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Abstrakt

Habilita¢ni prace s ndzvem ,,Vyuziti elektroanalytickych metod a jejich kombinace
s chromatografii a hmotnostni spektrometrii ke studiu oxidacné-redukénich pifemén
xenobiotik® je koncipovana jako komentovany soubor deseti vybranych publikaci, které
predstavuji mij veédecky pfinos v oblasti elektrochemie a elektroanalyzy biologicky
vyznamnych organickych latek cizorodych lidskému organismu. Prvni Cast prace piinasi
souhrn metodickych pfistupi k vyzkumu elektrochemickych reakci organickych latek
a analyzy reakénich produktii. Vedle prehledu klasickych voltametrickych metod studia
termodynamiky a kinetiky elektrochemickych pfemén jsou v praci uvedeny nékteré novejsi
metody zkoumani produktii elektrochemickych reakci, které vyuzivaji off-line nebo on-line
spojeni elektrochemie s hmotnostni spektrometrii. Pfedstaven je novy typ elektrody
specialni konstrukce pro hmotnostné spektrometrickou analyzu latek elektrochemicky
generovanych a silné¢ adsorbovanych na elektrodovém povrchu. Uvedené pristupy jsou
demonstrovany na piikladech vyznamnych primyslovych latek ze skupiny bromfenola
a farmakologicky vyznamnych latek jak ptfirodniho ptvodu, ze skupin isochinolinovych
alkaloidl a prenylflavonoidi, tak syntetickych 1é¢iv s jednou nebo vice oxidovatelnymi
skupinami. Detekované produkty elektrochemické ¢i chemické oxidace téchto latek jsou
porovnavany s produkty jejich oxidacniho metabolismu katalyzovaného enzymy

cytochromu P450.



Seznam pouzitych zkratek a symbolu

A plocha elektrody

APCI chemicka ionizace za atmosférického tlaku

ASAP sonda pro analyzu pevnych latek za atmosférického tlaku (Atmospheric
Solids Analysis Probe)

Ber berberin

BP bromfenol

BRB Brittontv-Robinsontv pufr

c koncentrace latky v roztoku

CE pomocna elektroda

CFBE uhlikova stétickova elektroda (Carbon Fiber Brush Electrode)

CYP enzymy systému cytochromu P450

D diftizni koeficient

DC voltametrie  stejnosmérna voltametrie

Ei ptlvlnovy potencial

EC/MS elektrochemie spojena s hmotnostni spektrometrii
E potencial

Ep potencial piku

ESI ionizace elektrosprejem

F Faradayova konstanta (96 485,332 C mol™)

FES fesoterodin

GCE elektroda ze skelného uhliku (Glassy Carbon Electrode)
I elektricky proud

lq diftzni proud

I limitni kineticky proud

Ip vyska proudového piku (viny)

Ipa vyska anodického proudového piku

Ip.k vyska katodického proudového piku

k rychlostni konstanta reakce

Ka rovnovazna disociac¢ni konstanta Kyseliny

Kow rozdélovaci koeficient v systému oktanol/voda
LC/MS kapalinova chromatografie spojena s hmotnostni spektrometrii
M molarni hmotnost

MS hmotnostni spektrometrie

ND-Z N-demethylzopiklon
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pocet protonil ptenesenych Vv elektrodové reakci
hydrogen-palladiova referen¢ni elektroda

zaporny dekadicky logaritmus rovnovazné disociacni konstanty
elektricky naboj

kvadrupodlovy analyzator s analyzatorem doby letu

molarni (univerzalni) plynova konstanta (8,314 J K’ mol™)
rotujici diskova elektroda

referencni elektroda

nasycena kalomelova elektroda

cas

teplota tani (°C)

teplota varu (°C)

termodynamicka teplota (K)

tolterodin

molarni objem latky

pracovni elektroda

parametr asociace vztahujici se k interakci rozpusténé latky
S rozpoustédlem

pocet elektronil ptenesenych v elektrodové reakci
zéakladni elektrolyt

pocet elektronli zahrnuty v kroku elektrodového procesu urcujicim jeho
rychlost

koeficient pfenosu naboje

povrchové pokryti (mnozstvi latky adsorbované na jednotkové plose
elektrody)

aktivitni koeficient oxidované formy elektroaktivni latky
aktivitni koeficient redukované formy elektroaktivni latky
distribu¢ni koeficient

relativni permitivita

dynamicka viskozita

rychlost polarizace elektrody

kinematicka viskozita

bezrozmérny elektricky proud

uhlova rychlost



1 Uvod

Tato prace se veénuje problematice elektrochemického vyzkumu oxidacné-
reduk¢nich reakci organickych latek cizorodych lidskému organismu [1-10]. Koncept
oxidaéné-redukcénich déji se v prabéhu vékt postupné vyviji v souladu s vyvojem veskerého
lidského poznani. Prvnim ze zkoumanych chemickych dé&jti ozna¢ovanych dnes pojmem
oxidaéné-redukéni (Ci kratce redoxni) bylo hofeni. Ohen byl dlouho povaZzovan za jeden ze
Ctyt zakladnich elementii vSeho byti (fecky filosof Empedoklés z Akragantu, 5. stol. pt. n.
). V 17. stoleti ptinesl némecky alchymista Johann Joachim Becher novou teorii hofeni
latek, podle niz existuje element, ktery je obsazen ve vSech hoflavych objektech a ktery se
pti spalovani uvoliiuje. Jeho zak, Georg Ernst Stahl, nazval tento element flogiston a
rozvinul teorii, kterd vysvétlovala nejen hoteni, ale i dychani zivocichl a korozi kovi.
Koncem 18. stoleti pfispé€l rozvoj analytické chemie, zejména gravimetrie vyuZzivajici
presného vazeni produktt hoteni, ke zpochybnéni teorie flogistonu. Definitivné ji vyvratil
francouzsky chemik Antoine-Laurent Lavoisier na zakladé rozsahlych experimentl
inspirovanych mimo jiné objevem kysliku, ktery publikoval jeho souéasnik, obhajce teorie
flogistonu, Joseph Priestley vr. 1774. Lavoisier pojmenoval nové objeveny plyn jako
,»oxygen neboli ,,kyselinotvorny* (z feckého 0&0¢ = kyselina, -yevic = tvirce, ploditel,
puvodce), vychazeje z mylného piedpokladu, ze kyslik je soucasti vSech kyselin [11,12].
Lavoisier vysvétlil ulohu kysliku v procesech hoteni, oxidace kovi a dychani. Jeho teorie

odstartovala revoluci, ktera vedla k pfetvoteni chemie v moderni védeckou disciplinu [13].

Podle Lavoisierovy teorie jsou oxidaci nazyvany reakce, pfi nichZ se spotfebovava
kyslik, zatimco reakce, pii nichZz se kyslik uvoliiuje, jsou oznaCovany jako redukce.
Rozsifeni pohledu na oxida¢né-redukéni reakce piinesl rozvoj elektrochemie v pribéhu
19. stoleti. Zjisténi, Ze napf. na anodé v elektrochemickém clanku lze generovat ionty
zelezité ze zeleznatych, podobné jako jejich reakci s kyslikem v roztoku, vedlo k zaveéru, Ze
podstatou oxida¢né-redukcnich reakci je vymeéna elektronit mezi donorem a akceptorem
(elektron byl objeven vr. 1897 Josephem Johnem Thomsonem). Na zaklad¢ studia
chemickych vazeb ve slouceninach v prvni poloviné 20. stoleti odhalil Linus Pauling
elektronegativitu jako schopnost atom ptitahovat valen¢ni elektrony sdilené s jinymi atomy
ve sloucening. Jeho stupnice elektronegativity prvka poskytla pevny zaklad pro dne$ni
definici oxida¢né-redukénich reakci jako déju, pfi nichz se méni oxidacni stav (nebo téz

oxidacni ¢islo ¢i stupent) atomi tvoticich chemickou vazbu.



Vyznam redoxnich reakci je dalekosahly, a to nejen v chemii, ale i v biologii
a geologii. Povrch Zeme¢ tvoii redoxni rozhrani mezi redukovanym kovovym jadrem planety
a oxidujici atmosférou. Na povrchu nasi planety v kyslikové atmosféie probihaji spontdnné
oxidacni reakce, a to jak materialti anorganické povahy (minerala a hornin), tak i organické
hmoty. Redoxni reakce probihaji ve vSech zivych organismech, vétSinou za ucasti enzymd,
které zprosttedkovavaji a fidi ptenos elektrond, atomi vodiku, kysliku, pfip. dalSich ¢astic.
Prostfednictvim téchto reakci ziskavaji builkky vétSinu energie (nezbytné pro syntézu

stavebnich latek), udrzuji vnitini rovnovahu a také odbouravaji cizorodé latky — xenobiotika.

V soucCasnost jsou lidé neustale vystavovani piasobeni xenobiotik, tedy latek
organismu cizich, jako jsou farmaceutika, pesticidy, potravinaiska aditiva a dalsi
primyslové chemikalie, které ¢loveék vyrabi a vyuziva v riznych oblastech svého konani,
a které pak nasledné znecist'uji Zivotni prostfedi. Vniknou-li tyto cizorod¢ latky do lidského
téla, organismus se je snazi vyloucit S pomoci metabolickych procest. Metabolismus
xenobiotik obecné probiha ve dvou fazich. V prvni fazi byva xenobiotikum nejcastéji
oxidativné pfeménéno na polarnéjsi slouceninu, ktera pak ve druhé fazi podléha konjugaci
s glukuronovou kyselinou, glutathionem, nebo byva sulfatovana, pfipadné acetylovana ¢i
methylovana [14]. Vysledkem metabolismu xenobiotik jsou polarni latky rozpustné ve

vodném prostiedi, které mohou byt snaze vylouceny z organismu moc¢i nebo pies Zlug stolici.

Metabolické pfemény xenobiotik vV obou fazich jsou katalyzovany enzymy. Hlavni
ulohu v 1. fazi metabolismu ma systém cytochromu P450 (CYP). Jde o rozséhlou skupinu
enzymu s hemovou prostetickou skupinou, které katalyzuji v 1. fazi pfedev§im oxidaéni
reakce, nejCastéji hydroxylaci, ale mohou katalyzovat také dealkylace, deaminace,
dehalogenace, desulfatace, epoxidace a peroxidace [14]. V nekterych piipadech mohou tyto
reakce vést k aktivaci xenobiotik, kdy vznikaji latky reaktivnéjsi, S Vvyssi biologickou
jedna z metabolickych drah paracetamolu, hojné pouzivaného analgetika a antipyretika,
vede ke vzniku velmi reaktivniho N-acetyl-p-benzochinonu, ktery se mtize vazat na proteiny
Vv jatrech a byt tak pfi¢inou hepatotoxicity 1é¢iva [15].

Redoxni metabolické reakce xenobiotik Ize studovat v riznych modelovych
biologickych objektech, pifes in vitro enzymatické systémy, jako jsou napf. jaterni
mikrosomalni frakce, az po jednodussi neenzymové biomimetické systémy, obsahujici napft.

metaloporfyriny (aktivni centra cytochromu P450) nebo Fentonovy reagenty (smés peroxidu



vodiku a Zeleznaté soli generujici vysoce reaktivni hydroxylové radikaly) [16]. Jednim
Z nejjednodussich systémd, v nichz lze velmi U¢inn¢ napodobovat fadu redoxnich reakci

probihajicich v Zivych organismech, je elektrochemicky ¢lanek.

V elektrochemickém ¢lanku je mozné fyzicky oddélit obé redoxni poloreakce, tedy
oxidaci a redukci, a sledovat pouze jednu z nich na vhodné pracovni elektrodé. Vysledky
elektrochemickych experimentii mohou pfinést mnoho cennych informaci o reaktivité dané
latky, jeji schopnosti odevzdavat nebo piijimat elektrony (vCetné uréeni jejich poctu),
podléhat dal$im chemickym reakcim v daném prostiedi (protolyza, solvolyza, adsorpce na
mezifazich v ¢lanku, tvorba komplexti) i o meziproduktech a produktech jejich oxidace nebo
redukce, a jejich reaktivité. Odhaleni centra redoxni aktivity xenobiotika stejné jako dalsi
informace o jeho reaktivnosti mohou byt vyuzity napf. pro navrzeni moznych metabolickych
redoxnich pfemén a vyslednych meziproduktl ¢i produktii, pro elektrochemickou syntézu
uréitych metabolitti v dostate¢ném mnozstvi pro jejich izolaci a naslednou charakterizaci,
pfipadné i pro toxikologicka ¢i jind (napi. farmakologickd) studia. Znalost redoxniho
chovani xenobiotik lze vyuZzit v neposledni fadé pti vyvoji citlivych analytickych metod

detekce a stanoveni elektrochemickymi technikami.

Tato prace je vénovana studiu redoxniho chovani a identifikaci produkti
elektrochemickych pfemén vybranych xenobiotik, ktera obsahuji elektrochemicky
oxidovatelné skupiny, zejména fenolovou, benzodioxolovou a terciarni aminoskupinu.
Jmenované skupiny byvaji velmi Casto pfitomny v Ié¢ivech ¢i potencidlnich 1é¢ivech, ale
také drogéch, at’ uz ptirodnich ¢i syntetickych (v¢. tzv. ,,designer drugs*) a izce souviseji
s jejich biologickou aktivitou. Prace vychazi ze souboru deseti publikaci [1-10] uvedenych
v piiloze, které vznikly v pribéhu poslednich jedenacti let v laboratofi elektroanalytickych
metod v Gizké spolupraci s laboratofi chromatografickych metod a hmotnostni spektrometrie
na Katedfe analytické chemie Ptirodovédecké fakulty Univerzity Palackého v Olomouci.
Jejim cilem je poukazat na nékteré poznatky, které byly v pribéhu vyzkumné prace
dosazeny a které by mohly piispét jak k obohaceni pfistupt ke studiu redoxnich pfemén
biologicky vyznamnych molekul, tak i k dalSimu vyvoji elektrochemické instrumentace
a spojenych analytickych technik. Metodicka ¢ast prace miize slouzit studentim jako

dopliujici a roz$itujici studijni literatura k prednaskam z elektroanalytickych metod.



2 Prinos elektrochemie ke studiu redoxnich reakci

biologicky vyznamnych latek

2.1 Elektrochemické a biologické redoxni reakce

Elektrochemické metody umoziuji studovat reakce prenosu naboje u biologicky
vyznamnych latek a ziskat fadu dtlezitych informaci 0 studovaném systému. Do jaké miry
jsou informace ziskané o reakcich pfenosu naboje pomoci téchto technik schopny vypovidat
0 redoxnich reakcich probihajicich v zivych organismech? EXxistuje fada podobnosti, které

poukazuji na relevantnost elektrochemického studia biologicky vyznamnych molekul [17]:

1. Jak elektrochemicky, tak biologicky pienos naboje pii oxida¢né-redukénich reakcich
probihd jako heterogenni proces. V elektrochemickém systému se odehrava
v mezifazi elektroda/roztok, v biologickém systému zpravidla v mezifazi
enzym/roztok.

2. Elektrochemické reakce i biologické reakce Vv zivych organismech mohou probihat
za podobnych podminek (pH, iontova sila roztoku, teplota).

3. Biologické i elektrochemické reakce prenosu naboje mohou probihat v nevodném
prostfedi lipidovych struktur v biosystémech i v nevodnych rozpoustédlech
v elektrochemii.

4. Pro reakci pfenosu naboje se musi molekula substratu orientovat uréitym smérem jak

vici aktivnimu mistu enzymu, tak viéi povrchu elektrody.

I ptes uvedené podobnosti neni mozné V elektrochemickém systému simulovat
vSechny redoxni reakce, které jsou V biologickych systémech katalyzovany enzymy.
Specificita enzymi viéi nékterym reakcim substratll je jedineéna. Napt. oxidacni reakce
katalyzované enzymy systému cytochromu P450 (CYP) iniciované pfimym odnétim vodiku
z molekuly substratu, jako jsou hydroxylace alifatického fetézce nebo nesubstituovaného
aromatického kruhu, ¢i O-dealkylace vyzaduji ptilis vysoky potencial (vys$si nez je potencial
oxidace rozpoustédla) na to, aby mohly probehnout za béZnych elektrochemickych
podminek [18]. Piesto elektrochemické metody mohou byt uzitetné pii zjiStovani

nachylnosti substratu k oxidaci a pti odhalovani jeho redoxn¢ aktivnich center.

V nésledujicich odstavcich bude vénovana pozornost elektrochemickym technikam

a experimentiim, které mohou byt cennym zdrojem informaci nejen o oxida¢né-redukcnim



chovani biologicky aktivnich latek. Kombinace elektrochemickych experimentti s metodami
separa¢nimi a hmotnostn¢ spektrometrickymi umoznuje identifikovat produkty redoxnich
pfemén. Pfinos uvedenych technik bude dokumentovan na piikladech vysledka

pochézejicich z laboratoii Katedry analytické chemie.

2.2 Metody studia elektrochemickych déju

2.2.1 Stejnosmérna (DC) voltametrie

Prvni elektrochemické vyzkumy, které predchazely objevu polarografie, se datuji
k zacatku 19. stoleti (M. Faraday). Vyznamny byl pfinos prace F. G. Cottrella a H. J. S.
Sanda v pocatku 20.stoleti, ktefi popsali principy difiznitho pfenosu hmoty
Vv elektrochemickych ¢lancich. Ke skute¢nému zrozeni voltametrie doslo az ve 20. letech 20.
stoleti [19]. Rozvoj voltametrickych metod vychazi z rozsahlého vyzkumu elektrolyzy se
rtutovou kapkovou elektrodou akademika Jaroslava Heyrovského, ktery vedl k objevu
polarografie vr. 1922. O 37 let pozdé&ji, v roce 1959, za jeji objev a rozvoj v jednu
z nejdulezitéjsich analytickych metod své doby obdrzel J. Heyrovsky nejprestiznéjsi

védecké ocenéni — Nobelovu cenu.

V soucasnosti se klasicka polarografie s kapajici rtutovou elektrodou v analytické
praxi jiz nepouziva, avsak jeji teoreticky vyznam pro studium reakci pfenosu ndboje a s nim
souvisejicich dalSich dé&ju je stale velky. Rtutova kapkova elektroda je téméf idealni
elektrodou z hlediska Cistoty a homogenity povrchu, jeho snadné obnovitelnosti
a polarizovatelnosti do vysokych zapornych hodnot potencialu v disledku velkého prepéti
vuci vyvoji vodiku. To umoziuje sledovat redukcni reakce analytl v Siroké katodické oblasti
potencialti. Nevyhodou rtuti je jeji velmi snadna oxidovatelnost jiz pti nizkych hodnotach

potencialu v anodické oblasti. To znaéné omezuje vyuziti rtuti pti studiu oxida¢nich reakei.

Prakticky stejny teoreticky vyznam jako polarografie ma stejnosmérna (Direct
Current, DC) voltametrie stuhou rotujici diskovou elektrodou (RDE). Tuhé elektrody
z inertnich kovovych nebo uhlikovych materidlli se vyborn¢ uplatituji pravé pii studiu
oxidacénich reakci. Teorie k DC voltametrii s RDE je velmi podrobn¢ propracovana, podobné
jako teorie rtutové kapkové elektrody Vv polarografii. Metoda je nejCastéji vyuzivana pro
studium difaze, kinetiky elektrodovych reakci a kinetiky homogennich reakci zatazenych do

posloupnosti elektrodovych déja [20].



Limitni proud voltametrické viny v DC voltametrii s RDE je zéakladni veli¢inou,
kterou lze pouzit k rozliseni povahy studované elektrochemické reakce. U elektrodovych
déju tizenych rychlosti diftze elektroaktivni latky k povrchu elektrody plati pro limitni

difazni proud lg tekouci RDE Levicova rovnice:
I, = 0,62zFAD?/3y=16y1/2¢ (1)

kde z je pocet elektronti pienesenych v elektrodové reakci, F — Faradayova konstanta
(96 485,332 C mol?), A — plocha elektrody, D — diftizni koeficient, » — kinematicka
viskozita, w — uhlova rychlost, ¢ — koncentrace elektroaktivni latky v roztoku. Zavislosti
proudu na druhé odmocning z rychlosti rotace @ lze vyuzit k diagnostickym ucelim pro
odhaleni mechanism fidicich velikost proudu. Pro konvektivni difuzi je zavislost | = f(w'/?)
linearni s nulovym tsekem a smérnici, z niz lze pfi znamych hodnotach z, A, v a ¢ velmi
piesné urcit hodnotu difizniho koeficientu studované elektroaktivni latky v daném prostiedi.
Je-li proud fizeny kinetikou pfenosu naboje nebo kinetikou chemické reakce ptidruzené
k reakci pfenosu naboje, proud na rychlosti rotace nezavisi (I = konst). Mezi témito limitnimi
ptipady existuji smiSené kinetiky projevujici se rozdilné pti riznych rychlostech rotace, a

tedy riiznym zakiivenim zavislosti | = f(w'?).

Stejnosmérnou voltametrii s RDE s diskem ze skelného uhliku jsme vyuzili napt. pro
studium elektrochemické oxidace anticholinergniho lé¢iva fesoterodinu (FES) [1]. Tato
latka, chemicky 2-[(1R)-3-[bis(propan-2-yl)amino]-1-fenylpropyl]-4-(hydroxymethyl)fenyl
2-methylpropanoat (obr. 1a), podléha anodické oxidaci v §irokém rozmezi pH, jak je patrné

z voltamogramui na obr. 1b.

