 50 nM, pro
nabumeton 0,1 M. Limit MS detekce pro 6-MNA cinil
1 uM, pro nabumeton 0,5 (M.

V pritomnosti naproxenu jako vnitfniho standardu
(10 uM) byla v koncentraénim rozmezi 0,2-200 UM na
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Obr. 5. Zavislost odezvy standardnich roztokii 6-MNA na koncentraci (kolona Supelcosil LC-18 15 cm x 4,6 mm 5 um;
ACN : 0,1% TFA 50 : 50 0,3 ml.min’’; nastiik 30 ul, MS m/z 171, m/z 185)

deseti koncentracnich drovnich proméfena odezva stan-
dardnich roztoki 6-MNA a nabumetonu s vyuZzitim UV
detekce. Rozmezi pro MS detekci bylo 0,5-200 uM,
devét koncentracnich drovni.

Odezva byla pro oba analyty v uvadéném rozsahu
linearni pfi pouziti UV i MS detekce (obr. 4 az 7).

Validace byla provedena pro UV a pro MS detekci
zvlast. Parametry validace pro stanoveni 6-MNA jsou
uvedeny v tabulce 1. Validace metody stanoveni nabume-
tonu je shrnuta v tabulce 2. VytéZnost se pohybovala oko-
lo 84 % pro nabumeton a 86-90 % pro 6-MNA (tab. 3).

Stabilita zdsobnich roztoku

Stabilitu zasobnich roztokl jsme sledovali v inter-
valech 14, 30, 60 a 120 dni. V Zadném z intervala se

plochy piku pro 6-MNA, nabumeton nebo vnitini stan-
dard neodchylovaly o vice neZ 2 % od bazalnich hod-
not.

Stabilita vzorku krevni plazmy

Ctyii cykly zmrazeni a opétovného roztiti nevedly
k vyznamnému poklesu obsahu analytl ve vzorku.

Kratkodobou teplotni stabilitu jsme sledovali u vzor-
kt krevni plazmy, kdy jsme roztoky ponechali pfi labo-
ratorni teploté po dobu 6 hodin. Po této dobé opét
nedoslo k vyznamnému poklesu obsahu analytd ve
vzorku podobné jako pfi testech dlouhodobé stability
po 60 a 120 dnech skladovéani pfi -70 °C. VSechny
vysledky stabilit testd krevni plazmy jsou sumarizova-
ny v tabulce 4.
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Tab. 1. Validace metody stanoveni 6-MNA

Tab. 2. Validace metody stanoveni nabumetonu

Detekce uv MS

rovnice regrese y =98284x + 0,0073 y = 49262x — 0,0884

R? 0,9993 0,9989
LLOQ (uM) 0,5 2
ULOQ (uM) 100 100
pocet kalibracnich bodi 8 6
presnost (%) 2,4-12,5 2,1-94
spravnost (%) 87,8-107,4 86,3-106,4

Tab. 3. WtéZnost metody pro 6-MNA a nabumeton (UV
detekce)

Koncentrace (LM) Vytéinost (%) Median
1 86 89 91 86
6-MNA 10 85 92 87 87
50 90 91 90 90
0,5 79 80 84 84
nabumeton 2 84 82 88 84
10 85 86 84 85

Detekce uv MS

rovnice regrese y =90991x — 0,0006 y =107776x — 0,0479
R? 0,9990 0,9977

LLOQ (uM) 0,2 2

ULOQ (uM) 20 20

pocet

kalibra¢nich bodt 6 6

presnost (%) 42-144 4,6-8,5
spravnost (%) 93,4-109,6 86,2-107,9

Reprodukovatelnost metody

Relativni smérodatna odchylka stanoveni 6-MNA
v kontrolnich vzorcich na tfech riznych koncentracnich
hladinéch se pohybovala v rozmezi 2,9-6,1 %. Obdobné
nabyvala i v pfipadé nabumetonu relativni smérodatna
odchylka hodnot 1,6-3,6 %.

Aplikace metody

Primémé hladiny (95% CI) nabumetonu a 6-MNA
ziskané UV detekei jsou uvedeny na obrdzcich 8 a 9.
Zéakladni farmakokinetické parametry nabumetonu
a 6-MNA jsou uvedeny v tabulce 5.

Tab. 4. Kratkodoba a dlouhodoba stabilita vzorkii krevni plasmy a stabilita po étyrFech cyklech zmrazeni a roztati. Medidan ze 3

meéreni (UV detekce)