Limitni proud zfeteln€ nartstal s rostoucim pH roztoku. Jeho zavislost na odmocniné
z rychlosti rotace méla pro rtizna prostredi rizny prubéh (vlozeny graf v obr. 1b). Pro pH 5,5
se limitni proud ménil s rychlosti rotace pouze nepatrné. Neslo tedy o proud tizeny difuzi,
ale rychlosti spfazené (predfazené) chemické reakce (v tomto piipadé deprotonizace
Vv elektroaktivnim centru molekuly). S rostoucim pH rychlost odstépovani protonu rostla
a Vv dostatecné alkalickém prostedi byl proud jiz tizeny pouze difuzi (linearni zavislost
| = 0,125 '’ se statisticky zanedbatelnym tisekem 0,039 pA pro pH 10). Difuzni koeficient
vypocitany pro prvni stupen oxidace FES pfi pH 10 z Levi¢ovy rovnice s pouzitim hodnot
poétu vymétiovanych elektront z = 2, plochy disku RDE A = 0,033 cm?, kinematické
viskozity v = 0,01676 cm? s smési voda — methanol (1:1, V/V) pii 25 °C [21] a koncentrace

fesoterodinu 1-107" mol cm™ mé&l hodnotu D =2,03 - 10® cm? s,
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Obr. 1. a) Strukturni vzorec fesoterodinu; b) DC voltamogramy fesoterodinu (¢ = 0,1 mmol dm)
zaznamenané na RDE ze skelného uhliku ve smési Brittonova-Robinsonova tlumivého roztoku a
methanolu (1:1, V/V) pro rtizné hodnoty pH (odpovidaji ¢islim u jednotlivych kiivek, 0 znaéi
zékladni elektrolyt, pH 4). Uhlova rychlost 209 rad s, rychlost polarizace 5 mV s™. Vlozeny graf:
Zavislost limitniho proudu na odmocning z rychlosti rotace pii pH 5,5 (), pH 7 (A) a pH 10, prvni
vina (m). VSechny voltamogrmy byly zaznamenany okamzité po smichani roztoku FES se zakladnim
elektrolytem.

Podobné byly z LeviCovy rovnice vypocitdny hodnoty difiznich koeficienti
fesoterodinu pro pH 7 a pH 9 (tab. I). Hodnoty D nartstaji s rostoucim pH a také s rostouci
hodnotou distribu¢niho koeficientu Ié¢iva ve formé volné baze, ktera je vlastni elektroaktivni
formou. Lze predpokladat, ze difiize volné baze (jejiz vypodteny molarni objem je 394 cm?)
bude rychlejsi oproti difazi iontové formy, at’ uz v podobé iontového asociatu fesoterodinu
fumaratu (molarni objem 458 cm?®), nebo solvatovaného kationtu, ktera pievazuje
Vv roztocich s aciditou mensi nez je hodnota pKa fesoterodinu (10.31 £ 0.01 pii 23.4 °C [22]).
Vérohodnost uréenych difuznich koeficienti byla ovéfena porovnanim s hodnotou

D =2,58 - 10° cm? s pro volnou bazi fesoterodinu odhadnutou z rovnice Wilkeho a Changa
(2) [23].

D 7,4 - 1078 (xM)Y/?T

(2)
nV®

kde n a M predstavuji dynamickou viskozitu a molarni hmotnost rozpoustédla, Vmje molarni
objem rozpusténé latky, T termodynamicka teplota a X je parametr asociace vztahujici se
K interakci rozpusténé latky s rozpoustédlem. Uvedena hodnota D byla vypoctena pro

parametry: 5 = 1,62 cP [24], x = 2,6 [23], M = 18,01 g mol?, T = 298,15 K, Vi = 394 cm?.
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Tabulka I. Hodnoty diftiznich koeficientdi fesoterodinu uréenych ze zavislosti lg - w2 (z rovnice
(1)) a distribu¢nich koeficientt fesoterodinu baze J = Ka/([Hs0*] + Ka) [25] pro K, = 10203,

pH Smérnice zavislosti Diftzni koeficient D Distribucni koeficient 6
ld — w'? [nC s17] [cm? s1] [%0]

7 0,0998 1,45 - 10° [1] 0,05

9 0,1177 1,85 10° 4,67

10 0,1253 2,03-10° 32,88

Z uvedeného prikladu je patrné, ze metoda DC voltametrie s RDE muze byt velmi
uzitecnd pro urcovani diftznich koeficientl elektroaktivnich 1é¢iv a dalSich biologicky
vyznamnych latek, a to v Siroce nastavitelnych experimentilnich podminkach (slozeni
roztoku, pH, iontova sila, teplota apod.). Zejména u farmaceutik je difize velmi dilezitym
(a Casto bohuzel opomijenym) parametrem, nebot’ vypovida o pasivnim transportu aktivni

substance v biologickych systémech a tudiz o jeji biodostupnosti [26].

Vedle informaci o fidicim procesu redoxniho d&je a rychlosti difuze elektroaktivni
latky k elektrodovému povrchu, které lze ziskat z velikosti méfen¢ho limitniho proudu
Vv zavislosti na rychlosti rotace RDE, mohou poskytnout voltametrické metody dalsi dalezité
charakteristiky redoxnich reakci biologicky vyznamnych latek. Jednou z nich je pilvinovy
potencial E12, ktery je métitkem schopnosti sledované latky v danych podminkach ptijimat
nebo odevzdavat elektrony, tedy byt redukovana ¢i oxidovana. Velmi zjednodusené (pii
zanedbani vlivu kinetiky pfenosu elektronu mezi zkoumanou latkou — depolarizatorem —
a elektrodou, chemickych reakci depolarizatoru nebo reakéniho meziproduktu pfi
vicendsobném pienosu elektronu a mozné adsorpce depolarizatoru na elektrodovy povrch)
1ze tici, ze ¢im vyssi je hodnota E1/, bez ohledu na znaménko, tim vétsi je energie potiebna
pro pienos elektronu mezi elektrodou a latkou, tedy tim odolnéjsi je latka vici redoxnim

reakcim.

Hodnota pilvinového potencialu mize napoveédét, zda by zkoumana latka mohla byt
substratem enzymového systému cytochromu P450 (CYP). Z hlediska enzymového
oxidativniho metabolismu xenobiotik (ale i latek télu vlastnich) enzymy CYP hraje redoxni

potencial substratu zasadni roli hned po jeho stereospecificité, ktera je pro enzymovou
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katalyzu charakteristicka. Na zaklad¢ podrobného studia kinetiky oxidativni N-demethylace
substituovanych ~ N,N-dimethylanilint  katalyzované CYP, ktera je zahdjena
jednoelektronovym pienosem elektronu ze substratu na aktivni hemové redoxni centrum
enzymu oznatované jako ion FeO®, byla odhadnuta hodnota zdanlivého redoxniho
potencialu CYP Eip@pp) = 1,85 V (vs. SCE). Tato hodnota mize byt zvySena vlivem
elektrostatickych interakci v proteinu. Ukazalo se, Ze pro substraty obsahujici snadno
oxidovatelny heteroatom (napi. N, S, P) a nenasycené substraty s redoxnimi potencialy az
do 2 V (vs. SCE), které jsou V dosazitelné vzdalenosti od redoxniho centra enzymu, muize
ion FeO®*" v tomto centru plisobit jako akceptor elektronu, tedy jako ,,anoda“ [27]. Zde se
nabizi elektrochemicky ¢lanek jako velmi uzite¢ny modelovy systém. Pii vhodné zvolenych
experimentalnich podminkach, kdy nedochézi na pracovni elektrodé¢ (anod€) z vhodného
materialu (napf. skelného uhliku, borem-dopovaného diamantu) K vedlejsim reakcim
rozpoustédla a elektrolytu, Ize voltametricky sledovat oxidaci latek do potencialu kolem
2V (vs. SCE) i vyssiho, zejména v nevodnych roztocich [28]. Z tohoto pohledu anoda
Vv elektrochemickém clanku mtize napodobit chovani piirozeného akceptoru elektront

V hemovém centru CYP.

Pro reverzibilni elektrodové reakce nekomplikované vedlej$imi reakcemi se hodnota
E1p ziskana DC voltametrii rovna tzv. forméalnimu potencialu E' redoxniho systému.
Forméalni potencial popisuje potencial redoxniho paru v rovnovazném systému, kde jsou
oxidovana aredukovand forma pfitomny v jednotkovych celkovych koncentracich (bez
ohledu na to, ze jak oxidovana tak redukovana forma mohou byt v rozlicnych chemickych
formach) [29]. Formalni potencial zahrnuje vliv vedlejSich reakci a rovnovah, jako jsou
tvorba komplext, dimerd nebo iontovych paru, adsorpce na povrch elektrody, vazba na

enzymy, DNA nebo tcast v acidobazickych rovnovahéch.

Redoxni reakce organickych latek v protickych rozpoustédlech, jako je voda, jsou
velmi Casto provazeny pienosem protont. S rostouci aciditou roztoku, tedy rostouci
aktivitou hydratovanych protonid, se pilvlnovy potencidl posouvd k pozitivnéjSim
hodnotam. Pro reverzibilni redoxni reakci, které se Gi€astni z elektronti a p protont, je zména
E1/2 s rostoucim pH roztoku linearni se smérnici danou pomérem poctu protont a elektront
ucastnicich se elektrochemické reakce:

dEy, 2,303 pRT

_ 3
dpH P )
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Pokud zname pocet elektrond (metody urceni popisuje kapitola 2.2.3), je mozné ze

smérnice zavislosti E1/2 na pH urcit pocet protontl.

U reakei irreverzibilnich, kdy ptenos elektronu neprobiha dostate¢né rychle, se méni
hodnota Ei, se zménou acidity roztoku rovnéz linearn¢, avSak kinetika elektronového
pfenosu ma vliv i na smérnici zavislosti E12 na pH:

dE;;;  2,303pRT
dpH az,F

pH 4)

kde a je koeficient pienosu naboje a z, predstavuje pocet elektronti zahrnuty v Kroku
elektrodového procesu urcujicim jeho rychlost [30]. Obvykle je hodnota z, rovna 1.

Z experimentalné zjisténé zavislosti E12 na pH lze kromé poctu protonti urcit také

disociaéni konstanty. Ugastni-li se napt. dvouelektronové redoxni reakce dva protony:
Ox+2e+2H" === H,Red

a redukovana forma podléha protolytickym rovnovaham:
Ka,l +
H,Red === HRed + H
) Ka,Z 2. +
HRed =—>* Red” + H
charakterizovanym rovnovaznymi disocia¢nimi konstantami Ka 1 a Ka2, pak za predpokladu,
ze systém je reverzibilni, bez vedlejSich reakci a interakci, plati pro pilvinovy potencial

rovnice [31]:

RT  Yox RT ( afs  ayr
E — Ef = E° —1 1 1 5
1/2 + 2F n YRed2- * 2F ! (Ka,lKa.Z " Ka,Z * ( )

kde yox a yred jsou aktivitni koeficienty oxidované a redukované formy elektroaktivni latky.
Je ziejmé, ze pllvlnovy potencidl zavisi na pH a ze zavislosti E12 na pH 1ze urcit hodnoty
disociacnich konstant K, za predpokladu, Zze existuji vrozsahu pH stupnice, resp.
Vv experimentaln¢ sledovaném aciditnim rozmezi. Hodnoty pKa oxidované i redukované
formy se uréi z grafické zavislosti E1/2 na pH jako pruseciky linearnich ¢asti grafu, které maji
odlisné smérnice.

U irreverzibilnich reakci, kdy pienos elektronu je pomaly krok urcujici celkovou

rychlost elektrodové reakce, lze urcit disocia¢ni konstantu elektroaktivni skupiny
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zpruseciku  linedrnich tsekti zavislosti Ei» na pH pouze v pripadé, ze
protonizace/deprotonizace této skupiny ptredchéazi prenosu elektronu (prvniho elektronu
v piipadé vice-elektronovych reakci) [32]. V pfipadé, Ze elektroaktivni latka nese
elektroneaktivni kyselou nebo bazickou skupinu, ktera pfi zméné pH roztoku odstépuje ¢i
pfijima proton, pak i kdyZ tato protolytickd zména neni soucésti elektrodové reakce, mohou
se v grafu zavislosti E12 vs. pH objevit linearni useky s riznymi smérnicemi. Prisecik téchto
usekl vSak nemusi odpovidat disociacni konstanté elektroneaktivni skupiny a mize byt od

termodynamické hodnoty pKa zna¢n¢ vzdaleny, dokonce az o n¢kolik jednotek [33].

Prikladem elektroaktivni skupiny, ktera se ireverzibilné¢ oxiduje na elektrod¢ ze
skelného uhliku a soucasné podléha protolytickym reakcim je bis(isopropyl)aminoskupina
fesoterodinu (obr. 1a). Jak bylo uvedeno vyse, v neutralnim a alkalickém prostiedi poskytuje
tato latka diftzi fizenou anodickou stacionarni vinu. Zavislost E12 na pH (obr. 2) vykazuje
dva ptimkové useky se smérnicemi -49 mV/pH a -5 mV/pH s priisec¢ikem pii pH 10, ktery
odpovida disociacni konstanté fesoterodinu v danych experimentalnich podminkach. Pro
porovnani je V literatufe uvadéna hodnota pKa = 10,31 £ 0,01 pii 23,4 °C [22]. Zjistény
prubéh pH zavislosti palvinového potencialu tedy naznacuje, Ze oxidaci podléha terciarni
aminoskupina fesoterodinu a odstépeni elektronu zatomu dusiku predchazi jeho

deprotonizace [1].

800 +
E,, = (1119 £ 23)- (49 £ 3) pH
7004
-2
E
T
Y 6004
E,, = (682 +32)- (5 3) pH
500 : : : : : :
6 8 10 12

pH

Obr. 2. Zavislost ptlvlnového potencialu fesoterodinu (¢ = 0,1 mmol dm) na pH. DC voltametrie
s RDE ze skelného uhliku, zakladni elektrolyt: smés Brittonova-Robinsonova tlumivého roztoku
(pH 7 az 12) a methanolu (1:1, V/V), thlova rychlost 209 rad s, rychlost polarizace 5 mV s™.

Hydrodynamickd DC voltametrie S RDE miiZze poskytovat dilezité informace také
0 dalSich homogennich chemickych reakcich spfaZenych s reakcemi pfenosu naboje. Pii

studiu mechanismu elektrochemickych reakci lze vyuzit zavislosti E12 na rychlosti rotace

14



RDE. Rada organickych latek podléha postupné dvouelektronové redukei nebo oxidaci, pii
kterych se latka A prijetim ¢i odstépenim jednoho elektronu pireméni na nestabilni
meziprodukt B, jenz podléha homogenni reakci za vzniku elektroaktivni latky C. Ta mize
byt dale redukovéna ¢i oxidovana na latku D nebo mtze dochazet k jeji homogenni reakci
s nestabilnim meziproduktem B za vzniku produktu D a vychozi latky A. Celkové lze

popsané déje zapsat nasledujicim schématem [34]:

EOA/B
Ate =—2= B )
k
B — C (1)
Ec)CID
C+te == D (1)
B+C =—> A+D (V)

V piipadé, Ze reakce (IV) je z kinetického hlediska zanedbatelna a produkt D vznika
dvouelektronovou heterogenni reakci u povrchu elektrody, oznacuje se mechanismus jako
ECE (E znadi ptenos elektronu, C chemickou reakci). Kdyz je naopak reakce (Ill)
zanedbatelna a druhy elektron se pfenasi pii homogenni reakci (IV), jde o disproporcionaéni
mechanismus DISP. Jestlize reakce (II) je reakci prvniho fadu, oznacuje se celkovy

mechanismus jako DISP1.

Za predpokladu, Ze pienos prvniho elektronu (v reakci I) je dostatecné rychly
(elektrochemicky reverzibilni), pak zmény pllvinového potencialu v zavislosti na rychlosti
rotace elektrody @ mohou byt pouzity pro zjisténi rychlostni konstanty k nésledné

homogenni reakce. Pro ptipad ECE mechanismu plati vztah [34]:

g _ po_ Z303RT [(D)1/6 Vo l ©)
= — — 0 — N
12 Fo8|\v) 0ea3vk
a pro mechanismus DISP1plati:
2,303RT D\ Ve
Ey, = Eo— 0, (—) —l+ log(2 )
1/2 F glv 0,643VEk g(2)

V piipadé obou mechanismt, ECE i DISP1, se tedy E1/> méni linearné s dekadickym
logaritmem rychlosti rotace se smérnici dEi2/dlog @ = 2,303RT/2F = 29,5 mV pii 25 °C.

Jestlize bude rychly pfenos prvniho elektronu (I) nasledovan misto reakce prvniho

tadu (II) reakci druhého tadu:
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B+B — C ("
nebo:
B == ¢ (1"
kDISP
B+C —— A+D (mm

pak se piislusné reakéni mechanismy oznacuji jako EC2 a DISP2. Pro oba tyto mechanismy

je charakteristicky linearni posun E12 S l0g @ se smérnici 19,7 mV pii 25 °C [35].

Zavislosti pulvinového potencidlu na rychlosti rotace RDE ve voltametrickych
experimentech jsme vyuzili pfi studiu mechanismu elektrochemické oxidace bromovanych
fenolt [2]. Hodnoty smérnic linearniho posunu E12 s hodnotou log @ pro ¢tyfi studované
derivaty (2-bromfenol, 3-bromfenol, 4-bromfenol a pentabromfenol) ziskané DC voltametrii
pti riznych rychlostech polarizace RDE ze skelného uhliku v prostiedi obsahujicim tlumivy
roztok o pH 6 a methanol v obsahu 50 nebo 90 objemovych procent se pohybovaly v rozmezi
18,1 — 22,1 (tab. Il). Hodnoty blizké teoretické hodnoté smérnice 19,7 ukazuji na
elektrodovy proces, vnémz je pienos elektronu nasledovan dimerizaci meziproduktii

v homogenni fazi (mechanismus EC»).

Dimerizaéni reakce byly prokazany analyzou produkti elektrolyzy bromovanych
fenolli za konstantniho potencidlu odpovidajictho limitnimu proudu stacionarnich
voltametrickych kiivek. Metodami GC/MS a HPLC/MS byla identifikovana fada dimernich
produktl, které vznikly rekombinaci fenoxylovych radikali jakoZto nestabilnich
meziproduktii jednoelektronové oxidace vychozich monobromfenolti a pentabromfenolu

[2-4].
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Tabulka Il. Posuny pilvlinovych potenciali bromfenoltt (¢ = 1-10* mol dm?®) s dekadickym
logaritmem rychlosti rotace (v rozsahu 52 az 314 rad s?) rotujici diskové elektrody ze skelného
uhliku v zékladnim elektrolytu obsahujicim methanol.

dEui2/dlog w | Polariza¢ni rychlost | Obsah methanolu
[mV] [mV 5] [%0]
2-bromfenol 18,1 5 90
22,1 30 50
3-bromfenol 19,6 100 50
4-bromfenol 20,9 30 50
pentabromfenol 19,6 5 90

Rotujici diskova elektroda se obvykle nepouziva v kombinaci s cyklickou voltametrii
(viz kap. 2.2.2), nebot’ produkty vznikajici elektrodovou reakci jsou od povrchu elektrody
ucinné odstraniovany (odmetany) pii jeji rotaci. V obraceném sméru polarizace za podminek,
kdy rychlost skenu je dostate¢né pomala vzhledem k rychlosti rotace elektrody, se
zaznamena stejna I-E kiivka jako pfi skenu piimém (dopfedném) [29]. V nékterych
ptipadech vSak mulZe obraceny sken odhalit proces, pfi némz dochazi k blokovani
elektrodového povrchu produkty elektrochemické reakce. Obr. 3 ukazuje voltamogramy tii
monobromovanych fenoltl a pentabromfenolu zaznamenané na RDE V roztoku zékladniho
elektrolytu s obsahem 90 obj. % methanolu. Ani v jednom pfipadé kiivka zpétného skenu
nekopiruje kiivku zaznamenanou v prvnim pfimém skenu. Nejmensi odchylka (hystereze)
byla pozorovana u pentabromfenolu. U monobromfenoli ve zpétném skenu poklesl proud
zvolna az k nule. Pokud se snizil obsah methanolu v roztoku na 50 %, byl pokles proudu
patrny uZ na limitnim proudu Vv anodickém skenu, kdy byla zaznamenana kiivka ve tvaru
Sirokého piku (obr. 3, vlozeny graf). V dalSich opakovanych cyklech byl registrovany proud
témer shodny s proudem samotného zdkladniho elektrolytu. Z uvedeného pozorovani je
ztejmé, ze pii oxidaci bromfenolli dochazi k tvorbé produktii, které zlstavaji silné
adsorbovany na elektrodovém povrchu a blokuji dal§i vyménu naboje (pasivuji elektrodovy
povrch). Vyssi obsah methanolu, podobné jako vysSi rychlost rotace pasivaci ponékud
snizily v disledku uc¢inngjsiho odstranovani produkti elektrochemickych reakei [2].
Podobné chovani bylo popséano v literatuie pro oxidaci pentachlorfenolu na grafitové RDE

[36]. V piipadé bromfenolt zptsobuji pasivaci elektrody dimerni a oligomerni produkty,
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které se tvoii naslednymi elektrochemickymi reakcemi reaktivnich fenoxylovych radikalt.
Struktury nékterych ztéchto oligomernich produktd ¢i jejich fragmentl jsme pozdéji
odhalili hmotnostn¢ spektrometrickou analyzou pevnych latek na povrchu elektrody pomoci

tzv. ASAP sondy, ktera bude podrobnéji popsana v kap. 2.3.3.
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Obr. 3. Cyklické voltamogramy 0,1 mmol dm? 2-bromfenolu (plnd ¢ara), 3-bromfenolu
(¢arkovana), 4-bromfenolu (teCkovana) a pentabromfenolu (Cerchovana) zaznamenané na rotujici
diskové elektrodé ze skelného uhliku v prostiedi methanol/vodny roztok mraven¢anu amonného
pH =6 (9:1, V/V). Rychlost rotace 314 rad s, rychlost polarizace 5 mV s. Vlozeny graf: Cyklicky
voltammogram (2 cykly, oznafené 1 a 2) 4-bromfenolu za stejnych experimentalnich podminek,
pouze ve smési methanol/vodny roztok mraven¢anu amonného pH 6 (1:1, V/V).

2.2.2 Cyklicka voltametrie

Analyza DC voltamogramil umoznuje ziskat fadu termodynamickych 1 kinetickych
parametrii popisujicich pfislusnou elektrodovou reakci. Z tvaru voltametrické viny lze
v piipad¢ jednoduchych jednoelektronovych reakci zjistit, zda je dany redoxni systém
reverzibilni, Kvazireverzibilni nebo irreverzibilni z hlediska rychlosti reakce ptenosu
elektronu a nasledné urcit v prvém piipadé termodynamickou veli¢inu, kterou je formalni
redox potencial, u druhych dvou ptipada kinetické veliiny, jako koeficient pfenosu naboje
(vyjadfuje symetrii energetické bariéry pro pienos elektronu) a standardni rychlostni
konstantu. Pokud vsak je elektrodovy proces komplexnéjsi, zahrnuje pfenos vétsiho poctu
elektronti v n¢kolika naslednych krocich, je analyza tvaru DC viny velmi obtiznd a muze
vést k chybnym zavérim [29]. Pii studiu takovychto systému se pak velmi dobfe uplatiiuje

metoda cyklické voltametrie (CV), ktera dovoluje ptimo sledovat reverzibilitu systému a je
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schopna poskytnout znacné mnozstvi experimentalnich informaci o kinetickém

I termodynamickém chovani studovanych redoxnich systému [37].

Cyklicka voltametrie byva neziidka pouzivana pro pocateCni studium
elektrochemického chovani latek. V této metod¢ je pracovni elektroda stejné¢ jako v DC
voltametrii polarizovana stejnosmérnym napétim rostoucim v ¢ase od pocate¢ni hodnoty po
hodnotu tzv. pfepinaciho potencidlu a zpét. Registrovana zavislost proudu | na elektrodovém
potencialu E ma v pfimém sméru polarizace v pritomnosti elektroaktivni latky tvar piku (na
rozdil od stacionarni sigmoidni vlny v klasické DC voltametrii s RDE nebo s kapajici
rtutovou kapkou). V piipadé reverzibilni reakce se v obraceném sméru polarizace registruje
pik opacné polarity odpovidajici zpétnému transportu elektroni. V ptipad¢ ireverzibilnich
reakci v obraceném smeéru polarizace pik opaéného dé&je bud’ zcela chybi, nebo je znaéné
posunuty oproti ptipadu reakce reverzibilni. Rychlost zmény potencialu pracovni elektrody
se obvykle pohybuje vrozsahu 10 mV st az 1000V s? pii pouziti konvenénich
staciondrnich elektrod s elektroaktivni plochou v ¥adu desetin az desitek mm?. Analyzou
cyklickych voltamogramii zaznamenanych s riznymi rychlostmi polarizace I1ze na zakladé
kritérii odvozenych Nicholsonem a Shainem [38] urCovat parametry popisujici rychlost

prenosu elektronti i spfazenych chemickych reaket.

Pro reversibilni systémy plati linearni vztah mezi velikosti proudu v maximu CV
piku (Ip) a odmocninou z rychlosti polarizace v*? za piedpokladu, Ze je elektrodovy proces

fizen difuzi (Randles-Sevcikova rovnice):

FvD

T (8)

I, = £ 0,446 zFAc

kde znaménko + plati pro anodicky d¢j, znaménko — pro d¢j katodicky, z je celkovy pocet
pfenesenych elektronti na molekulu elektroaktivni latky difundujici k elektrodovému
povrchu, F je Faradayova konstanta, A plocha elektrody, ¢ koncentrace latky v roztoku,
vrychlost polarizace elektrody, D difuzni koeficient, R molarni plynova konstanta

(8,314 J K'*mol?) a T termodynamicka teplota.
Pro 25 °C a po dosazeni hodnot F a R ma rovnice tvar:
I, = £2,69-10°zAcVzvD (©)

Potencial piku Ep v CV ma podobny kvalitativni vyznam jako ptlvlnovy potencial

E12 ve stacionarni DC voltametrii. Plati mezi nimi vztah (pro katodicky d¢j):
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RT 28,5 o (10)
Ep = El/Z - 1,109; == E1/2 _T [mV] pI‘l 25 C

U sirsich pikt mize byt problém urcit hodnotu Ep, proto je nékdy vhodné&jsi odecitat

potencidl v poloving vysky piku, Epp:

28,0

RT I
Epjz = E1p + 109 = Eyjfp + [mV] pti 25 °C (11)

Z rovnic (10) a (11) Ize odvodit diagnosticky parametr pro reverzibilni déje:

RT 565 N 5
|Ep — Epje| = 2.20— = —— [mV] pFi 25 °C (12)

Z uvedenych vztahi (pfevzatych z literatury [29]) vyplyva, Ze u reverzibilnich
systémi potencial piku nezavisi na rychlosti polarizace elektrody, coz je dalsi diagnostické
kritérium pii ur€ovani reverzibility systému. DalS§imi diagnostickymi kritérii reverzibility
redoxniho systému jsou shodnd velikost katodického a anodického proudového piku, tedy
[Ipa/lpk| = 1 a konstantni vzdalenost potenciali maxim proudovych pikii AE = |Epa— Epx| =

2,218 RT/zF = 57/z [mV] pii 25 °C [37].

Pro ireverzibilni systémy plati Randles-Sevc¢ikova rovnice ve tvaru:

azaFvD
I, = 0,496 zFAc |—— (13)

kde z, zastupuje pocet elektronti vyménovanych v kroku ur¢ujicim rychlost, z piedstavuje
celkovy pocet pienesenych elektronii na molekulu elektroaktivni latky difundujici
k elektrodovému povrchu, a je koeficient pfenosu naboje vyjadiujici symetrii energetické
bariéry, F je Faradayova konstanta, A je plocha elektrody, ¢ koncentrace latky v roztoku,
vrychlost polarizace elektrody, D difazni koeficient, R molarni plynova konstanta

a T termodynamicka teplota.

Pro 25 °C a po dosazeni hodnot F a R mé rovnice tvar:

I, = +2,99 - 105zAc\[az,vD (14)

Pokud neni hlavnim fidicim procesem celkového elektrochemického déje difuze, ale
elektroaktivni latka je adsorbovana na povrchu elektrody, registrovany proud odpovidajici
oxidaci nebo redukci dané latky je pfimo umérny rychlosti polarizace elektrody podle vztahu

[37]:
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2F2
I =+ A, (15)

P 4RT

kde A je povrch elektrody a I predstavuje povrchové pokryti (mnozstvi latky adsorbované

na jednotkové plose elektrody, mol m™).

Rada elektrodovych d&jti je piedchizena chemickou reakci, pii niz vznika
z elektroinaktivni latky A elektroaktivni latka B podléhajici reakci pienosu naboje (CE

mechanismus):

!
A

A == B (V)
.
Bifzew === (C (VI)
Tvar a velikost voltametrické i-E kiivky v takovém piipadé zavisi na velikosti
rovnovazné konstanty K chemické reakce (K = ks / ko), celkové rychlosti reakce (K = Kf + Kp)
a rychlosti polarizace elektrody v. Pro urcité rozsahy hodnot téchto parametrii systém
poskytuje voltamogram ve tvaru rovnovazné sigmoidni kiivky, rychlost celkové reakce,
atedy i velikost proudu, je urcena rychlosti pfedchazejici chemické reakce. Kineticky

rovnovazny proud I nezavisi na rychlosti polarizace elektrody v [29]:
I, = ZFADY2cKk\/? (16)

Pfi studiu redoxniho systému lze o fidicim mechanismu rozhodnout analyzou
logaritmovanych zavislosti vySky proudové odezvy (Ip, IL) na rychlosti polarizace elektrody.
Logaritmovanim rovnic (8), (9), (13), (14) se ziskaji linearni funkce log I =a + blog v
se smérnici b = 0,5 pro ptipad diftizi fizeného d&je. Linearni funkce ziskana logaritmovanim
rovnice (15) ma smérnici s hodnotou b = 1, ktera je typicka pro ptipad redoxni reakce Castice
v adsorbovaném stavu. Podle rovnice (16) je kineticky limitni proud nezavisly na rychlosti
polarizace, tedy I = f (v°), odkud logaritmovanim ziskdme konstantni funkci se smérnici
b =0. Rada organickych latek poskytuje linearni zavislosti log I, = f (log v) s hodnotami
smérnic lezicimi mezi vyse uvedenymi teoretickymi hodnotami, coz poukazuje na smiseny
vliv dvou procesu — diftize a adsorpce (0,5 < b < 1) nebo diftize a kinetiky piediazené
homogenni reakce (0 < b < 0,5). V praxi je pted logaritmickou analyzou nutné odecist od

proudu piku (limitniho proudu) proud zakladniho elektrolytu [39].

V tabulce III jsou uvedeny hodnoty smérnice zavislosti log Ip = f (log v) n¢kterych
latek, jejichz voltametrické chovani v anodickém sméru polarizace pracovni elektrody ze

skelného uhliku jsme studovali v nasi laboratofi. Antimuskarinova léc¢iva tolterodin,
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fesoterodin a jejich spoleény metabolit 5-hydroxymethyltolterodin vykazovala ve smésném
vodné-methanolovém prostredi (H2O/CH3OH, 1:1, V/V) v prvnim stupni elektrochemické
reakce anodicky proud fizeny difazi (smérnice zavislosti log Ip —log v jsou rovny nebo velmi
blizké teoretické hodnoté 0,5 pro d&j fizeny difuzi). V Cisté vodném pufrovaném prostiedi
byla zjisténa vys$si smérnice zavislosti log Ip — log v (u tolterodinu 0,62), svédcici o Castecné
adsorpci latky na elektrodovy povrch. Ridici silou adsorpce je hydrofobni interakce
lipofilniho 1é¢iva (rozdélovaci koeficient tolterodinu pti pH 7,3 ma hodnotu log D = 1,83
[40]) s elektrodovym povrchem. Pfitomnost methanolu ve vodném roztoku c¢aste¢né
potlacuje adsorpci organické molekuly v dusledku zvySeni rozpustnosti a konkurenéni
adsorpce méné polarniho rozpoustédla do mezifazi elektroda-roztok [41]. Anodicky proud
odpovidajici nasledné oxidaci (2. pik) je jak v ¢ist¢ vodném, tak ve smésném vodné-
methanolovém prostiedi vyrazné ovlivnén adsorpci (smérnice zavislosti log Ip — log v jsou
0,74 a 0,75). Lze tedy usuzovat, ze meziprodukt vznikajici v prvnim kroku oxidace se na
elektrodovy povrch adsorbuje silngji nez plivodni latka a k jeho dalsi oxidaci dochazi
¢astené v adsorbovaném stavu. V prostiedi bezvodého methanolu se zda byt anodicky
proud v obou stupnich oxidace tolterodinu ovlivnén kinetikou ptediazené homogenni reakce
(smérnice zavislosti log I, — log v maji hodnoty 0,34 pro 1. pik a 0,23 pro 2. pik),
pravdépodobné deprotonizace provazejici pienos elektronu z latky na elektrodu (podrobné;ji

mechanismus elektrochemické oxidace tolterodinu, kap. 3.2.1, obr. 19).

U jinych latek, napt. u 1é¢iva zopiklonu nebo ptirodniho isochinolinového alkaloidu
berberinu, byla adsorpce na povrch elektrody ze skelného uhliku, zjisténa voltametricky ze
zavislosti log Ip—log v (tab. I11), potvrzena jednoduchym experimentem. Elektroda byla po
ur¢itou dobu ponofena v roztoku latky a po vyjmuti zroztoku oplachnuta vodou
a polarizovana v roztoku cistého zakladniho elektrolytu. Na cyklickych voltamogramech
pak byl pozorovan proudovy pik latky naadsorbované na povrchu elektrody [5]. Popsany
postup adsorpce analytu na elektrodovy povrch z roztoku vzorku a pieneseni elektrody
z adsorbovanym analytem do roztoku zakladniho elektrolytu 1ze vyuzit pro ex-situ adsorp¢ni
voltametrické stanoveni silné se adsorbujicich latek i v pomérné komplexnich vzorcich, jako
jsou rostlinné extrakty, mo¢ a podobn¢ [10,42,43]. Vyhodou metody je velmi jednoducha
ptiprava vzorku, kdy odpada nutnost extrakce ¢i jiného zptisobu oddéleni analytu z matrice

vzorku.
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Tabulka I11. Hodnoty smérnic zavislosti log I, =a + b log v a Ep = f (log v) nékterych studovanych
latek pro uvedeny rozsah polarizacnich rychlosti v daném elektrolytu.

Sloucenina Smérnice zavislosti Rozsah v Elektrolyt Odkaz
log Ip vs. log v [mV st
Fesoterodin 0,49 5-500 |[BRBpH7,4s50% | [1]
CH3OH
Tolterodin 0,62 (1. pik); 0,74 (2. pik) | 10-500 | BRBpH 7,0 (H20) | [6]
0,50 (1.pik); 0,75 (2. pik) BRB pH 7,05 50 %
CH3OH
0,34 (1. pik); 0,23 (2. pik) CH3COOHN,
v CHsOH
5-Hydroxymethyl- 0,51 (1. pik) 5-500 [BRBpH7,0s50% | [7]
tolterodin CHsOH
Zopiklon 0,71 10-200 | ppE pH485509% | [
0,89 300-900 | CHCN
Berberin 0,83 100-1000 | Na2SO4 pH 7,0 [8]

BRB — Brittontiv-Robinsoniv pufr

2.2.3 Urcovani poctu elektronii

Pro popis mechanismii redoxnich reakci je velmi dulezity pocet elektront
vyménovanych mezi donorem a akceptorem. V elektrochemii existuje cela fada postupti na
urcovani poctu elektronli ti€astnicich se elektrodovych reakci. Nejjednodussi se zda byt
metoda coulometrickd, v niz se méfi naboj Q spotiebovany na kvantitativni pfeménu
studované latky v celém objemu vzorku. Ze znamého mnozstvi latky n Ize podle spojeného
Faradayova zakona elektrolyzy urcit pocet elektronti z:

Q It

= — =— 17
zF  zF (17)

n

kde F je Faradayova konstanta. Coulometricky experiment se obvykle realizuje za
konstantniho potencialu, ktery se voli z oblasti limitniho proudu stacionarni polarizaéni
kiivky studované latky. Problém muze nastat v piipadech, kdy na pracovni elektrodé¢

probihaji spolu s hlavni elektrodovou reakci jesté dalsi d&je (napf. nasledné reakce
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(mezi)produktt, reakce elektrolytu nebo rozpoustédla). Ty Ize snadno odhalit z nelinearniho

prub&hu zavislosti logaritmu proudu registrovaného v prub&hu elektrolyzy na Case.

Mechanismus elektrodové reakce v podminkach coulometrické elektrolyzy, trvajici
fadove desitky minut, se nemusi vzdy shodovat s reakci pozorovanou pii voltametrickém
experimentu, ktery probiha v casovém méfitku desetin az desitek sekund. Pro tyto pfipady
je vhodnéjsi zjistovat pocet vyménovanych elektronti analyzou voltamogramu, at uz
logaritmickou analyzou stacionarnich DC voltametrickych vin, porovnanim vysky viny se
standardem (u n¢hoz je pocet vymeénovanych elektroni znamy, ma podobny diftzni
koeficient jako studovana latka a méfeni je provedeno za stejnych experimentalnich
podminek) nebo hodnocenim Sitky diferencné pulznich voltametrickych piki ¢i vzdalenosti
maxim reverzibilnich katodickych a anodickych pikd v cyklické voltametrii, ptipadné
pouzitim pocitacovych programi na simulaci cyklickych voltamogramii. K pfesnému urceni
poctu elektront lze vyuzit také porovnani proudi zméfenych dvojici ze ¢ty metod —
chronoamperometrie, cyklické voltametrie, stacionarni voltametric s RDE a stacionarni

voltametrie na mikroelektrodach [44].

Dalsi moznost urCeni poctu elektroni poskytuje matematické zpracovani
voltamogramu pomoci semiintegrace (konvoluce) [45]. Tento proces transformuje
voltametrickou i-E kiivku ziskanou za nestacionarnich podminek DC voltametrii na kiivku
podobnou stacionarni kiivce, kterd je vyhodné&j$i pro dalsi vyhodnoceni. Vyhodou
semiintegracni metody zpracovani dat je jeji univerzalni pouzitelnost na reverzibilni
I irreverzibilni reakce pfenosu naboje, bez ohledu na vyskyt naslednych chemickych reakci.
Pomoci tvaru semiintegrovaného voltamogramu lze také diagnostikovat vliv adsorpce na
elektrodovou reakci. Semiintegrované voltamogramy (SIV) ve tvaru monotonné se zvysujici
sigmoidy poskytuji systémy, u nichz je transport latky fizen pouze diftizi, kdezto SIV ve
tvaru piku ukazuji na vliv adsorpce, pficemZz miiZe jit o adsorpci samotné elektroaktivni
latky, produktii elektrodové reakce, ale i dal$ich neelektroaktivnich latek inhibujicich povrch

elektrody [46].

Pro zjiSténi stechiometrického poctu elektronti ucastnicich se elektrodové reakce
konvolu¢ni metodou je potieba nejprve prevést proudové hodnoty i(t) voltamogramu na

bezrozmérna data pomoci vztahu [47]:
i(t)

FA DFv (18)
¢ RT
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kde P(t) predstavuje bezrozmérny proud, F je Faradayova konstanta, A — plocha elektrody
(cm?), ¢ — koncentrace latky (mol cm=), D — difazni koeficient (cm?s?), v — rychlost
polarizace elektrody (Vs?), R — molarni plynova konstanta (J K'mol?)
a T —termodynamicka teplota (K). Nasledné lze bezrozméma data semiintegrovat
numericky, napf. s vyuzitim rovnice [29]:

ek, 1
1 — Y(jAt — 5 AD)VAE
I(t) = I(kAt) = —2 2 (19)

el

kde ¥(K) je soubor k bezrozmérnych proudovych hodnot zaznamenanych v intervalech Az a j

je celé ¢islo od 1 do k. W(jAt — %At) odpovida bezrozmérné hodnoté proudu odeétené

Vv poloving intervalu A¢ mezi j a j-1. Vyska vysledného sigmoidniho SIV je rovna poctu
vyméinovanych elektront z. Je zfejmé, Ze pro spravny vypocet hodnoty z je nutné znat plochu
elektrody, koncentraci studované latky a jeji diftizni koeficient. Cely postup zpracovani dat
(pfevedeni proudu na bezrozmérna data a jejich numerickou semiintegraci) Ize provést napf.

pomoci volné dostupného programu eL-Chem Viewer [47].

Popsand semiintegracni metoda byla Gsp&$né pouzita pro stanoveni poctu elektronii
pfi oxidaci fesoterodinu [1]. Voltamogram fesoterodinu byl zpracovan v programu eL-Chem
Viewer (obr. 4). Pocet elektrond urCeny ze semiintegrovaného voltamogramu jako vyska
viny je z = 2,01. Velmi dobré shody ve vysledcich bylo dosazeno pifi coulometrickém
stanoveni, kdy byl zjiStén pocet elektronti z = 1,809.

Semiintegracni metoda byla pouZita pro stanoveni poctu elektront také pii anodické
oxidaci pesticidu azoxystrobinu [48] a protizanétlivého 1é¢iva meloxikamu [49] na borem
dopované diamantové elektrod¢. U obou latek odpovidaly jejich voltametrické viny dvou-
elektronovym reakcim. V pfipad¢ azoxystrobinu nebylo mozné urcit pocet elektronl
potenciostatickou coulometrii, nebot’ prubéh I-t kiivky nebyl exponencialni v dasledku
vedlejSich reakci probihajicich na pracovni uhlikové velkoplosné elektrodé. U meloxicamu

byl nalezeny pocet elektronii potvrzen analyzou stacionarnich kiivek ziskanych s rotacni

diskovou elektrodou pfi riznych rychlostech rotace.

25



05 065 X 105
X-data

Obr. 4. Semiintegrovany voltamogram fesoterodinu (¢ = 5-10"° mol dm®) v Brittonové-Robinsonové
tlumivém roztoku o pH 7 s methanolem (1:1, V/V). Experimentalni parametry pouZité pro pievod
proudu na bezrozmérné hodnoty: plocha pracovni elektrody ze skleného uhliku A = 0,077 cm?,
rychlost polarizace pracovni elektrody v = 0,01 V s?, diftzni koeficient D = 1,45-10° cm?s™.
Zaznam z programu eL-Chem Viewer.

2.2.4 Modelovani elektrochemického chovani na jednodusSich strukturné

analogickych latkach

vvvvvv

napomoct srovnani jejich voltametrického chovani se strukturné jednodussimi latkami, které
obsahuji stejny strukturni motiv, jenz je u studované latky podeziely z redoxni aktivity.
Nékteré rozmérnéj$i molekuly mohou obsahovat vice redoxnich center. I v tomto ptipadé
Ize vyuzit jednoduchych modelovych latek Kk prvotnimu odhadu, ktera z téchto center by

mohla reagovat na polarizované elektrodé, pfipadné v jakém potadi.