6-MNA Nabumeton
Koncentrace vzorku (UM) 1 50 0,5 10
Medién nalezené koncentrace tyf cyklll zmrazeni a roztati (WM) 1,07 48,4 0,48 9,87
K 0,04 1,30 0,016 0,34
5, (%) 45 2,7 34 3.5
Medién nalezené koncentrace kratkodobé stability (mol.dm™) 0,98 47,6 0,50 9,56
s 0,054 0,59 0,007 0,08
5. (%) 55 1,2 15 0,9
Medién nalezené koncentrace po 60 dnech (mol . dm=) 0,97 48,1 0,48 9,75
K 0,01 1,06 0,02 0,08
5. (%) 1,2 2,2 4.4 0,9
Median nalezené koncentrace po 120 dnech (mol.dm) 1,04 49,2 0,51 10,1
N 0,059 0,77 0,01 0,58
5. (%) 5,7 16 2,0 5.8
Tab. 5. Priumérné (SD) hodnoty zdkladnich farmakokinetic-
kych parametrii ve skupiné 24 dobrovolniki o
FK parametr Nabumeton 6-MNA ZAVER
C o (mg/l) 0,56 (0,19) 12,75 (1,40) Pfi srovnani obou detekénich technik, lze fici, Ze UV
AUC  , (h.mg/l) 18,07 (7,05) 633,25 (174,05) detekce, jak doklddaji smérnice z rovnic kalibracnich
AUC,. (h.mg/1) 18,22 (6,87) 721,50 (237,78) pfimek, je stejné citlivd pro 6-MNA i pro nabumeton.
T, (h) 2091 2726 P'01.<ud .sts:jn.)’/m zplusobem zhodnotimc? hmotpostni detek-
ci, je citlivéjsi pro nabumeton (smérnice kalibracni pfim-
*medidn ky nabumetonu je pfiblizné 2x nez smérnice kalibracni
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pfimky 6-MNA). Pii pouZiti UV detekce jsme u obou
analyt dosahli niz§i meze stanovitelnosti nez v pripadé
detekce hmotnostni. Lze pfedpokladat, Ze pouZitim tech-
niky SIM u kvadrupélového hmotnostniho spektrometru,
pripadné techniky MRM u tandemovych pfistroju by
bylo moZzné zvysit citlivost o nékolik fadd a dostat se
minimalné na droveit UV detekce. Tyto mddy detekce
vSak ndmi pouzité pfistrojové vybaveni neumoznilo.

Zavedené metody UV i hmotnostni detekce umoznuji
stanovit koncentrace nabumetonu a 6-MNA po jednora-
zovém podani terapeutické davky léciva.

Préce vznikla za podpory grantu GA UK 52707.
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6. ZAVER

Predkladana dizerta¢ni prace je tvoiena komentovanym souborem deviti publikaci, které
vySly v mezindrodnich impaktovanych ¢asopisech. V praci jsou uvedeny a
diskutovdny moznosti vyuZiti hmotnostni spektrometrie pro analyzu biologicky
vyznamnych latek ze skupiny organokovovych komplext, biologickych markerd a
vybranych 1é¢iv. Vyuziti hmotnostni spektrometrie pro analyzu komplexd, umoznéné
predevsim vyvojem mékkych iontovych zdroji, patiéi jesté stale mezi méné bézné
aplikace této metody. Na zaklad¢ série experimentti s komplexy rhenia a komplexy
charakterizace a kvantifikace té€chto latek cenna data, vyznamné dopliujici informace
ostatnich metod strukturni charakterizace. Hmotnostni spektra nizkého rozliseni, zvlasté
pokud jsou kombinovana s rozborem izotopického profilu (isotopic pattern), poskytuji
vérohodnou informaci o struktufe molekularniho iontu. Volbou konkrétniho typu a
podminek mékké ionizace je mozno ovlivnit rozsah fragmentace molekularniho iontu,
spektrum a intenzita fragmentovych ionti poskytuji dalS$i cenna data o struktufe
komplexu i jeho stabilité za danych specifickych podminek ionizace (redoxni stabilita
v podminkach ESI, fotochemicka stabilita pti APPI, vyména ligandd v APCI aj.)
Vérohodnost strukturni charakterizace mohou vyznamné zvysit méfeni (MS)". Pti
analyze komplexu rhenia byla potvrzena moznost strukturni charakterizace komplext ve
smési. ESI/MS s ptimym vstupem vzorku byla pouZita pro charakterizaci vznikajicich
komplext pfimo v reak¢éni smési a poskytla cenné Udaje o kinetice vzniku a dalSich
chemickych reakcich téchto latek a to i ve velmi nizkych koncentracich, kde ostatni
techniky strukturni charakterizace neposkytly méfitelna data. Pozitivni charakteristiky
hmotnostni spektrometrie byly prok&zany i pfi strukturni charakterizaci ferrocenovych
komplextd s navdzanou médi, stiibrem a zlatem. Soucasnou piitomnost dvojice kovovych
iontl s charakteristickymi izotopy bylo mozno vérohodné prokazat na zékladé rozboru
izotopického profilu v molekularnim a fragmentovych iontech.

S pomoci hmotnostni spektrometrie bylo moZno ziskat podklady pro identifikaci a
kvantifikaci vyznamnych biomarkeri. V pifipad€¢ analyzy billirubinu a jeho derivata
prokazala hmotnostni spektrometrie jako jedna z mala analytickych technik schopnost

prace stakto chemicky labilnimi latkami bez nezddouci degradace b&hem analyzy.
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V souvislosti s analyzou billirubinu a jeho derivatii je nutno zminit obecné znamou
negativni vlastnost hmotnostni spektrometrie, neschopnost rozlisit strukturné blizké
izomery. V ramci studie fotoizomeru billirubinu nebylo mozno jednotlivé typy na
zakladé hmotnostnich spekter rozliSit. Tento problém je mozno vyfeSit napiiklad
pouzitim vhodné separaéni metody jako vstupu do hmotnostniho spektrometru.
Prikladem tohoto pfistupu je popsané stanoveni enantiomerd tramadolu a
O-desmethyltramadolu v lidské moc¢i pomoci GC/MS s chirdlni chromatografickou
kolonou. Dosazitelna vysoka citlivost stanoveni s pouzitim hmotnostniho spektrometru se
ukazala byt kliCovou pii monitorovani velmi nizkych intracelularnich koncentraci

sukcinatu a farmakokinetickych studiich 1é¢iv rilmenidinu a nabumetonu LC-ESI/MS.
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