Modelovani elektrochemického chovani pomoci strukturné jednodussich latek jsme
vna$i laboratofi vyuZzili  kupfikladu pfi  studiu  elektrochemické oxidace
benzylisochinolinového alkaloidu berberinu (obr. 5), latky obsazené napft. v kofeni a kiife
dristalu (Berberis) a mléku vlastoviéniku vétsiho (Chelidonium majus) [8]. Berberin
poskytuje na elektrodé ze skelného uhliku v neutralnim prostiedi dva voltametrické piky

S potencialy maxima kolem 1,2 V a 1,4 V (jsou oznaceny jako A, B v obr. 6a).
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1,3-benzodioxol 1,2-benzendiol
OCH,4
berberin 1,2-dimethoxybenzen

Obr. 5. Strukturni vzorce berberinu a modelovych latek 1,3-benzodioxolu a 1,2-dimethoxybenzenu.

Oxidaci berberinu v kyselém a neutralnim prostfedi, kde je pfitomen ve formé
iminiového kationtu (pK = 11,7 [50]), lze oc¢ekavat na kyslikovych skupinach vazanych na
aromatickém jadre, tedy na benzodioxolovém nebo 0-dimethoxylovém strukturnim motivu.
DC voltamogramy modelovych latek, 1,2-dimethoxybenzenu (veratrolu) a 1,3-benzodioxolu
(obr. 5), poskytuji anodicky proudovy signal pii potencialu piku A berberinu za stejnych
experimentalnich podminek (obr. 6a). V katodickém a nasledujicim (druhém) anodickém
sméru polarizace byly u obou modelovych latek pozorovany kvazireverzibilni pary pika
v méné pozitivni potencialové oblasti, stejné jako u berberinu piky C — C'a D — D' (obr. 6b).
Podobné prubéhy voltamogramti naznacuji, ze elektrochemické oxidaci mize u berberinu
podléhat jak 1,3-benzodioxolova, tak i 1,2-dimethoxybenzenova ¢ast molekuly. Za stejnych
experimentalnich podminek zaznamenany voltamogram 1,2-benzendiolu (obr. 6b) ukazuje
kvazireverzibilni dvojici pikt (oxidace 1,2-benzendiolu na o-benzochinon a zpét) ve stejné
potencialové oblasti jako berberin, 1,3-benzodioxol i veratrol. Z toho lze usoudit, Ze pfi
elektrochemické oxidaci vSech tii latek muize vzniknout analogické o-chinonové uspofradani,
redukovatelné v katodickém smeéru polarizace na pfislusny diol, ktery se reoxiduje

V nasledném anodickém skenu.

Tvorbu benzen-1,2-diolu a o0-benzochinonu pifi elektrochemické oxidaci
1,3-benzodioxolového strukturniho motivu jsme prokazali metodou EC/MS [51]. LC/MS
analyzou roztoku berberinu oxidovaného za konstantniho potencialu 1,4 V jsme zjistili vznik
analogického benzen-1,2-diolového derivatu berberinu jako hlavniho rozpustného produktu.
V men$im mnozstvi pak byly detekovany o-chinonovy derivat (vznikly elektrochemickou
oxidaci benzodioxolového motivu) a produkt O-demethylace 1,2-dimethoxybenzenového

kruhu [8]. V pfipadé¢ berberinu je tedy hlavnim reakénim centrem molekuly 1,3-

27



benzodioxolovy motiv, avSak pfi vhodné orientaci molekuly berberinu k elektrodovému
povrchu dochazi koxidaci i jeji dimethoxybenzenové ¢asti. Pomoci srovnani
voltametrického chovani berberinu s modelovymi latkami se tedy podatilo spravné urcit obé

elektrochemicky aktivni centra v molekule berberinu.
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Obr. 6. Porovnani cyklickych voltamogramii berberinu (plna ¢ara), 1,3-benzodioxolu (¢erchovana
¢ara) a 1,2-dimethoxybenzenu (teckovana ¢ara) v zakladnim elektrolytu 0,02M-Na,SO, (Carkovana
¢ara). a — prvni anodicky sken; b — prvni katodicky a druhy anodicky sken, ptepinaci potencialy
1,6 Va -0,4 V; CV 1,2-benzendiolu (Sed4 plna ¢ara). Koncentrace vSech analytii 0,2 mmol dm,
polariza¢ni rychlost 0,2 V s,

Dalsim ptikladem latky, pii jejimz studiu elektrochemické oxidace jsme vyuzili
modelovych struktur, je xanthohumol (obr. 7). Tato latka ze skupiny prenylovanych

flavonoidu je hojné obsazena v chmelu otac¢ivém (Humulus lupulus) [9].

Studie vénované mikrosomalni biotransformaci xanthohumolu ukazaly, ze
oxidacnim metabolickym pfeméndm podléha piedevSim prenylova skupina. DalSim
metabolickym centrem pak je fenolovy kruh B [52]. Pro odhaleni elektrochemicky aktivnich
¢asti molekuly xanthohumolu jsme vyuzili porovnani cyklickych voltamogramu této latky
s voltamogramy ¢tyf modelovych latek (obr. 8): p-kumarové kyseliny (model pro kruh B
xanthohumolu s vazanou alkenonovou skupinou), floroglucinolu (pro 2,4-dihydroxy-6-
methoxybenzenovy kruh A), geraniolu a farnesolu (pro prenylovy fetézec vazany na
kruhu A).
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Obr. 7. Strukturni vzorec xanthohumolu.

OH HO OH HsC OH
3 W
HO X CHy CH,
geraniol
(o] OH

HaC OH
p-kumarova kyselina floroglucinol Z = =
CH, CH, CH,
farnesol

Obr. 8. Strukturni vzorce latek pouzitych pro modelovani elektrochemického chovani
xanthohumolu.

Cyklicky voltamogram xanthohumolu (obr. 9a) ukazuje dva anodické proudové
signaly pii potencidlech 0,7 a 0,85 V, které odpovidaji postupné elektrochemické oxidaci.
Za stejnych experimentalnich podminek poskytuji floroglucinol a p-kumarova kyselina
voltametricky pik pfi potencialu velmi blizkém potencialu prvni anodické viny
xanthohumolu (obr. 9b,c). Je tedy pravdépodobné, Ze oba fenolové kruhy xanthohumolu (A
I B) by mohly podléhat elektrochemické oxidaci. Naproti tomu geraniol ani farnesol
neposkytuji ve sledovaném potencidlovém rozmezi 0V az +1,3V zadny proudovy pik.
Z uvedenych pozorovani lze vyvodit, ze prenylova skupina xanthohumolu pravdépodobné
je za danych podminek elektrochemicky inaktivni a oxidovat se mohou fenolové skupiny

obou aromatickych kruhd.

Platnost zavéra voltametrickych srovnavacich experimenti byla potvrzena LC/MS
analyzou roztoki xanthohumolu elektrolyzovanych na velkoploS$né platinové sitkoveé
elektrodé pti potencidlech 0,75 V a 0,90 V. Z monomernich produktl vykazovaly nejvétsi
intenzitu MS signalu monohydroxylované derivaty xanthohumolu s OH skupinou vazanou
na kruhu A a produkty s 0-chinonovym uspofadanim kruhu A. Vedle monomernich produktii
byla detekovana tada dimert xanthohumolu, které vznikly jednoelektronovou oxidaci
pivodni molekuly za vzniku fenoxylovych radikalti a jejich naslednou rekombinaci.

V identifikovanych produktech byla pozorovana dimerace prostfednictvim C-C vazby mezi
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kruhy A a B, ptipadné mezi kruhem B a uhlikem g (obr. 7). Intenzity LC/MS pikt dimernich
produkti byly vyssi v roztocich elektrolyzovanych pfi niz§im potencidlu (odpovidajicim
prvnimu anodickému piku), zatimco monomerni produkty mély vétSi intenzitu odezvy
v roztocich oxidovanych pii vysSich potencialech. To je vsouladu s vysledky
voltametrického studia zavislosti potencialu prvniho oxida¢niho piku xanthohumolu na
logaritmu polariza¢ni rychlosti. Hodnota smérnice této zavislosti 20 mV pii zméné rychlosti
010 mV s je typicka pro jednoelektronovy déj, pii kterém je (reverzibilni) ptenos elektronu
nasledovan dimeriza¢ni reakci [37]. Jednoelektronova reakce pienosu naboje v prvnim
oxidacnim  kroku  xanthohumolu byla  potvrzena logaritmickou  analyzou

DC-voltametrické kiivky [9].
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Obr. 9. Cyklické voltamogramy (a) xanthohumolu, (b) floroglucinolu, (c) p-kumarové kyseliny, (d)
geraniolu a (e) farnesolu v zakladnim elektrolytu (sm&s 50 mmol dm? vodného roztoku
CH3;COOH/CH3;COONHg4, pH 3,5, a ethanolu 1:1, V/V), rychlost polarizace elektrody ze skelného
uhliku 0,1 V s. Koncentrace depolarizatori 0,1 mmol dm,

Studium elektrochemického chovani xanhohumolu s vyuzitim latek modelujicich
strukturu ¢asti zkoumané molekuly ukézalo, ze na rozdil od metabolickych oxida¢nich
reakci katalyzovanych enzymy cytochromu P450 zistava prenylova skupina intaktni pfi
elektrochemické oxidaci xanthohumolu v potencialovém rozsahu do 1,3 V proti nasycené
kalomelové elektrod¢€. Naopak substituovany floroglucinovy kruh A, ktery se neucastni

metabolickych pfemén [52], se velmi ochotné oxiduje elektrochemicky.

2.3 Metody analyzy produktii elektrochemickych reakci

Jak bylo zminéno v piedchozi kapitole, srovnavaci voltametrické studium latek
S podobnymi strukturnimi motivy dovoluje urcit elektrochemicky aktivni centra ve

zkoumanych molekulach a v mnoha pfipadech navrhnout strukturu reakénich meziproduktt
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¢i produkti. Potvrzeni a identifikaci navrzenych struktur lze provést analyzou
elektrolyzovanych roztokli zkoumanych latek pomoci metod strukturni analyzy, jako jsou
infraCervena nebo hmotnostni spektrometrie, ptipadn¢ nukledrni magnetickd resonance.
V mnoha pfipadech vznikd pii elektrolyze smés meziprodukti a produktt hlavnich
I vedlejsich reakci (napft. naslednych reakci se slozkami roztoku). V takovych piipadech 1ze
vyuzit vyhod spojeni separaénich metod, zejména chromatografickych, s hmotnostni
spektrometrii. V nasledujicich kapitolach budou podrobnéji popsany nékteré metody
analyzy produktt elektrochemickych reakci vyuzivajici jak ,off-line“ kombinace
elektrolyzy s LC/MS nebo GC/MS, tak ,,on-line* spojeni elektrochemie S hmotnostni

spektrometrii.

2.3.1 Off-line kombinace elektrochemie s LC/MS a GC/MS

Pii studiu redoxnich pfemén biologicky aktivnich latek lze vyuzit preparativni
elektrolyzu, pfi niz se za definovanych podminek oxiduje ¢i redukuje zkoumana latka na
velkoplos$né pracovni elektrodé v roztoku vhodného elektrolytu ve vhodném rozpoustédle.
Elektrolyticky ¢lanek byvé konstruovan tak, aby studované reakce na pracovni elektrodé
byly oddéleny od dé&ju probihajicich na elektrodé pomocné. Elektrolyza se obvykle provadi
za konstantniho potencialu, ktery se experimentadlné ur¢i z polarizac¢ni kiivky zkoumané
latky v daném prostiedi. V porovnani s elektrolyzou za konstantniho proudu je
potenciostatickd elektrolyza selektivnéjSi a umoZiuje fizené generovat intermediaty
a produkty v riznych fazich komplikovanéjsich elektrochemickych reakci (napi. u latek
s vice redoxn¢ aktivnimi skupinami), které se mohou na voltamogramech projevovat dvéma

nebo vice proudovymi vinami.

Velkd plocha elektrody zajistuje efektivni pienos elektronli, a tudiZz rychlejsi
preménu latky a ziskani dostatecného mnozstvi produktl pro jejich identifikaci. Klasické
elektrolyzéry vyuzivaji velkoploSné sitkové platinové elektrody ¢i elektrody ze sitovan¢ho
skelného uhliku, s nimiZ se pracuje v roztocich o objemech obvykle 50 — 100 cm?®. Pfi
nedostatku zkoumané latky, napt. z divodu jeji vysoké ceny, je nezbytné miniaturizovat
objem elektrolyzéru i elektrod. V nasi laboratofi vyuzivame pro elektrolyzu trojdilnou
elektrochemickou celu (obr. 10), vyrobenou upravou komer¢ni nizkoobjemové
voltametrické nadobky firmy Bioanalytical systems (BASi, West Lafayette, IN, USA).
V trojdilné cele jsou vsechny tfi elektrody umistény Vv prostorech vzajemné oddélenych

sklenénou fritou nebo poréznim sklem (Vycor). Porézni rozhrani umoziuji ptenos iontd
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a zajistuji tak elektricky vodivé spojeni mezi elektrodovymi prostory a zaroven zabranuji
rozsahlej$imu miseni roztokil mezi témito prostory. Maly objem prostoru pracovni elektrody
dovoluje elektrolyzovat objemy 1,0 — 1,5 cm® roztoku zkoumané latky o koncentracich
typicky 0,05 — 0,50 mmol dm3. Spotieba latky na jednu elektrolyzu se tak pohybuje obvykle
v tadu desitek pg.

Pro tucely elektrolyzy v malych objemech roztoku byly upraveny i konstrukce
pracovnich elektrod z riznych materialt. Platinova sitkova elektroda (obr. 10) ma tvar valce
0 praméru 8 mm a vy$ce 8 mm s elektroaktivni plochou 11 cm? [1]. Z uhlikovych elektrod
se osvédcily dva konstrukéni typy. Prvni typ je tvofen tyCinkou ze spektralniho grafitu
0 elektroaktivni plose 5,4 cm? [7]. Druhy typ je tvofen svazkem uhlikovych mikrovlaken
spojenych mé&dénym dratem, ktery zajistuje vodivy kontakt (obr. 13). Stéticka uhlikovych
vlaken vy¢niva ze sklenéné kapilary a tvofi elektrodu (carbon fiber brush electrode, CFBE)
s malymi geometrickymi rozmeéry a velkym elektroaktivnim povrchem (jednotky az desitky
cm?). Rozméry elektrody Ize jednoduse upravit podle potieby pouzitim riizného poétu
svazkl vlédken z uhlikové tkaniny a riznou délkou vlaken. Tento typ elektrody mulze byt
pouzit jako sonda pro ASAP-MS analyzu elektrolytickych produktii adsorbovanych na
povrchu vlaken [4], jak podrobnéji popisuje kapitola 2.3.3.

Nejcastéji pouzivanym rozpoustédlem pro elektrochemické studium bioaktivnich
latek, a tedy i pro preparativni elektrolyzu je voda, ptipadné jeji smési s acetonitrilem,
methanolem nebo ethanolem pro méné polarni latky obtizné rozpustné ve vodé. Toto
prostfedi umoZiluje analyzovat elektrolyzované roztoky pfimo pomoci spojeni kapalinové
chromatografie s hmotnostni spektrometrii (LC/MS). Separace se provadi nejcastéji
Vv systému reverznich fazi, které se voli podle povahy analytd. Pomé&mé univerzalni jsou
stacionarni faze na bazi silikagelu modifikovaného kovalentné vazanymi oktadecylovymi
(C18) nebo oktylovymi (C8) skupinami. Pro polarnéjsi bazické latky, napt. kvartérni
amoniové soli isochinolinovych alkaloidi jako je berberin a jeho oxida¢ni produkty, se velmi

dobie osvédcila silikagelova faze s kovalentné vazanymi kyano-skupinami [8].
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Obr. 10 (a) Casti trojdilné nadobky pro repartivni lektrolyzu \% mlych objemech (1,0 — 1,5 cm®)
s Pt sitkovou elektrodou; (b) Sestava nadobek s pracovni a pomocnou Pt elektrodou. ZE — zékladni
elektrolyt, RE — referen¢ni elektroda (neni na obrazku), WE — pracovni elektroda, CE — pomocna
elektroda.

VvV wew

Nejbézngjsimi  ioniza¢nimi technikami ve spojeni LC/MS jsou ionizace
elektrosprejem (ESI) a chemicka ionizace za atmosférického tlaku (APCI). Ob¢ tyto
ioniza¢ni techniky jsou citlivé na vyssi obsah iontovych aditiv, jako jsou anorganické soli,
kyseliny, baze a pufry pouzivané pfi elektrolyzach jako podplrné elektrolyty pro zajiSténi
dostatecné vodivosti roztoku vzorku. Je proto Zadouci elektrolyzy provadét v prostredi
teékavych elektrolyti, jako jsou mravencan ¢i octan amonny, a aciditu podle potieby
upravovat piislusnou té€kavou Kkyselinou (mravenéi nebo octovou) nebo zasadou
(amoniakem). Koncentrace elektrolytii by méla byt co nejnizsi (do 5 — 10 mmol dm ), nebot’
vyss8i koncentrace iontli vyznamné snizuji G¢innost ionizace analyti a tedy intenzitu jejich
odezvy v hmotnostnim spektrometru. Z hlediska identifikace produktt elektrochemickych
reakci je velmi vyhodné pouziti hmotnostniho analyzatoru s vysokou rozliSovaci schopnosti
pro urCeni elementarniho slozeni analyzovanych latek a s moznosti kolizn¢ indukované

disociace iontl pro uréeni jejich struktury. To umoznuji hybridni hmotnostni analyzatory

kombinujici napt. kvadrupdlové analyzatory s analyzatorem doby letu (QqTOF).

Ne vzdy je mozné najit experimentalni podminky (elektrolyt a jeho koncentrace,
acidita roztoku, rozpoustédlo), které by byly vhodné jak pro optimdlni pribéh
elektrochemické reakce studované latky, tak pro naslednou piimou analyzu

elektrolyzovanych vzorkt metodou LC/MS. V takovém ptipadé je nutné vzorek pied
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analyzou upravit pouZzitim vhodnych extrakénich technik, jako je extrakce rozpoustédlem
nebo extrakce tuhou fazi. Jelikoz pfi oxidaci organickych latek ve vodném prostiedi 1ze
ocekavat vznik produktii polarnéjsich nez vychozi méné polarni latka (napt. hydroxy- a oxo-
derivatii, N-dealkylovanych amintl), je vhodné pouzit pro jejich extrakci organicka
rozpoustédla s vyssi hodnotou relativni permitivity &r, S vodou omezené misitelna, jako jsou
napf. octan ethylnaty (er = 6,0; rozpustnost ve vodé 86 g dm) nebo chloroform (er = 4,8;
rozpustnost ve vodé 10 g dm). Extrakt je pak mozné odpafit za mirnych podminek, aby
nedoslo k odtékani nebo tepelnému rozkladu analyti a analyzovat po rozpusténi v mobilni
fazi metodou LC/MS. Alternativné je mozné extrakty analyzovat pfimo bez odpaieni nebo
po odpafeni arozpusténi v jiném rozpoustédle pomoci plynové chromatografie
s hmotnostné spektrometrickou detekci (GC/MS). Do piipravy vzorku pro GC/MS analyzu
Ize s vyhodou zatadit derivatizaci, pfi niz se analyzované latky chemicky modifikuji pro
sniZzeni polarity, zvySeni té€kavosti a tepelné stability a také pro zlepSeni selektivity a
citlivosti detekce. Derivatizace mize pomoci i pii identifikaci produktt elektrolytickych
reakci a uréeni jejich struktury. Zna¢nou vyhodou GC/MS metody je moznost vyuzit
k identifikaci latek elektronické knihovny hmotnostnich spekter. Pro analyzu tékavych latek
je velmi uzite¢na mikroextrace na vlakné v plynné fazi (head-space SPME) kombinovana
s tepelnou desorpci a GC/MS analyzou. Touto metodou Ize detekovat nejen tékavé produkty
elektrochemickych pfemén xenobiotik, ale i produkty pfemén dalSich slozek

elektrolyzovanych roztokt, napt. alkoholti pouzitych jako rozpoustédla [3].

Preparativni elektrolyza spolu s analyzou reak¢énich produkti se vedle studia
redoxnich pfemén xenobiotik a simulace metabolickych procesi mize uplatnit také
Vv syntéze metabolitl téchto latek [53,54]. Metody syntézy zaloZené na in vitro metabolismu
zprostfedkovaném enzymy cytochromu P450 neumoziiuji jednoduse ziskat takové mnoZzstvi
metabolitl, které je vyZadovano pro testovani toxicity a strukturni charakterizaci napf.
nuklearni magnetickou rezonanci (obvykle v fadu jednotek az desitek mg). Metabolity
pfipravené touto cestou jsou ve slozitych smésich a museji byt extenzivné purifikovany.
Navic je problematické izolovat reaktivni produkty |. metabolické faze, které rychle
konjuguji (s glutathionem, glukuronovou kyselinou apod.) za vzniku metabolitt II. faze.
Obvykle se proto metabolity piipravuji organickou syntézou. Preparativni elektrolytické
metody nabizeji alternativu pro syntézu metabolitli 1é¢iv. V porovnani s metodami organické
syntézy ma elektrochemicka syntéza nékteré vyhody, napt. mensi pocet reakénich krokd,

mirné reakéni podminky, omezené pouziti organickych rozpoustédel a pouziti pomérné
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jednoduchého zatizeni. Elektrochemii Ize ptimo spojit s hmotnostni spektrometrii (EC/MS)
pro okamzité monitorovani produktl, coz usnadiiuje optimalizovat reak¢ni podminky

a zaroven umoznuje studovat redoxni piemény 1é¢iv.

2.3.2 On-line EC/ESI-MS

Na rozdil od kombinace preparativni elektrolyzy s LC/MS nebo GC/MS analyzou,
ktera vyuziva elektrolytickou celu jako reaktor ve vsadkovém uspoiadani, ptimé on-line
spojeni elektrochemie s hmotnostni spektrometrii (EC/MS) vyZaduje prutokové uspotadani
elektrochemického ¢lanku. Vyhodou prutoéného ¢lanku je omezeni vedlejSich a naslednych
elektrodovych reakci, které mohou probihat v disledku dlouhodobého kontaktu latky
s povrchem pracovni elektrody a které jsou bézné u vsadkovych elektrolyzéri. Napft. pii
studiu elektrochemické oxidace fesoterodinu byl v roztocich elektrolyzovanych ve
vsadkovém uspotadani identifikovan metodou LC/MS produkt s [M+H'] 426 m/z, ktery
nebyl pozorovan v EC/MS experimentech. Tento produkt vznikal pravdépodobné
hydroxylaci primarniho oxida¢niho produktu, 5-formylfesoterodinu, pii dlouhodobé
elektrolyze [1].

Velkou vyhodou ptimého spojeni EC/MS je moznost prakticky okamzité sledovat
V hmotnostnim spektru produkty vznikajici na pracovni elektrodé, vcetné produkti
nestabilnich, které neni mozné zachytit pii off-line experimentech. Elektrolyza v pritokové
cele probihd obvykle za kontrolovaného potencidlu na pracovni elektrodé¢ — porézni
v coulometrické cele nebo planarni diskové v tenkovrstvé ampérometrické cele. Potencial se
meéni spojité nebo stupnovité (obvykle v krocich 20 — 100 mV) v pozadovaném rozsahu.
Délka potencidlového kroku se voli podle Casu, za ktery dojde latka z elektrochemické cely
do hmotnostniho spektrometru pii nastavené prutokové rychlosti (obvykle 2 — 10 pl/min).
Hmotnostni spektra se registruji v zavislosti na potencialu pracovni elektrody, ktery se
postupné zvySuje od hodnot, pfi nichZ nedochdzi k elektrochemické pfeméné studované
latky, po hodnoty, kdy se latka elektrochemicky pfeménuje, coZ se projevi snizenim intenzity
az ztratou jeji odezvy v hmotnostnim spektru. Hmotnostni spektra zaznamenana pro rizné
hodnoty elektrodového potencialu lze graficky znazornit tzv. hmotnostnimi voltamogramy.
Pro piiklad je na obr. 11 uveden hmotnostni voltamogram zopiklonu. Z n¢ho je patrny
postupny pokles intensity signalu protonované molekuly zopiklonu ([M+H]* m/z 389) pii

potencidlu pracovni elektrody nad 0,4 V. Soucasné se s rostoucim potencidlem objevuji
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odezvy iontt [M+H]" oxidaénich produktt pii m/z 375 (N-demethylovany zopiklon), 403,
405 a 419.
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Obr. 11. Hmotnostni voltamogram zopiklonu (¢ = 0,5 mmol dm?), ziskany Vv on-line spojeni
EC/ESI-MS. Zakladni elektrolyt: vodny roztok octanu amonného (pH 6,8) / acetonitril (1:1, V/V),
porézni uhlikova pracovni elektroda, rychlost pritoku 8 pul min?. Kladny mod ESI.

Pouziti elektrospreje jako ambientniho iontového zdroje je velmi vhodné pro spojent
s elektrochemii, podobné jako pro spojeni s LC nebo kapilarni elektroforézou. Pfi pouziti
ESI v on-line EC/ESI-MS je vsak nutné si uvédomit, ze v tomto zdroji muze dochazet
k elektrochemickym reakcim analytu, tedy k oxidaci nebo redukci. ESI se chova jako
prutokovy elektrochemicky ¢lanek za konstantniho proudu [55-57]. V kladném ioniza¢nim
moédu (ESI+) dochazi k oxidaci na hrotu sprejovaci kapildry, ktera predstavuje
Vv galvanostatickém ¢lanku pracovni elektrodu (anodu) a k redukci na vstupu do MS, ktery
piedstavuje protielektrodu (katodu). V zaporném modu (ESI-) je naopak katodou hrot
sprejovaci kapilary a hmotnostni spektrometr je anodou. Na rozdil od tradi¢niho
elektrochemického ¢lanku neprobiha v ESI zdroji pienos naboje v roztoku, ale v proudu
nabitych kapi¢ek pohybujicich se za atmosférického tlaku mezi sprejovaci jehlou
a protielektrodou. Proud dosahuje maximalnich hodnot kolem 1 pA a frekvence asi 300 kHz
v disledku rychlosti tvorby nabitych kapi¢ek [58]. Redoxni reakce analytl
Vv elektrochemickém c¢lanku iontového zdroje mohou v nékterych piipadech komplikovat

detekci a identifikaci produktl vznikajicich v elektrochemické cele. [59,60].

Podobné jako pro off-line kombinaci elektrolyzy s LC/MS, i pro on-line spojeni
EC/ESI-MS jsou vhodnymi rozpoustédly voda, methanol, ethanol a acetonitril a vhodnymi

podpirnymi elektrolyty tékavé kyseliny, zadsady nebo jejich soli (napt. octovd a mravenci
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kyselina, amoniak, octan amonny) Vv dostate¢né nizkych koncentracich, aby nedochazelo
k potlaceni ionizace molekul analytu v ESI. Pfitomnost elektrolytu, stejné jako rozpoustédla
a piipadnych necistot komplikuje ESI-MS spektra, ktera ¢asto obsahuji aduktové ionty
(napi. [M+NH.]", [M+Na]*, [M+K]", [M+CH3CQOOQY"), ionty klastra s rozpoustédlem (napf.
[M+H.0+H]", [M+CH3CN+H]") a dimerni ionty (napf. [2M+H]*, [2M+Na]"). Ackoliv
signaly téchto iontd ESI-MS spektra komplikuji, mohou byt na druhou stranu vyuzity
Kk jednozna¢nému uréeni molekulové hmotnosti analytu [56]. Mensi citlivost na pfitomnost
stop iontt alkalickych kovii vykazuje iontovy zdroj APCI (chemicka ionizace za
atmosférického tlaku). APCI-MS spektra byvaji jednodussi, bez signadlti iontd aduktii
s alkalickymi kovy a dimernich iontt [61].

Elektrolyty mohou v on-line spojeni EC/ESI-MS rovnéz poskytovat vedlejsi reakce
s meziprodukty elektrochemickych reakci. Napiiklad pii elektrochemické oxidaci
pentabromfenolu na platinové amperometrické elektrodé v prostiedi mraven¢anu amonného
(pH 6) pii potencialu +1,0 V (proti Pd/H2) byla pozorovana tvorba tetrabromnitrofenolu
(IM-H]” m/z = 449,6720) [2]. Tento produkt byl v mnohem mens$im mnozstvi detekovan
pomoci LC/MS i pii off-line experimentech po dvouhodinové elektrolyze ve stejném
prostiedi na platinové sitkové elektrodé pii 1 V. Po delsi elektrolyze za vyssiho potencialu
(20 h pti 1,4 V) signal tohoto produktu vymizel pravdépodobné v dusledku nizké stability
produktu. Reakce s amoniakem jako slozkou elektrolytu byla pozorovana také pii oxidaci
zopiklonu v EC/MS systému [5]. V alkalickém roztoku octanu amonného a amoniaku
0 pH 9,5 s 50 % acetonitrilu byl od potencialu 0,6 V (proti Pd/H2) vyse pozorovan vznik
produktu s[M+H]" m/z 420, obsahujiciho kovalentné vazany dusik zamoniaku,

pravdépodobné ve formé nitroso- nebo nitroskupiny.

V prutokovém usporadani elektrochemického ¢lanku v EC/MS je pracovni elektroda
neustdle omyvana roztokem elektrolytu, ktery obsahuje kromé vody vzdy ur€ité mnoZzstvi
organického rozpoustédla (acetonitrilu, methanolu). Tyto podminky Castecné zabranuji
pasivaci povrchu elektrody. Pfesto latky, které tvoii elektrochemickou reakci oligomerni az
polymerni produkty, mohou pasivovat elektrodovy povrch v prubéhu EC/MS experimentu,
coz se projevi postupnym snizovanim signdlu elektrochemicky generovanych produktii
v MS. Naptiklad pti EC/MS studiu elektrochemické oxidace 2-bromfenolu byl pfi testovani
vlivu pratokové rychlosti na intenzitu odezvy iontu dimerniho oxida¢niho produktu

s m/z 342,8 pozorovan pokles odezvy o jeden a ptil ¥adu pii snizeni rychlosti z 9 pul min™ na

37



3 ul mint. Pfi opétovném zvySovani priitokové rychlosti signal klesl o dalsi dva tady
(obr. 12) [2].
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Obr. 12. Zavislost logaritmu intenzity iontu dimerniho produktu oxidace 2-bromfenolu (m/z 342,8)
na pritokové rychlosti v EC/MS. Roztok obsahoval 0,2 mmol dm? 2-bromfenolu ve smési
methanol/mraven¢an amonny o pH 6 (9:1), potencial pracovni Pt elektrody v ampérometrické
priitokové cele byl nastaven na 1 V (vs. Pd/H.). Sipky znazorfiuji smér zmény pritokové rychlosti.
[2]

2.3.3 Uhlikova §tétickova elektroda jako substrat pro ASAP-MS

Studium mechanismi elektrochemickych pfemén biologicky aktivnich latek byva
¢asto komplikovano adsorpci reakénich (mezi)produkti na povrchu elektrody. Produkty,
které jsou Spatn¢ rozpustné a siln¢ adsorbované na elektrod€, byva obtizné az nemozné
detekovat v elektrolyzovanych roztocich. K takovym produktim se fadi napiiklad latky
oligomerniho ¢i polymerniho charakteru, které vznikaji rekombinaci elektrochemicky
generovanych radikalll. Pfima analyza elektrochemicky generovanych latek adsorbovanych
na elektrodovych povrSich neni v soucasnosti ptili§ rozsifena. Proto byla na naSem pracovisti
pro tyto ucCely vyvinuta elektroda specialni konstrukce inspirovana sondou pro analyzu
pevnych latek za atmosférického tlaku (Atmosperic Solids Analysis Probe, ASAP). Klasicka
ASAP-MS sonda je tvotena sklenénou tyCinkou, na kterou se nanese pevny ¢i kapalny
vzorek a pomoci specialniho drzaku se zavede do iontového zdroje, kde se vzorek desorbuje
horkym desolvatatnim plynem (dusikem), ionizuje koréonovym vybojem a analyzuje
V hmotnostnim spektrometru. Elektroda zkonstruovand pro ucely elektrochemického
generovani produktt, jez zlstavaji siln€ adsorbovany na jejim povrchu (uhlikova §tétickova
elektroda, carbon fiber brush electrode, CFBE), je tvofena svazkem uhlikovych vlaken

spojenych elektrickym kontaktem (médénym dratem) a ¢asteCné vsunutym do sklenéné
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kapilary jako elektricky nevodivého pouzdra (obr. 13) [4]. Tloustka svazku uhlikovych
vldken (tloustka jednoho vlédkna je cca 5-7 um, pocet vlaken ve vysledné Stéticce se
pohybuje v fadu desitek tisic) je volena tak, aby upevnila $téticku ve sklenéné kapilare
a zabranila jejimu pohybu ven ¢i dovnitt. K upevnéni nebylo pouzito lepidlo, aby se piedeslo

nezadoucim interferencim pii ASAP-MS analyze.

Obr. 13. a) Uhlikova stétickova elektroda (CFBE); b) CFBE v drzaku ASAP sondy.

Velmi dilezitym krokem je elektrochemickd tprava povrchu CFBE pted pouzitim
k elektrolytickému generovani a nahromadéni cilovych analytd (tj. produkti
elektrochemické reakce zkoumané latky). Uprava spodiva ve stiidavé polarizaci elektrody
ponofené do roztoku ziedéné kyseliny sirové (0,1 mol dm?) v rozsahu od -1,0 V do
+1,5 V proti SCE (50 cykli pii 0,5 Vs?) a nasledném diikladném vyméchani uhlikové
Stéticky v redestilované vodé€. Proces cyklické polarizace, pti niz se na povrchu vlaken
sttidavé vylu€uji plynny vodik a kyslik, narusi hladkou strukturu vldkna a zvétsi tak jeho
povrch (dva- az pétkrat). AFM snimky odhalily na povrchu elektrochemicky aktivovanych
uhlikovych vldken zrnité Gtvary o priméru nékolika desitek az stovek nm a vySce do 20 nm.
Pomoci cyklické voltametrie v roztoku 5 mM-KsFe(CN)s a 5 mM-KsFe(CN)s v 1 M-KCI
(se zndmymi hodnotami difaznich koeficienti Do = 7,17 - 10° cm?s?, Dg = 6,56 - 10®
cm? s pii 25 °C [62]) a vypoétem z Randles-Sevéikovy rovnice (9) bylo zjisténo, e celkova
elektroaktivni plocha aktivované stétickové elektrody s délkou volnych vldken 1,3 cm se
pohybuje kolem 20 cm?, coz je ptiblizné 40 krat vice oproti valcové elektrodé ze skelného
uhliku o stejné délce (1,3 cm) a stejném praméru 1,3 mm (vnitini pramér sklenéného

pouzdra CFBE). Veliky povrch CFBE je velmi zadouci vzhledem k nasledné MS analyze,
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nebot’ 1ze oc¢ekavat, ze se na ném zadrzi vétsi mnozstvi elektrolytickych produkti a ziska se

tak vyssi odezva analyzovanych latek.

Podobné jako u jinych metod spojeni elektrochemie s hmotnostni spektrometrii,
i v pifipadé ASAP-MS sCFBE je zadouci provadét elektrolyzu v roztocich tékavych
elektrolytd, jako jsou octan nebo mravenc¢an amonny. Dilezitym parametrem je teplota
odpafovani vzorku Viontovém zdroji. Pro analyzu oligomernich produkti oxidace
tribromfenolu a pentabromfenolu se z hlediska dosazeni maximalni intenzity odezvy analyta
nejlépe osvéddila teplota 400 °C [4]. Pro jiné aplikace Ize ale pouzit i vyssi teplotu (az

600 °C).
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3 Vybrané priklady studovanych xenobiotik

Studium redoxnich pfemén biologicky vyznamnych latek je jiz fadu let jednim
z vyzkumnych smért na Katedfe analytické chemie. V této kapitole se budu vénovat dvéma
skupinam xenobiotik studovanych v poslednim desetileti. Prvni skupinou jsou bromfenoly,
latky rozsitené v celé biosféte at’ uz jako sekundarni metabolity motskych organismi nebo
jako primyslové chemikalie pouzivané pii vyrobé bromovanych zpomalovact hoteni ¢i
fungicida. Druha skupina studovanych latek zahrnuje 1é¢iva vyuzivana v terapii
hyperaktivniho mo¢ového méchyie (antimuskarinika), nespavosti (zopiklon), tiSeni bolesti

a anestezii (fentanyly) nebo v tradi¢ni ¢inské a ajurvédské medicing (berberin).

3.1 Bromované fenoly

Fenoly obecné jsou latky snadno podléhajici oxidaci. Mechanismus elektrochemické
oxidace je komplikovan fadou naslednych chemickych reakci v zavislosti na
experimentalnich podminkach, jako je prostedi (rozpoustédlo, acidita), material a potencial
pracovni elektrody, koncentrace fenolu apod. [63] Jednoelektronova anodicka oxidace
fenoll vede k tvorbé fenoxylovych radikalli a nasledné tvorbé dimerti prostfednictvim vazeb
C-O-C nebo C-C, v zavislosti na reak¢énich podminkach. Proces elektropolymerace fenold
vede velmi Casto k pasivaci povrchu elektrod polymernimi filmy produkti. Za ur¢itych
podminek, zejména v kyselém prostiedi, vznikaji ztratou dvou elektronii reaktivni
fenoxoniové kationty, které podléhaji reakcim s nukleofily za vzniku monomernich chinont
¢1 dienontl.

Prestoze elektrochemii fenolii byla vénovana zna¢nd pozornost, pomérné malo
informaci lze v literatufe nalézt o elektrochemickém chovani a produktech
elektrochemickych reakci bromfenold (BP) [64,65]. Tato rozsahla skupina latek zahrnuje
jak slou¢eniny ptirodniho pivodu syntetizované zejména moiskymi organismy [66-68], tak
substance produkované prumyslové a pouzivané napi. pii vyrobé zpomalovaci hofeni
a pesticidii. Rozsdhlé pouzivani zejména bromovanych zpomalovacl hoteni vede ke
znaénému zneCiSténi Zivotniho prostfedi jejich degradacnimi produkty, zejména
jednodussimi BP a produkty jejich oxidace. Studium elektrochemické oxidace a jejich
produkti muze poodhalit reaktivitu BP a modelovat transformace, k nimz by mohlo za

urcitych podminek dochdzet v ekosystému.
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V nasi laboratofi byla studovana série monobromovanych fenoli (2-BP, 3-BP
a 4-BP), 2,4,6-tribromfenolu (2,4,6-TBP) a pentabromfenolu (PBP) [3,69]. Pocet atomu
bromu na benzenovém jadie a jejich pozice maji vyznamny vliv na fyzikalni a chemické
vlastnosti BP. S rostoucim po¢tem atomd bromu rostou nejen jejich teploty tani a varu, ale
také lipofilita a kyselost fenolového vodiku (Tab. IV). Redox potencial BP, vyjadieny jako
potencial DC-voltametrického piku Ep (Tab. V) zavisi na acidité roztoku, coz znaci, ze se
elektrochemického dé&je tucastni protony. V fadé monobromfenolt hodnoty Ep koreluji
S hodnotami disociac¢nich konstant. Kladny mezomerni efekt atomu bromu véazaného
Vv pozicich ortho- nebo para- k fenolové skupiné zvysuje elektronovou hustotu na
aromatickém jadfe a usnadiiuje oxidaci fenolu, ktera tak probiha pfi nizSim potencialu nez

oxidace m-bromfenolu.

Tabulka V. Fyzikalné-chemické vlastnosti bromfenolt (relativni molekulova hmotnost, teplota tani
(to), teplota varu (tv), disocia¢ni konstanta kyseliny (pKa), rozdélovaci koeficient v systému oktanol-
voda (log Kow) a potencial DC-voltametrického piku (cgr = 0,1 mmol dm=) pii pH 7 na GCE proti
Ag/AgCl/AIM-KCI (v=10,1V sb).

Bromfenol Mr tt [°C] tv [°C] pKa log Kow Ep[V]
2-BP 173,01 5,62 194° 8,40° 2,35° 0,673
3-BP 173,01 33° 235-236° 8,90° 2,63° 0,724
4-BP 173,01 64° 238° 8,25° 2,62¢ 0,663
2,4,6-TBP 330,80 94-96° 244° 6,08¢ 4,249 0,585
PBP 488,59 230° | sublimuje® | 4,40 5,301 0,626

*[701; ° [71]; © [72]; © (pti 25 °C) [73]; © (pti 25 °C) [74]

Cyklickéd voltametrie odhalila pfi oxidaci BP tvorbu elektrochemicky aktivnich
(mezi)produktli, které se projevily v nasledném katodickém a druhém anodickém skenu
dvojicemi pikti s niz§imi potencialy, nez mél anodicky pik v prvnim skenu (obr. 14). Pti
opakovanych cyklech proudy pikti novych latek (Il a 11l) narustaly, zatimco pik oxidace
puvodniho BP (pik I) se snizoval (obr. 14b). Toto chovani je typické pro elektropolymeraci.
Potencidly pikti v oblastech oznafenych III odpovidaji pfiblizn€¢ oblasti reverzibilni
elektrochemické reakce benzochinont, jak ukazalo porovnani cyklickych voltamogramt BP

a tetrabrom-1,4-benzochinonu [2].
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Obr. 14. Cyklické voltamogramy 2-BP (0,1 mmol dm™®) v prostiedi methanol/mravencanovy pufr
pH 6 (9:1, V/V) a) pii ptepinacich potencialech: 0,7 V (---), 0,8 V (--) a 1,0 V (—); b) pii péti
opakovanych cyklech (8ipky naznaCuji zmény proudu pikd v naslednych skenech), rychlost
polarizace 0,5V s* [2].

Analyza produktl elektrochemické oxidace BP v roztocich elektrolyzovanych pii
konstantnim potencialu na platinové sitkové elektrodé ve vodné-alkoholovych roztocich
(pH 6) byla provedena pomoci LC/MS, GC/MS a piimého spojeni EC/MS [2]. Pro analyzu
produktii adsorbovanych na povrchu elektrody byla pouzita CFBE a ASAP-MS [4].
Metodou LC/MS byly detekovany dva izomerni dimerni a n€kolik trimernich produktt
oxidace 2-BP a 4-BP, pét izomernich oxidac¢nich produkti 3-BP a jeden dimerni produkt
oxidace PBP. Fenoxylové radikaly vznikajici jednoelektronovou anodickou oxidaci se
spojuji jak vazbou C-C, tak vazbou C-O-C. Schémta 1 a 2 znazornuji tvorbu dimerd
z riznych rezonan¢nich struktur fenoxylovych radikala (1) — (3). Pii déle trvajici elektrolyze
za vy$$iho potencialu dochazi k vedlejsim reakcim, které vedou k odstépeni atomu bromu

z dimernich oxidac¢nich produkti.
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Detekce chinonti pomoci LC/MS muize byt problematicka. Jak ukazal experiment se
standardem tetrabrom-1,4-benzochinonu, dochazi v prostiedi mobilni faze obsahujici
mravenéi kyselinu k redoxni reakci, pii které prechazi benzochinon na redukovanou

hydrochinonovou formu [2]. To komplikuje analyzu oxida¢nich produkti BP, mezi nimiz se
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chinony obvykle nachazeji. Detekce produkti s chinonovou strukturou byla tispésna pomoci
GC/MS analyzy elektrolyzati po extrakci octanem ethylnatym. Touto metodou byly mezi
produkty elektrochemické oxidace 2,4,6-TBP nalezeny vedle vySe zminénych bromovanych
difenyld a difenylethert také derivaty benzochinonu, a to jak monomerni (obr. 15, struktury
1a3), tak dimerni (2). Né&které produkty obsahovaly alkoxylové skupiny z alkoholu
pouzitého jako rozpoustédlo (methanol, ethanol, propan-1-ol, butan-1-ol, obr. 15, struktury
3, 4, 5 a 6) [3]. Pritomnost uvedenych produkti dokazuje adici nukleofilu (vody, resp.
prislusného alkoholu) na elekrondeficitni oxidovanou strukturu (fenoxoniovy kation).

Sloucenina se strukturou 4 substituovana butylem v této studii nebyla detekovana.

2 Br Br o 5 R
Br Br Br r)
o
Br Br o
1 2 3
0 OH Br
Br o R Br Br HO Br o
o R
Br (0]
Br O\R Br
4 5 6

Obr. 15. Struktury produktt elektrochemické oxidace 2,4,6-tribromfenolu v roztocich Brittonova-
Robinsonova pufru (pH 6) s 90% obsahem alkoholu (methanol, ethanol, propan-1-ol, butan-1-ol).
R= CH3, C2H5, C3H7, C4H9 [3]

Analyzou elektrodového povrchu metodou ASAP-MS byly identifikovany nové
dimerni a oligomerni produkty elektrochemické oxidace 2,4,6-TBP a PBP (obr. 16 a 17).
Vétsina z nich, s vyjimkou struktury 9, nebyla detekovana v elektrolyzovanych roztocich
téchto dvou BP [4]. CFBE jako sonda pro ASAP-MS se tedy ukazala byt velmi u¢innym
nastrojem jak pro analyzu latek silné adsorbovanych na elektrodovy povrch, které jsou
nerozpustné, a tudiz nedetekovatelné v elektrolyzovanych roztocich, tak i latek obtizné
analyzovatelnych jinymi detekénimi technikami, k nimZ patii derivaty benzochinont.
Technika ASAP-MS s CFBE poskytla vysledky komplementarni k vysledkim GC/MS
aLC/MS analyz elektrolyzovanych roztok. Potvrdila u vicebromovanych fenolu

elektropolymeraci a spojovani oxidovanych molekul jak pfes C-O-C vazby, tak i pres C-C
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vazby za odstépeni atomu bromu a vzniku bifenochinonu (7, 8, 13, 15, 16), které nebyly
detekovany v roztocich.
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Obr. 16. Navrzené struktury produktti elektrochemické oxidace 2,4,6-tribromfenolu adsorbovanych
na povrchu pracovni CFBE, nalezenych metodou ASAP-MS [4].
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Obr. 17. Navrzené struktury produkti elektrochemické oxidace pentabromfenolu adsorbovanych na
povrchu pracovni CFBE, nalezenych metodou ASAP-MS [4].

Hledani produktii oxidace BP neni dulezité jen z pohledu zkoumani mechanismu

analyticky vyuzitelnych elektrochemickych reakci, ale také z toxikologického
a ekologického hlediska. Produkty oxidacni degradace téchto polutanti mohou predstavovat
vaznou hrozbu pro lidské zdravi i zdravi dal§ich Zivocichl. Napf. bylo prokazéano, Ze

polybromované difenyletherchinony (analogy struktury 9) se kovalentné vazi na DNA
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amohou tak byt pfi¢inou nezadoucich mutaci a kancerogeneze [75] Podobné
2,6-dibromhydrochinon (redukovana forma slouceniny 1), ktery je produktem oxidativni
debromace TBP, reaktivnim metabolitem tetrabrombisfenolu A a také pesticidu
bromoxynilu, prokazatelné zpisobuje v kombinaci s ionty Cu?* oxidativni poskozeni DNA

indikované tvorbou 8-oxodeoxyguanosinu [76].

Elektrochemicka oxidace BP vede vfadé ptipadi ke stejnym produktim jako
oxidace chemicka pomoci oxida¢nich ¢inidel [77,78], fotochemicka iniciovana UV-zafenim
[79,80], nebo enzymaticka pfi metabolickych procesech. Jak bylo rozsahle studovano
u bromovanych difenyletherti [81-85], jaterni enzymy systému cytochromu P450 katalyzuji
oxidativni hydroxylaci za vzniku hydroxylovanych metabolitl, které jsou reaktivngjsi
polybromované difenylethery se kompetitivné vazi na fadu proteindi, napf. na transthyretin,
odpovédny za transport thyroxinu [86,87], inhibuji enzym aromatazu katalyzujici syntézu
estrogenit [88], naruSuji oxidativni fosforylaci a vykazuji cytotoxicitu zpusobenou
ptreruSenim mitochondrialniho fetézce ptenosu elektront [89,90]. Experimenty s krysimi
jaternimi mikrosomy prokazaly katalytickou hydroxylaci 4-BP na 4-bromkatechol, ktery se
snadno oxiduje napf. superoxidovym aniontem na odpovidajici chinon, pfip. semichinon,
ktery se kovalentné vaze na mikrosomalni proteiny [91]. U ryb vystavenych ptsobeni
2,4,6-TBP a hydroxylovanych difenyletherti bylo pozorovano poskozeni a malformace
embryi [92].

Z uvedenych ptikladl je zfeymy vyznam a prakticky dopad studia oxida¢nich pfemén
BP. Elektrochemické studie mohou modelovat degradacni procesy probihajici jak ptirozené
v zivych organismech a zivotnim prostiedi, tak pfi vyuzivani tzv. pokrocilych oxida¢nich
procest k ¢isténi odpadnich vod a dekontaminaci sloZek Zivotniho prostiedi, v€etné procest

elektro-oxida¢nich.

3.2 Léciva

3.2.1 Antimuskarinika

Zajimavou skupinou latek, jejichz oxidacnim pfeméndm byla vénovana pozornost
Vv nasi laboratofi, jsou léCiva z tfidy antimuskarinik pouzivana k 1é¢b¢ urgentni inkontinence
a hyperaktivniho moc¢ového méchyte (Over Active Bladder, OAB). Tato nemoc projevujici

se naléhavosti a zvySenou frekvenci moceni a komplikujici Zivot zejména osobam, které
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nemohou kdykoliv a ¢asto opoustét pracovisté, se do seznamu uznavanych nemoci dostala
az vroce 2002 a jeji vyskyt ve svété neustale nartsta [93]. Antimuskarinika se vazi na
acetylcholinové muskarinové receptory a inhibuji funkci detrusoru (hladké svaloviny
mocového méchyie s vypuzovaci funkci) [94]. Chemicka struktura téi studovanych latek ze
skupiny antimuskarinik, tolterodinu (TOL), fesoterodinu (FES) a jejich spole¢ného
metabolitu 5-hydroxytolterodinu (5-HMT) je znazornéna na obr. 18.

OH Y 0 Y OH Y
Q Y HON\( HO Q N\(
» » »

TOL 5-HMT

Obr. 18. Strukturni vzorce tolterodinu (TOL), fesoterodinu (FES) a 5-hydroxymethyltolterodinu
(5-HMT).

Studiem redoxnich vlastnosti pomoci voltametrickych technik a potenciostatické
coulometrie v kombinaci s LC/MS analyzou oxida¢nich produktii se podaftilo prokazat dvé
vzajemné nezavisla redoxni centra v molekulach téchto latek. Jednim centrem je fenolovy
kruh nesouci u TOL methylovou, u FES a 5-HMT hydroxymethylovou skupinu v para-
pozici k fenolové skuping, ktera je v ptipadé FES esterifikovana isomaselnou kyselinou.

Druhym je alkylsubstituovand terciarni aminoskupina.

Produkty elektrolyzy lze do jisté miry ovlivnit nastavenim hodnoty pH roztoku,
elektrodového potencidlu a pouzitého rozpoustédla. U TOL byl po elektrolyze v kyselém
prostiedi (pH 3,5) pfi niz§im potencialu (0,69 V proti SCE) detekovan 5-HMT (obr. 19) [6],
ktery je hlavnim farmaceuticky aktivnim metabolitem enzymové oxidace TOL katalyzované
CYP2D6 [95]. Pti vyssim potencialu se hydroxymethylova skupina oxidovala na pfislusny
aldehyd (obr. 19, P1). Dalsi oxidace az na karboxylovou skupinu, ktera probiha pfi
metabolické oxidaci TOL s jaternimi mikrosomy mysi a pst [96], nebyla za podminek
elektrolyzy pozorovana. 5-HMT vznikal také elektrolyzou TOL v acetonitrilu s elektrolytem
LiClO4 pfi potencialu 0,7 V (vs. Ag/0,IM-AgNQOz3) [6]. Vedle hydroxylace methylové
skupiny byla pozorovana také hydroxylace fenolového kruhu za vzniku dvou izomernich
produkta (obr. 19, P2, P3). Krom¢& monomernich produkti vznikaly rekombinaci

elektrochemicky generovanych fenoxylovych radikalti dimerni produkty (P4 — P6).
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Obr. 19. Navrzené schéma elektrochemické oxidace tolterodinu [6].

Stejné jako u TOL byla i pii elektrochemické oxidaci 5-HMT (obr. 20) pozorovana
oxidace fenolové skupiny a vznik aldehydu P1, a to v nejvétsim vytézku v kyselém prostiedi
(pH 3) pfi niz§im potencialu (0,65 V proti SCE). Pfi vys$§im potencialu byl v kyselém
a neutralnim prostfedi detekovan produkt P7 s p-benzochinonovou strukturou. Vysoka
reaktivita fenoxylového radikalu, vznikajiciho jednoelektronovou oxidaci 5-HMT, vedla
k tvorbé celé tady dalSich reakénich produkti, a to jak monomernich, zejména
hydroxylovanych na fenolovém kruhu, tak i dimernich, analogickych k produktim P2 — P6
u TOL [7]. Alkalické prostiedi a vyssi oxidacni potencial podpotily reaktivitu terciarni
aminoskupiny. Dvouelektronova oxidace této skupiny za vzniku iminiového kationtu
nasledovana jeho hydrolyzou vedla k odstépeni diisopropylaminu P10 a tvorbé
aldehydickych produkti P8 a P9.

Elektrochemické chovani fesoterodinu je ponékud jednodussi v porovnani s TOL
a 5-HMT diky absenci reaktivni volné fenolové skupiny, ktera je ve FES esterifikovana
kyselinou isomaselnou. Hydrolyza esterové vazby FES je hlavni metabolickou reakci
katalyzovanou nespecifickymi esterasami v krevni plasm¢, kterou vznika farmaceuticky
aktivni 5-HMT [97,98]. Kinetiku alkalické hydrolyzy esterové vazby FES lze velmi dobie
sledovat voltametricky [7]. Vznik 5-HMT svolnou fenolovou skupinou se na
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voltamogramech projevuje voltametrickym pikem pfi niz§im potencidlu, nez je potencial
oxidace hydroxymethylové skupiny FES (obr. 21A). Z nartustu proudu oxidace fenolové
skupiny v case (obr. 21B) Ize pak uréit rychlostni konstantu hydrolyzy. Pro pH 12 byla
zjisténa rychlostni konstanta k = (1,17 £ 0,05) - 103 s pti (23 + 1) °C a polo¢as hydrolyzy
FES 10 min.

OH OH
hd 2, -2H* >—
HO N HO _O + HN
\( +H,0

)7
O O P10

5-HMT P8
l-ze', 2H* l-ze, 2H*
OH OH 37
Y 2e, 24" hd -2e’, -2H" O
Ox N —_— Ox .0 + HN
+2HO \( +H,0 —
-HCOOH
O P10
P1 P9

Obr. 20. Navrzené zakladni schéma elektrochemické oxidace 5-hydroxymethyltolterodinu [7].
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Obr. 21. A: DC voltamogramy 0,1 mmol dm=FES a 0,2 mmol dm= 5-HMT (---) v Brittonovych-
Robinsonovych pufrech o pH = 7 (a), pH = 9,5 (b) a pH = 12 (c¢). Voltamogramy zakladniho
elektrolytu (), voltamogramy FES byly zaznamenany ihned po smichani zasobniho roztoku FES
s pufrem v ¢ase 0 min (...) a po 180 min (—), rychlost polarizace 0,1 V s1. B: Casovy vyvoj
voltametrického piku 5-HMT (E, = 0,367 V) vznikajiciho hydrolyzou 0,1 mmol dm? FES v B-R
pufruo pH =12 [1].
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Elekrolyzou FES v kyselém a neutralnim prostfedi za niz§iho potencialu vznikaly
dva hlavni oxida¢ni produkty: 5-formylfesoterodin P11 a N-deisopropylaminoderivat P12
(obr. 22). Pii vys§im oxida¢nim potencialu byl navic detekovan produkt P13 vznikajici
hydroxylaci 5-formylfesoterodinu P11. Dealkylace terciarni aminoskupiny FES probihala
snaze v alkalickém prostfedi. Z divodu alkalické hydrolyzy FES nebyla v tomto prostiedi
provedena elektrolyza ve vsadkovém uspotadani s off-line LC/MS analyzou produkti, ale
byla realizovana v on-line EC/MS experimentu, ktery je proveditelny v kratkém cCasovém
horizontu, pii némz nestihne vychozi latka zhydrolyzovat. V EC/MS uspotadani vznikaly
pouze produkty P11 a P12, potvrzujici vzajemné nezavislou reaktivitu dvou redoxné
aktivnich center v molekule FES, benzylalkoholové skupiny a terciarni aminoskupiny.
Produkt soubé&zné oxidace obou téchto skupin nebyl nalezen, stejné jako nebyly nalezeny

produkty oxidativni dimerizace FES [1].

Mﬁ\/\( S Ox O ) \N(\(
P11 O

2e -2H* -2e’, -2H"
+H ,0,-C,HO

)\(O )\(O
(6] HO
|\ ~ 0 Y
P12 O P13

Obr. 22. Navrzené schéma elektrochemické oxidace fesoterodinu [1].

Obé& reakéni centra v molekulach TOL, FES a 5-HMT, jejichZz oxidace byla
prokazédna pomoci elektrochemického studia a analyzy reakénich produktl, podléhaji
v lidském organismu metabolické oxidaci katalyzované enzymy cytochromu P450 (CYP).
Produkty oxidace TOL v jaternich mikrozomech jsou 5-HMT, N-dealkylovany tolterodin
a N-dealkylovany 5-HMT [95,99]. Metabolismus FES zahrnuje nejprve hydrolyzu na
farmaceuticky aktivni 5-HMT, ktery je dale metabolizovan enzymy jaternich mikrosomi na

neaktivni karboxy-, karboxy-N-deisopropyl- a N-deisopropyl metabolit [97]. Spektrum
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produkti vznikajicich elektrochemickou oxidaci je z diivodu zna¢né reaktivity radikalt
a kationtl elektrochemicky generovanych jak z fenolovych jader, tak i z terciarni
aminoskupiny studovanych antimuskarinik mnohem rozsahlejsi a pestiejsi, nez je spektrum
produktti enzymové¢ katalyzovanych metabolickych pfemén téchto latek. Na druhou stranu
oxidace benzylalkoholové skupiny, ktera je enzymy CYP metabolizovana az na
karboxylovou skupinu, probéhla v elektrochemickych podminkach pouze na aldehyd. Ptesto
studium elektrochemickych reakci poskytlo cenné informace o reaktivnich centrech a
mechanismech oxidacnich reakci a jeho vysledky mohou byt pfipadné vyuzity pro

elektrosyntézu vybranych metabolitli vystupujicich v procesu biotransformace téchto 1éc¢iv.

3.2.2 Berberin

Berberin je isochinolinovy alkaloid vyskytujici se viadé bylin rodu dristal
(Berberis), vodilka (Hydrastis), Coptis a dalsich. Je aktivni slozkou bylinnych 1é¢ebnych
pfipravkti pouzivanych zejména v tradicni c¢inské a ajurvédské mediciné k lécbe
gastrointestinalniho prijmu, diabetu a hypercholesterolémie. Soucasny klinicky vyzkum
odhalil rizné dal$i farmakologické vlastnosti berberinu, které jsou prospésné pii 1é¢bé
chronickych onemocnéni, véetné napi. rakoviny, deprese a hypertenze. Tento alkaloid se

tedy jevi jako 1é¢iva latka s multispektralnimi ucinky [100].

PrestoZze ma berberin prokazatelné 1é€ivé ucinky, jeho ordlni biologicka dostupnost
je podle farmakokinetickych studii velmi nizka, nebot’ koncentrace 1é¢iva v krevni plazmé
jsou po podani per os extrémné nizké. Pficinou je velmi rychly metabolismus absorbovaného
berberinu katalyzovany enzymy CYP [101,102]. Lze tedy ptedpokladat, Zze redoxni reakce
hraji vyznamnou roli v metabolismu berberinu a jeho metabolity pfitomné v krevni plazmé

maji farmakologické ucinky.

Oxidaci berberinu jsme v nasi laboratofi studovali jak voltametrickymi technikami
(kapitola 2.2.4), tak kombinaci potenciostatické elektrolyzy s LC/MS analyzou oxida¢nich
produktt v prostfedi o rizném pH [8]. Voltametrické studium ukézalo, Ze elektrochemicka
oxidace berberinu je slozity proces provazeny tvorbou redoxné¢ aktivniho filmu na povrchu
uhlikovych elektrod. Cilem dal$iho studia proto bylo prozkoumat zejména monomerni

oxidaéni produkty rozpustné ve vodném prostiedi.

Elektrolyzou v kyselém a neutrdlnim prostiedi (pH 3,5 a 7,4) pifi potencidlech

odpovidajicich druhému anodickému proudovému signéalu (1,4 V pii pH 3,5 a 1,3 V pfi
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pH 7,4) na cyklickych voltamogramech (obr. 23) vznikal v nejvyssim vytézku produkt
Ber-P1 (obr. 24) s katecholovou strukturou kruhu A. Produkt Ber-P1 byl v literatufe popsan
jako hlavni metabolit berberinu, jehoz tvorbu katalyzuji enzymy CYP z lidskych jaternich
mikrosomi, piedev§im CYP2D6 a v men$i mife také CYP1A2, 3E4, 2E1 a 2C19 [103].
V roztocich oxidovanych v kyselém prostiedi (pH 3,5) byl identifikovan v mensim vytézku
produkt Ber-P2 schinonovou strukturou kruhu A a jednou demethylovanou
methoxyskupinou na kruhu D. Tento produkt potvrdil jak ofekavanou redoxni reaktivitu
katecholové struktury vzniklé oxidaci benzodioxolové ¢asti molekuly berberinu, tak
I reaktivitu jeho o-dimethoxybenzenového uspofadani na kruhu D. Redoxni aktivita
0-benzochinonové struktury tohoto produktu se na cyklickych voltamogramech berberinu
(obr. 23, kiivky 1 a 2) projevila proudovymi piky v potencialové oblasti oznacené pismeny
C a C'. Dalsi detekovany oxida¢ni produkt, Ber-P3, se zachovanym methylendioxolovym
cyklem a s jednou demethylovanou skupinou na kruhu D ukazal na vzajemnou nezavislost
obou oxidovatelnych center v molekule berberinu. Analogicky je demethylace jedné
z methoxylovych skupin na kruhu D jednou z hlavnich metabolickych pfemén berberinu
katalyzovanou enzymy CYP2D6 a 1A2 [103,104]. Vedle uvedenych produkti byly
v malych vytézcich detekovany mono-, di- a trihydroxylované derivaty berberinu. Polohu
hydroxylovych skupin nebylo mozné urcit z hmotnostnich spekter ptisluSnych produktt.
Avsak za piedpokladu EC mechanismu elektrochemické oxidace a na zakladé parcialnich
naboji na uhlicich v molekule berberinu [105] Ize odhadnout, ze odstépeni elektronu
provazené ztratou protonu a nukleofilni hydroxylaci bude pravdépodobné na uhlicich

S negativnim parcialnim nabojem, tj. C5 (-0,22), C12 (-0,16) a C11(-0,12).

il uA

00 0d 0ET b
E/V vs. SCE

Obr. 23. Cyklické voltamogramy berberinu (0,2 mmol dm™®) ve fosfatovém pufru o pH 3,5 (1),
pH 7,4 (2) a pH 11,0 (3) registrované na elektrodé ze skelného uhliku rychlosti zmény potencialu
0,2V st Voltamogram zékladniho elektrolytu je vyznalen Sedou ¢&arkovanou <&arou. Na
voltamogramu 1 je zdznam anodické vétve druhého cyklu v potencidlovém rozsahu od —0,3 V do
+0,8 V [8].
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Ber-P1

Obr. 24. Navrzené strukturni vzorce oxida¢nich produktt berberinu [8]. Pozice methoxylové skupiny
substituované pfi elektrochemické oxidaci hydroxylovou skupinou nebyla MS analyzou urcena,
proto je zména struktury sumarné naznacena ztratou CHo.

V alkalickych roztocich je elektrochemické chovani berberinu ovlivnéno
protolytickou rovnovahou mezi iminiovou kationtovou formou berberinu a jeho pseudobazi
(obr. 25). Cyklicky voltamogram (obr. 23) potizeny v prostfedi o pH 11 ukazuje oxidacni
signal (E) s potencialem kolem 0,5 V, tedy pfiblizné o 0,4 V pozitivn&j$im oproti signalu
oxidace benzodioxolového cyklu, resp. methoxylovych skupin (pik A). Z naristu
proudového signalu E s rostoucim pH Ize vyvodit, ze ptislusi oxidaci hydroxylové skupiny
pseudobaze. V roztocich berberinu elektrolyzovanych Vv prosttedi o pH 11 pfi potencialu
0,7V, tedy v oblasti limitniho proudu viny E, byl po extrakci do ethylacetatu detekovan
LC/MS analyzou jako oxida¢ni produkt 8-oxoberberin (Ber-P4). Jeho identita byla
prokazana porovndnim reten¢niho cCasu a hmotnostniho spektra se syntetizovanym
standardem 8-oxoberberinu. Dalsim oxidaénim produktem v tomto prostiedi byl
5,13-dihydroxy-8-oxoberberin (Ber-P5).

Ber-pseudobaze Ber-P4 Ber-P5

Obr. 25. Strukturni vzorce berberinu pseudobaze a jeho oxida¢nich produkti 8-oxoberberinu
(Ber-P4) a 5,13-dihydroxy-8-oxoberberinu (Ber-P5) [8].

Z uvedenych vysledkti elektrochemického studia berberinu je patrné, Ze oxidace
tohoto alkaloidu v elektrochemickém c¢lanku probiha na stejnych c¢astech molekuly jako
metabolickd oxidace katalyzovand enzymy cytochromu P450. Hlavni produkty

elektrochemické oxidace, Ber-P1 a Ber-P3, zejména v konjugované formé¢, patii také mezi
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hlavni metabolity berberinu u potkanti a lidi [102,104,106-110]. Elektrochemické metody
by tedy mohly byt uzite¢né pro studium oxida¢nich mechanismi a elektrosyntézy vybranych
metabolitd zapojenych do oxidativni biotransformace berberinu a dalSich strukturné

podobnych sloucenin.

3.2.3 Zopiklon

Dalsim léCivem, U n¢hoz byla v nasi laboratoii studovana elektrochemicka aktivita,
je zopiklon, 6-(5-chlorpyridin-2-yl)-7-0x0-6,7-dihydro-5H-pyrrolo[3,4b]pyrazin-5-yl-4-
methyl-piperazin-1-karboxylat (obr. 26). Jedna se o zastupce tzv. 1ékt Z, hypnotik
pouzivanych pfi [é€bé nespavosti. Léky Z, k nimz se dale tadi zolpidem a zaleplon, byly
vyvinuty jako alternativa k celosvétové hojné pouzivanym benzodiazepinum, které jsou
kontroverzni kviili obavam z neptiznivych psychickych a fyzickych ucinkd, snizujici se
ucinnosti a fyzické zavislosti pfi jejich dlouhodobém uzivani. Zopiklon pisobi kratkodobé
(biologicky polocas je 4-5 hodin [111]) a ma svalové relaxa¢ni a protikfe¢ové Gcinky.
V lidském organismu je metabolizovan v jatrech na dva hlavni metabolity: zopiklon N-oxid,
ktery si zachovava nizkou farmakologickou aktivitu a N-demethylzopiklon (ND-Z, obr. 26),
ktery je farmakologicky neaktivni. Nejvétsi metabolickou aktivitu pii in-vitro studiu

metabolismu zopiklonu vykazovaly enzymy CYP3A4 a CYP2C8 [112].

N 7 N 2
x N N
N - 0“4245 miz —287, 2HY N/ —
P —_— = o]
(0] 263 miz +H20, -CHZO 0
?5 13
N <\NH
CH,
zopiklon ND-Z

Obr. 26. Strukturni vzorce zopiklonu a jeho hlavniho oxida¢niho produktu N-demethylzopiklonu
(ND-2).

Elektrochemicka oxidace zopiklonu je pomérné komplikovany proces. Jak ukazuje
diferencné pulsni voltamogram léCiva zaznamenany na elektrodé ze skelného uhliku
Vv prostfedi o pH 6,5 (obr. 27), proudovy signal je v oblasti limitniho proudu zvinén
v disledku dal$ich elektrodovych d&ja nasledujicich po prvni reakci ptenosu elektronu. Ze

zavislosti vysky proudového piku na zméné€ potencidlu elektrody pti stejnosmérné
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voltametrii byl prokazan vliv adsorpce. Zavislost limitniho proudu na odmocning z rychlosti

rotace RDE odhalila vliv kinetiky pfenosu elektronu zejména v kyselém prostiedi [5].

1,5

11 pA

0,5 0,7 0,9 1,1 1,3
E (vs. SCE)/V

Obr. 27. Diferenéné pulsni voltamogramy zopiklonu (0,5 mmol dm®) na elektrodé ze skelného
uhliku v Brittonové-Robinsonové pufru o pH 6,5 a acetonitrilu (1:1, V/V). Rychlost zmény potencialu
elektrody 20 mV s, modulaéni amplituda 25 mV, $iika pulsu 50 ms. Cervena kfivka znaéi anodicky
signal zopiklonu po odecteni proudu zdkladniho elektrolytu.

Studium elektrochemické oxidace zopiklonu Vv on-line systému EC/MS odhalilo
nékolik oxida¢nich produktd. Obr. 28 znazorfuje zavislost intenzity MS odezvy
protonovanych molekul téchto produktli na potencialu pracovni elektrody z porézniho
uhliku. Nejvyssi intenzitu vykazoval produkt s [M + H]* pii m/z 375, tedy 0 14 m/z mensi
oproti protonované molekule zopiklonu ([M + H]" 389 m/z). Analyza koliznich spekter iontu
m/z 375 potvrdila, ze jde o N-demethylovany zopiklon (ND-Z, obr. 26), ktery je soucasné
hlavnim produktem metabolismu zopiklonu v Sytému cytochromu P450. Tento produkt
vznikal v kyselém, neutralnim i alkalickém prostiedi. Intenzita odezvy ND-Z v zavislosti na
potencialu pracovni elektrody prochazela maximem (v prostiedi o pH 6,8 pii hodnoté 0,55 V
proti Pd/H2) a pii vysSich potencialech klesala. Naproti tomu pfi vyssich potencialech
vznikaly ve vétsich vytézeich oxidaéni produkty s hodnotami m/z 403, 405 a 419, které se
od vychozi molekuly zopiklonu lisily hodnotou m/z vyssi o 14, 16 a 30 jednotek. Kolizni
hmotnostni spektra v§ech oxidacnich produktti obsahovala stejné pasy iontd s m/z 245 a 263
jako zopiklon (obr. 26). Je tedy ziejmé, ze oxidace 1é¢iva probéhla na N-alkylpiperazinové
¢asti molekuly. Predpokladané struktury oxidacnich produkta s m/z 403 a 405 jsou na

obr. 29. Produkt s m/z 419 mél o atom kysliku vice a o dva atomy vodiku mén¢ nez produkt
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s m/z 405, a tedy pravdépodobné obsahoval dalsi oxoskupinu na methylenovém uhliku

piperazinového kruhu.
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Obr. 28. Intensity MS signalt oxidaénich produktt zopiklonu s hodnotami m/z 375, 403, 405 a 419
zaznamenané pii ruznych potencialech porézni uhlikové elektrody v on-line EC/MS systému.
Zéakladni elektrolyt: acetonitril/vodny roztok octanu amonného o pH 6,8 (1:1, V/V), pocatecni
koncentrace zopiklonu 0,5 mmol dm,

Eﬁ@wﬂ@ﬂ&@ﬂ
Q o @

HO
[M+H]" 405 m/z [M+H]* 405 m/z [M+H]* 405 m/z

0] (0]
N N N N
Pesatilpetay
/ — = —
N N
(0] © OQ/\O
#NX -
e &
CH, )
[M+H]* 403 m/z [M+H]* 403 m/z

Obr. 29. Navrzené strukturni vzorce oxidac¢nich produktt zopiklonu vznikajicich elektrochemickou
oxidaci pri vyssich potencialech.
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Ptestoze nebylo mozné z EC/MS experimentl urcit piesnou strukturu vSech produkti
elektrochemické oxidace zopiklonu, ziskané vysledky jednozna¢né dokladaji redoxni
reaktivitu ~ N-methylpiperazinové  Casti  molekuly  zopiklonu, ktera  podléha
biotransformaénim procestim katalyzovanym enzymy cytochromu P450 [111]. | v tomto
ptfipadé¢ muze tedy byt elektrochemie piinosna jak pro objasnéni oxidacnich reakci 1é¢iva,
tak pro syntézu prokazanych i potencidlnich metaboliti zopiklonu a jeho strukturnich

analog.

3.2.4 Fentanyl a jeho analoga

Fentanyl (obr. 30) a velky pocet jeho strukturnich analog, souhrnné oznacované jako
»fentanyly“, nalezi do skupiny novych syntetickych opioidu, které se ¢asto pouzivaji jako
Iéky proti bolesti, anestetika pifi chirurgickych zdkrocich a antidepresiva pro
symptomatickou 1é¢bu psychiatrickych problému [113]. Béhem poslednich ¢tyt desetileti se
rozsitilo zneuzivani téchto latek zejména drogovymi dealery, ale i zdravotniky S pfistupem
K témto 1é¢iviim a samotnymi pacienty. V poslednich letech se mira zneuzivani a nechténého
predavkovani fentanyly zmnohonasobila Vv souvislosti sjejich nelegalni vyrobou a
distribuci. V USA se dnes hovofti o epidemii zneuzivani fentanyld - fentanylové krizi [114].
Pocet imrti z pfedavkovani fentanyly vsak roste celosvétové, Ceskou republiku nevyjimaje
[115]. Vétsina téchto tmrti je disledkem pozZiti fentanyld jako nahrazky heroinu nebo jinych
drog (kokain, metamfetamin), které byly falSovany (fezany) fentanyly. Nebezpeci fentanylt
spociva v jejich vysoké ucinnosti (fentanyl je asi 100krat G¢inngjsi nez morfin, carfentanyl
je 30-100krat G¢innéjsi nez fentanyl) a v malém rozdilu mezi davkou vyvolavajici kyzeny

ucéinek a davkou toxickou.

Vzhledem k vysoké biologické u¢innosti a rizikiim spojenym s ilegalné vyrabénymi
a distribuovanymi fentanylovymi drogami je zadouci hledat moznosti jejich rychlé
a bezpecné likvidace a dekontaminace prostor a mist jimi zasazenych. Pro tyto ucely se
nabizeji rzné degradaéni procesy, zZ nichz jako nejucinngj$i se jevi procesy oxidacni.
Z testovanych oxidacnich ¢inidel vedly k u¢innému a rychlému rozkladu fentanylu bézna
desinfek¢ni ¢inidla na bazi peroctové kyseliny nebo aktivniho chloru [116], smés
peroxouhli¢itanu sodného s N,N’-(ethan-1,2-diyl)bis(N-acetylacetamidem) a trichloriso-
kyanurova kyselina [117]. Pfi degradaci fentanylu dochazelo predevsim k oxidativni
N-dealkylaci, a to jak na piperidinovém dusiku za vzniku norfentanylu (obr. 30), tak na

amidovém dusiku za tvorby N-fenylpropanamidu. Pfi pouziti trichlorisokyanurové kyseliny
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a chlornanu vapenatého byla v reakénich smésich identifikovana fada chlorovanych
degradacnich produkti. Smés NaBrOs/NaHSO3/Na;SOs Vv kyselém prostiedi rozlozila
fentanyly béhem 30 min s Géinnosti vice nez 99 %. Béhem degradace vznikala fada
bromovanych slou¢enin, v¢. mono-, di- a tribromanilinu, dibromethylbenzenu,
2-brom-N-fenylpropanamindu [118]. Testovana byla i degradace 0,3% roztokem peroxidu
vodiku [119]. Ta se vSak ukazala jako malo ucinna, nebot’ po 24 hodinach reakce zistalo

nezreagovano 92 % fentanylu. Degrada¢nimi produktem byl N-oxid fentanylu.

Fentanyl Norfentanyl Furanylfentanyl
o/
/
O~V RN N
N S N
Y Y
o) (e}
Carfentanil Sufentanil

Obr. 30. Strukturni vzorce fentanylu a jeho analog, které byly studovany Vv praci [10].

V nasem vyzkumu provadéném ve spolupraci s tymem dr. Langmaiera z Ustavu
fyzikalni chemie J. Heyrovského AV CR jsme pouzili k degradaci fentanyla (obr. 30)
reaktivni hydroxylové radikdly vznikajici katalytickym rozkladem peroxidu vodiku
zeleznatou soli (Fentonovo ¢inidlo) [10]. Metodou cyklické voltametrie pfenosu iontl pies
rozhrani membrany mikroporézniho filtru napojeného nizkotajici iontovou kapalinou
(tridodecylmethylamonium tetrakis[3,5-bis(trifluormethyl)-fenyl]boratem) bylo zjisténo, ze
krokem urcujicim rychlost degradace je generovani hydroxylovych radikald, kterd zavisi
predevSim na koncentraci Zeleznatych iontl v reakéni smési. Pfi nadbytku téchto iontil se

polocas reakce u studovanych fentanyli pohyboval v rozmezi 2-8 min.

Vedle studia kinetiky jsme se zabyvali detekci meziprodukti degradace fentanylu
metodou LC/MS. Zreakéni smési obsahujici na pocatku vodny roztok fentanylu
(0,1 mmol dm®), Mohrovy soli (0,2 mmol dm?), peroxidu vodiku (44 mmol dm=)
a chloridu lithného (1 mmol dm®), vyuzivaného jako elektrolyt pii voltametrii pifenosu
iontd, byly v ¢asovém rozmezi 0 — 300 min odebirany vzorky, extrahovany chloroformem

a analyzovany pomoci LC/ESI-MS. Po 15 a 30 minutach reakce bylo detekovano zna¢né

59



mnozstvi hydroxyderivata fentanylu Vv riznych izomernich formach, coz potvrdilo
ptredpoklad, ze hydroxylové radikaly generované reakci peroxidu vodiku s Zeleznatymi ionty
jsou hlavnim oxida¢nim agens. Analyza koliznich spekter odhalila, ze hydroxylace probéhla
Vv nejvetsi mife na fenethylové ¢asti molekuly fentanylu a na piperazinovém cyklu. Derivat
hydroxylovany na esterové vazané propionylové skupiné byl pfitomen v mnohem mensim
vytézku. Jako nejodolng&jsi vic¢i hydroxylaci se jevila anilinova ¢ast molekuly fentanylu.
Kromé mono-, di- a trihydroxylovanych derivat byla prokazana tvorba norfentanylu, ktery
je znamy také jako hlavni, biologicky neaktivni metabolit enzymatickych reakci fentanylu
katalyzovanych cytochromem P450 [113] a rovnéz jako hlavni produkt elektrochemické
oxidace fentanylu [115,120] i jinych procesi jeho oxida¢ni degradace. DalSimi
detekovanymi degrada¢nimi meziprodukty byly hydroxynorfentanyl a N-fenylpropanamid,
popsané rovnéz jako produkty degradace fentanylu peroctovou kyselinou [117]. Po péti
hodinach reakce uz nebyl v reakéni smési detekovan fentanyl ani zadny zuvedenych

degradac¢nich meziproduktt.

Fentonovo ¢inidlo, obsahujici levné, netoxické a k zivotnimu prostiedi Setrné slozky,
se tedy jevi jako velmi ucinné pro rychlou degradaci fentanyli. Miize byt velmi snadno
aplikovano ve formé roztoku i ve spreji pro rychlou a u¢innou dekontaminaci odpadnich vod

a povrcht kontaminovanych témito nebezpecnymi latkami.

Problematikou detekce a stanoveni fentanylovych drog se na naSem pracovisti
vénujeme 1 nadale. Nasi snahou je vyvinout citlivou a selektivni voltametrickou metodu pro
rychlou detekci fentanylu v terénnich podminkéch, vhodnou napftiklad pro rychlé odhaleni
pancovaného heroinu [43]. Mimoto se snazime objasnit mechanismus elektrochemické
oxidace fentanylu, ktera podle vysledkii naSich dosavadnich vyzkumi vede k fad€ produktt

analogickych k produktiim metabolickych pfemén téchto latek [121].
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4 Z.aver

Vysledky studii uvedené v této habilitacni praci ukazuji, ze elektrochemické metody
maji znacny potencial pro vyzkum redoxnich pfemén biologicky vyznamnych latek.
Umoznuji simulovat v instrumentalné jednoduchém experimentdlnim usporadani fadu
redoxnich procest, které probihaji v pfirodé chemickou nebo biochemickou cestou. I kdyz
anodicka oxidace nedokaze napodobit v§echny enzymové fizené metabolické procesy, miize
byt cennym nastrojem jak pro odhaleni redoxnich center v molekulach xenobiotik, tak pro

syntézu fady oxidacnich produkt, které vznikaji metabolickou cestou.

K reakcim, které probihaji velmi snadno v elektrochemickém ¢lanku podobné jako
v eko- a biosystémech, patii oxidace bromfenolii. Anodicka oxidace fenolové skupiny za
vzniku fenoxylovych radikali a fenoxoniovych kationtd vede k tvorbé bromovanych
difenylethert, bifenyli a benzochinond, které jsou schopny v organismu negativné
zasahovat do fady fyziologickych procest (napf. inhibice enzymu, naruseni oxidativni

fosforylace, pteruseni mitochondrialniho pfenosu elektroni, poskozeni DNA).

U studovanych 1é¢iv se podatilo prokazat elektrochemické oxidacni pfemény
hydroxybenzylového, benzodioxolového a N-methylpiperazinového strukturniho motivu
a alkylsubstituované terciarni aminoskupiny, které jsou analogické preméndm
katalyzovanym enzymy cytochromu P450. Anodické Stépeni benzodioxolového motivu,
prokazané u alkaloidu berberinu, vede k tvorbé reaktivni katecholové a 0-benzochinonové
struktury. Benzodioxolovy motiv je velmi Casty také u dalSich biologicky vyznamnych latek,
at’ uz ptirodnich (napf. piperin, safrol), ¢i syntetickych, v€etné nelegalnich drog (extaze,
ethylendioxypyrovaleron, metylon a dalsich). Podobné piperazinovy kruh, podléhajici pti
anodické oxidaci N-dealkylaci, N-oxidaci a C-oxidaci, analogicky jako u enzymovych
oxidaci, se velmi Casto vyskytuje u 1é¢iv (napf. sildenafil, dasatinib) i nelegalnich drog (napf.
benzylpiperazin, 3-trifluormethylfenylpiperazin, m-chlorfenylpiperazin, MT-45). Terciarni
aminoskupina je rovnéZ Castou strukturni jednotkou mnohych 1éCiv (napf. syntetickych

anticholinergik).

Poznatky o oxidacnich reakcich latek s uvedenymi strukturnimi motivy mohou
pomoct pfi studiu metabolismu nové syntetizovanych latek s podobnou strukturou, mohou
byt vyuzity pro elektro-syntézu metaboliti a v neposledni fad¢€ pro vyvoj novych citlivych
elektroanalytickych metod detekce a stanoveni téchto latek. Elektroanalytické metody jsou

také vhodné pro sledovani kinetiky reakci elektrochemicky aktivnich latek v homogenni fazi
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(redoxnich, hydrolytickych apod.) a umoznuji tedy studovat napi. stabilitu 1éCiv pii
stresovych zkouskach nebo rychlost degradace nebezpecnych latek a polutantli Zivotniho

prostiedi.

Ptinosem k vyvoji analytické instrumentace je miniaturizace elektrolytickych ¢lanka
vhodnych pro studium redoxnich pfemén mikrogramovych mnozstvi latek a rovnéz
konstrukce nového typu elektrody, uhlikové Stétickové elektrody, pro hmotnostné
spektrometrickou analyzu produktti redoxnich reakci, v¢. oligomernich a polymernich

produkti, které ztistavaji siln€ adsorbovany na elektrodovych povrsich.
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The electrochemical behavior of 5-hydroxymethyl tolterodine (5-HMT), the active metabolite of
antimuscarinic drugs tolterodine and fesoterodine used to treat urge incontinence and overactive
bladder, was investigated using cyclic and differential pulse voltammetry at glassy carbon electrode.
Electrooxidation of 5-HMT proceeds as a complex pH-dependent process. Controlled potential
electrolysis of 5-HMT solutions was performed at platinum gauze electrode in aqueous-methanolic
media. Electrolyzed solutions were analyzed using ultra performance liquid chromatography with
electrospray ionization quadrupole time-of-flight mass spectrometry. Two main oxidation centers of the
studied molecule were located: the p-hydroxybenzyl alcohol group and the tertiary amino group.
Oxidation of the first center proceeds in several steps leading to the formation of 5-formyl tolterodine, p-
benzoquinone derivative and several dimeric, hydroxylated and methoxylated products depending on pH
of the solution and electrode potential. The second center is oxidized preferentially in alkaline media at
higher potentials under the hydrolytic cleavage of diisopropylamine and formation of corresponding

Keywords:
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oxidation products
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mechanism

aldehydes. Mechanism of the electrochemical oxidation of 5-HMT has been proposed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

5-Hydroxymethyl tolterodine (5-HMT, Fig. 1a) is the main active
metabolite of antimuscarinic drugs tolterodine (TOL, Fig. 1b) and
fesoterodine (FES, Fig. 1c), which are commercially available under
the name Detrol/Detrusitol and Toviaz, respectively. Both drugs are
indicated for the treatment of urinary urge incontinence (UUI) and
other symptoms associated with an overactive bladder. TOL or FES
metabolize to 5-HMT in human body via cytochrome P450 (CYP)
2D6 enzyme or ubiquitous nonspecific esterases, respectively. FES
is rapidly and extensively metabolized to 5-HMT. Tolterodine is
only partially metabolized to 5-HMT and their ratio varies among
individuals due to different activity of CYP2D6 [1]. According to
recent studies, FES proves superior efficacy in treatment of UUI
over tolterodine. 5-HMT is very efficient muscarinic receptor
antagonist and pharmacodynamic effects of fesoterodine in human

* Corresponding author. Tel.: +420 585 634 442, fax: +420 585 634 433.
E-mail address: jana.skopalova@upol.cz (J. Skopalova).
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body are thought to be mediated via 5-HMT [1,2]. 5-HMT is further
metabolized by CYP3A4 and CYP2D6 in the liver to its inactive
metabolites namely carboxy (SPM 5590), carboxy-N-desisopropyl
(SPM 7789) and N-desisopropyl metabolite (SPM 7790). None of
them contribute significantly to the antimuscarinic activity of the
drug. After oral administration of fesoterodine, approximately 70%
of the administered dose is recovered in urine as the active
metabolite (5-HMT, 16%), carboxy metabolite (34%), carboxy-N-
desisopropyl metabolite (18%), or N-desisopropyl metabolite (1%),
and about 7% is recovered in feces [3,4].

5-HMT is mainly analyzed along with its prodrug TOL or FES.
High performance liquid chromatography/mass spectrometry
(HPLC/MS) is the most frequently used method for determination
of 5-HMT [5-9]. Gas chromatography/mass spectrometry (GC/MS)
is applicable after derivatization of 5-HMT [10]. Electroanalytical
methods could be used to mimic the formation of possible
oxidative metabolites [11]. Furthermore, the hyphenation of
electrochemistry, chromatography and mass spectrometry is
promising to simulate and investigate (bio)transformation of
drugs [12] or pesticides [13]. For the purpose, electrospray
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Fig. 1. Chemical structures of 5-hydroxymethyl tolterodine (a), tolterodine (b) and fesoterodine (c).

ionization is a widely used ionization technique of great
compatibility with electrochemistry [14,15].

Electrochemical oxidation of tolterodine and fesoterodine have
been described recently [12,16] including characterization and
identification of some of their oxidation products. To the best of our
knowledge [12], the electrochemical behavior of 5-HMT has not
been fully described yet. The aim of the paper is to better
understand the general redox reactions of the compound
responsible for the main pharmaceutical activity of these
antimuscarinics. For this purpose, 5-HMT was electrochemically
oxidized under the conditions of controlled potential electrolysis
and products were analyzed by ultra-performance liquid chroma-
tography with electrospray ionization mass spectrometry (UPLC/
ESI-MS). Several new oxidation products were discovered (in
addition to previously described), reasonable oxidation mecha-
nism was proposed and crucial reaction steps involved in the
general oxidation pathway were verified using simple model
compounds.

2. Experimental
2.1. Reagents

5-Hydroxymethyl tolterodine was synthesized from (R)-feso-
terodine fumarate (99%), which was obtained from IS Chemical
Technology, China. Methanol, sulfuric acid (p.a., Lach-Ner, Czech
Republic), acetonitrile and p-xylene (HPLC gradient grade, Sigma-
Aldrich, Czech Republic), ammonium acetate (p.a., >98.0%, Lach-
Ner, Czech Republic) and ultrapure water (Merck Millipore,
Darmstadt, Germany) were used. Britton-Robinson (BR) buffers
were prepared from phosphoric acid, acetic acid and boric acid
(0.04mol dm~3 each, p.a., Lachema, Czech Republic), pH values
were adjusted with sodium hydroxide (0.2 mol dm~3, p.a., Lach-
Ner, Czech Republic).

2.2. Synthesis of 5-hydroxymethyl tolterodine

Fesoterodine fumarate (200 mg, 0.38 mmol) was dissolved in a
mixture of methanol (2 cm?) and conc. aqueous ammonia (2 cm?).
The reaction mixture was stirred at room temperature for 18 hours.
Then the solvents were evaporated on a rotary evaporator under
reduced pressure. The residue was diluted with water (2 cm®) and
extracted with ethyl acetate (5 cm?). Ethyl acetate was evaporated.
The resulting oily crude product was dissolved in chloroform
(1cm?), applied to a flash chromatography column with silica gel
and eluted with a mixture of chloroform/methanol/conc. aqueous
ammonia 10:1:0.1 to give 71.7mg of pure 5-hydroxymethyl
tolterodine as yellowish oil. The total yield was 55% and the
purity of the product was higher than 98% (HPLC).

2.3. Voltammetric measurements

Voltammetric measurements were performed using an Eco-
Tribo-Polarograph with Polar.Pro v. 4 software (Polaro-Sensors,
Czech Republic) and an Autolab PGSTAT128N with NOVA 1.10
software (Metrohm Autolab, the Netherlands). A three-electrode
system consisted of a glassy carbon working electrode (GCE, disk
diameter 3.0 mm, Bioanalytical Systems, USA), a platinum wire
auxiliary electrode and a saturated calomel reference electrode
(SCE). The working electrode was polished using 0.05 wm alumina
slurry on wet microcloth (Buehler, USA) and sonicated in distilled
water for 60s before each measurement. Cyclic voltammograms
were recorded at a scan rate of 0.05Vs~}, unless otherwise stated.
Differential pulse voltammetry (DPV) measurements were per-
formed at pulse amplitude of 0.05 V, pulse width of 0.1 s and a scan
rate of 0.01 Vs~ All experiments were performed in a low volume
cell (maximum 2cm?) in supporting electrolytes containing BR
buffer of desired pH (as indicated) and methanol (1:1, v/v). The
dependencies of peak potentials and peak currents were plotted
against the pH values of the mixture of BR buffer and methanol
(1:1) measured with glass pH electrode calibrated using aqueous
standard buffers.

2.4. Controlled potential electrolysis

An apparatus for controlled potential electrolysis consisted of
an OH-404 potentiostat (Radelkis, Budapest, Hungary) with a
three-electrode system: platinum gauze working electrode,
reference SCE and platinum auxiliary electrode placed in a
separate cathode compartment. The electrolysis was performed
at various values of constant potential in aqueous BR buffer of
different pH/methanol (1:1, v/v) under nitrogen atmosphere. The
potential values 0.65 and 0.9V were chosen for pH 3 and 0.3, 0.5
and 0.9V for pH 7 and pH 9. All samples were electrolyzed in
stirred solutions (magnetic stirrer MR Hei-Standard, Heidolph,
Germany, PTFE-coated micro stir bar, 7 mm x 2 mm) containing
0.5mmol dm 3 5-HMT (0.17 mg cm ) in a total volume of 1.2 cm?®
until the current decreased to a residual value.

Controlled potential coulometry was performed on Autolab
PGSTAT128N with a three-electrode system comprising spectral
graphite rod as a working electrode (surface area 5.42cm?),
reference SCE and Pt auxiliary electrode placed in a cathode
compartment separated from the anode part by a vycor frit.
Supporting electrolyte containing BR buffer solutions of pH 7.5 and
methanol (1:1, v/v) was electrolyzed at potential 1V until the
current reached its residual value (typically 20 wA). Then 100 nmol
of 5-HMT was added (c=0.1 mmoldm?) and the solution was
electrolyzed at 1V for 2 h to reach the residual current value.
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2.5. UPLC/MS, GC/MS and UV-vis spectrometry analysis

An Acquity UPLC system (Waters, Milford, Manchester, UK)
equipped with a binary solvent manager, sample manager, column
manager and PDA detector was used. Separation was performed on
a chromatographic Vertex Plus Column (50 mm x 2 mm, 1.8 um)
Blue Orchid C18 (Knauer, Berlin, Germany). Mobile phase consisted
of 0.01moldm~—>3 ammonium acetate in water (solvent A)/
acetonitrile (solvent B), gradient elution was performed (% v/v):
0-5min (10-80% B), 5-6 min (80% B), 6-7 min (80-10% B) and 7-
10 min (10% B) with flow rate 0.4 cm>® min~, the temperature of the
autosampler and the column oven was 20°C and 25°C, respec-
tively. The injection volume was 0.02 cm>. A QqTOF Premier mass
spectrometer (Waters, Milford, MA, USA) coupled to the UPLC
system provided molecular formulas and fragment spectra to
confirm putative structures. The tuned electrospray ionization
(ESI) parameters were as follows: spray voltage 3kV (positive
mode), source temperature 100 °C, sampling cone 30V, desolva-
tion temperature 150°C, cone gas flow rate 38dm>*h~! and
desolvation gas flow rate 450dm>h~. Nitrogen was used as a
desolvation gas and argon as a collision gas. The data were acquired
using simultaneous scanning at lower collision energy (5 eV) and at
higher energy applying collision energy ramp from 15 to 35eV or
from 5 to 15 eV for OP6B. Data were processed using MassLynx 4.1
software (Waters).

The Agilent 7010 Triple Quadrupole GC/MS system with Mass
Hunter software (Agilent Technologies, Palo Alto, USA) was used
for proof of formic acid presence in solutions of 4-hydroxybenzyl
alcohol and 4-hydroxybenzaldehyde in BR buffer of pH 3
electrolyzed at the potential 1.5V on the platinum gauze electrode.
Samples were esterified and rising methyl formate was extracted
into p-xylene before analysis. The separation was performed on
two (5%-Phenyl)-methylpolysiloxane capillary columns HP-5ms
Ultra Inert in series (15m x 0.25mm x 0.25 um) with constant
flow 0.9 and 1.1 cm®min~, respectively. Nitrogen (Messer Group
GmbH, Germany) was used as a collision gas with flow rate 1.5 cm?
min~! and helium (He 5.0. Siad, Italy) as a quench gas with flow
rate 2.25 cm® min~ . The GC oven temperature was initially held at
30°C for 5 min, ramped to 250°C at 20°C min ! and held at 250°C
for 5min.

UV-Vis spectrometer Lambda 25 (PerkinElmer, Waltham, MA,
USA) was used for measurement of UV-vis spectra of p-
benzoquinone in 1:1 (v/v) aqueous/methanolic solution.

3. Results and Discussion
3.1. Electrochemical behavior of 5-hydroxymethyl tolterodine

The cyclic voltammogram of 5-HMT in buffered aqueous
methanolic solution of pH 7.5 (1:1, v/v) recorded at scan rate
0.05V s~ ! (Fig. 2a) showed two anodic signals at potentials of 0.60 V
(peak A) and 0.86V (peak B). Two small reduction peaks were
observed at potentials of 0.22 V (peak C) and —0.17 V (peak D) in the
reverse cathodic branch. The peak C was more intensive when the
potential was held for 30 s at the switching potential Es=0.65V after
the first anodic scan and before starting the backward cathodic scan
(Fig. 2b). In the following anodic scan, a very small oxidation signal
at 0.37V (peak E) was observed. This implies that an electroactive
product providing a quasi-reversible pair of peaks Cand E (Ep, , — Ep,
«=0.37-0.22=0.15V) was formed at the potential of peak A. The
perceptible drop of the height of the peaks A and B in the second
cycle was most likely caused by passivation of the electrode surface
by the product(s) of electrode reaction arising from the oxidation of
5-HMT in the first potential cycle.

As can be expected from the structure of 5-HMT and from the
electrochemical behavior of its metabolic precursor tolterodine

[12], the phenol ring is an electroactive part of the 5-HMT
molecule. Cyclic voltammogram of 4-hydroxybenzyl alcohol
(Fig. 2c), obtained under the same conditions, revealed an
oxidation peak at the same potential as the peak A of 5-HMT.
Furthermore, potentials of two reduction peaks observed in the
reverse cathodic branch of the voltammogram correspond to the
potentials of the peaks C and D in the 5-HMT voltammogram.
Similarly to 5-HMT, the peak C increases when the polarization
direction was reversed at potential of the anodic peak A (Fig. 2d).
Remarkable similarities in the voltammetric behavior of 5-HMT
and 4-hydroxybenzyl alcohol strongly support the hypothesis that
electrochemical oxidation of 5-HMT starts at the hydroxyl group
directly bond to the aromatic ring providing the peak A.

The couple of peaks C and E appertains to reduction and re-
oxidation of an intermediate formed by oxidation of 5-HMT at
potential of the peak A. Similar behavior was reported for the redox
pair biphenoquinone-biphenol arising in the first step of oxidation
of phenol to phenoxy radical [17]. Two radicals can recombine to
form biphenol which is immediately oxidized to biphenoquinone
since the redox potential of biphenol is lower than that of phenol.
Similar o-biphenol and o-biphenoquinone structures were found
in electrochemically oxidized tolterodine solutions [12]. Likewise,
the formation of such dimeric structures can be expected in case of
5-HMT.

The peak D in the cathodic branch of cyclic voltammogram of 5-
HMT (Fig. 2a) appeared at the same potential (-0.17V) as a
reduction peak of p-benzoquinone (Fig. 2e). Its intensity increased
when the potential scan was reversed more anodically at the peak
B potential or higher. Supposing the similarity between 5-HMT and
phenol behavior [17], the phenoxy radical formed in the first
oxidation step could be further oxidized to a phenoxy cation. The
cation can be easily attacked by water forming catechol or
hydroquinone (after the cleavage of the hydroxymethyl substitu-
ent in the para position) which is further oxidized to a quinone.
Such p-benzoquinone structures were reported as products of
anodic oxidation of various para substituted phenols [18]. Thus,
formation of similar quinone structure(s) during anodic oxidation
of 5-HMT in aqueous methanolic media can be expected.

Voltammograms of 5-HMT and fesoterodine acquired under the
same experimental conditions at pH 9.5 (Fig. 3) revealed the
similarity between potential of the 5-HMT oxidation peak B and
potential of the fesoterodine oxidation peak. Unlike 5-HMT,
fesoterodine did not provide any cathodic peaks in the reverse
branch of voltammograms due to the absence of a free phenolic
group (oxidation of which leads to the formation of electroactive
dimeric products and quinone structures). As we have recently
shown [16], fesoterodine oxidation proceeds on diisopropylamine
group under the cleavage of an isopropylamino group during
oxidative deamination. Alkaline conditions are more favorable for
this reaction. Therefore, similar reactions can be expected for 5-
HMT at the potential of peak B.

The scan rate strongly influenced a course of 5-HMT cyclic
voltammograms (Fig. 4). Two oxidation peaks were observed in
methanol/BR buffer solution pH 7.5 (1/1, v/v) at scan rates about
0.005Vs~! (Fig. 4a). Another oxidation peak (A’) was formed at
scan rate 0.03Vs~! (Fig. 4b). Scan rates higher than 0.15Vs™!
caused an overlap of signals A’ and B (Fig. 4c). These observations
proved a complex redox behavior including at least three
successive electrode reactions in which electroactive species with
particularly close redox potentials are formed. Bifurcation of peak
A at faster scan rates indicates the presence of chemical reaction
following the first electron transfer step. Speed of the homoge-
neous reaction controls the formation of an electroactive
intermediate which is subsequently oxidized at the electrode
surface. Potential shift of the half peak A by 0.026 (+0.001)V per
log unit in the scan range 0.01-0.5 Vs~ ! supports the assumption.
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Fig. 2. Cyclic voltammograms of 5-HMT recorded with the switching potential Es= 1.3V (a) and Es=0.65 V after the accumulation 30s at 0.65 V (b), 4-hydroxybenzyl alcohol
with Es=1.3V (c) and E;=0.65V (d), p-benzoquinone with E;=1.3V (e) and 4-hydroxybenzaldehyde with Es=1.3V (f). Concentration of all substances: 0.5 mmoldm3,
supporting electrolyte: CH;OH/BR buffer pH 7.5 (1:1, v/v, grey line), 1st cycle (solid black line), 2nd cycle (dashed black line), scan rate 0.05 Vs, starting potential was —0.6 V

for all voltammograms.

The value is between 0.03 V and 0.02 V for a tenfold change in scan
rate which is typical for one-electron transfer reactions followed
by first order and second order chemical reaction (dimerization),
respectively [19].

Controlled potential coulometry (CPC) on spectral graphite rod
electrode was used for determination of number of electrons
involved in the electrode process. Total charge 56.4 mC passed
through the electrolytic cell with 100 nmol of 5-HMT in BR buffer
pH 7.5 and methanol (1:1) corresponding to 5.84 electrons
exchanged per one molecule of the drug. Almost the same number
5.81 electrons was found using convolutive procedure [16] applied
on linear sweep voltammogram recorded at 5mV s~ ! in solution of
the same composition as in the CPC experiment (Supplementary
Information file, Fig. S1). Overall, the electrochemical oxidation of
5-HMT under stated conditions is nearly 6-electron process.

0 0.2 OI.4 O.IB 0.8 1
Evs.SCE/V

Fig. 3. Linear sweep voltammograms of 0.2 mmol dm~3 5-hydroxymethyl tolter-
odine (black solid line) and 0.1 mmol dm 3 fesoterodine (dotted line) in supporting
electrolyte consisting of BR buffer pH 9.5 and methanol (1:1, v/v, gray solid line),
scan rate 0.1Vs™.
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Fig. 4. Normalized cyclic voltammograms of 0.1 mmol dm~3 5-HMT (black line) at
scan rate 0.005Vs™' (a), 0.03Vs~! (b) and 0.15Vs~! (c). Supporting electrolyte
(grey line) CH30H/BR buffer pH 7.5 (1:1, v/v).

Non-integer number of transferred electrons is in compliance with
higher number of electrode reactions proceeding simultaneously
at the electrode (and probably involving the different reaction
centers of the 5-HMT molecule) as it was observed by cyclic
voltammetry at different scan rates (Fig. 4).

The 5-HMT oxidation depends on pH (see DPV curves in
Supplementary information file, Fig. S2). Signal of the peak A was
observed in the whole pH range reaching the maxima at pH>9.5
(Fig. 5a). The peak B was observable in the range of pH 4-12 with
the highest current intensity at pH 8.5-9.5. The potential of both
oxidation peaks shifted to lower values with increasing pH
(Fig. 5b). The peak A showed the shift by —62 mV/pH suggesting
participation of the same number of electrons and protons in the
first oxidation step. Similarly, the potential of peak B was shifted by

1.0+
. e
0.8 - ., g
'Y &
~ .‘.\. \Q\O B
%_ 0.6 = 0\.\ %%»A—b‘_g
0\,~
.
044 » Am..\.
i e
0.2 T T T T T T T 1
) 2 4 6 8 10 12 14
600 - *%e e,
> A
< ] o
E 400—_ i,
~2200] ececectee gt tag
a AAA B A
0+ T T IAA' T T T v T T T T 1
2 4 6 8 10 12 14

Fig. 5. Variation of DPV peak currents (a) and half-peak potentials (b) of 5-HMT
peaks A and B with pH. Concentration of 5-HMT: 0.1 mmoldm3, supporting BR
buffer/methanol (1:1, v/v), scan rate 0.01Vs~'. Open circles stand for the
dependence of DPV peak potentials vs. pH for fesoterodine under the same
conditions.

—63mV/pH up to pH 9.5 indicating the transfer of the same
number of protons and electrons as well. In alkaline solutions of pH
9.5-12 the shift was less steep with the slope of —17 mV/pH
corresponding to decrease of number of released protons. The
change in the slope around pH 9.5 is most likely related to the
change in protolytic form of the electroactive specie(s) at the
electrode surface. Variation of peak B potential with pH closely
copies the course of E, - pH dependence for fesoterodine recorded
under the same conditions (Fig. 5b, open circles). It supports the
supposition that the oxidation process providing peak B is similar
to those of fesoterodine.

Adsorption of 5-HMT as well as products of its electrode
reactions on the GCE electrode surface was observed. When the
clean electrode was immersed into 0.5 mmol dm~> solution of 5-
HMT for five minutes, then it was properly rinsed by deionized
water and transferred into pure electrolyte, a small but perceptible
voltammetric peak of the adsorbed 5-HMT was recorded.
Adsorption of products of 5-HMT oxidation was evident from
the distinct decrease of the anodic current signals in successive
cyclic voltammograms (see Supplementary information file,
Fig. S3) which was caused by fouling of the electrode surface
with products of electrode reactions. The drop of oxidation current
was more pronounced in neutral and especially in alkaline media
(pH 7 and 9, respectively). This pH-dependent voltammetric
behavior is in accordance with that of other phenolic compounds
and can be explained by easier oxidability of phenolate anion [20]
under formation of strongly adsorbed dimeric/polymeric products.
However, the passivation of the electrode was not so pronounced
in comparison with simple phenols (e.g. 4-chlorophenol [21])
forming compact adhesive polymeric films.

3.2. Controlled potential electrolysis and UPLC/MS analysis of 5-
hydroxymethyl tolterodine oxidation products

For more detailed characterization of oxidation products, a
series of experiments were performed with controlled potential
electrolysis of 5-HMT on a large surface Pt electrode in methanol/
aqueous BR buffer solutions of pH 3, 7 and 9. The controlled
potential values suitable for exhaustive electrolysis were selected
according to courses of 5-HMT cyclic voltammograms recorded at
each pH (0.5V for pH 7 and 9 and 0.9V for all three pH).
Electrolyzed solutions of 5-HMT were directly analyzed using
UPLC/ESI-MS. The chromatograms and mass spectra of electro-
lyzed solutions were compared to those of control samples treated
at potentials of 0.65 V for pH 3 and 0.3 V for pH 7 and 9, which were
expected to be too low to cause electrochemical transformation of
5-HMT. The control samples as well as the untreated standard
solution of 5-HMT rendered a peak with retention time (tg) of
1.95min and an ion [M+H]" at m/z 342 (Fig. 6a) providing
fragment ions at m/z 300 (loss of propene), the most intensive ion
at m/z 223 (loss of diisopropylamine and H,0) and at m/z 195 (loss
of N,N-diisopropylaminoethane and H,O or diisopropylamine,
ethene and H,0). The fragmentation spectrum of 5-HMT
corresponds to the spectrum reported in the literature [7].

3.2.1. Product of 5-HMT electrolysis with m/z 340

An oxidation product OP1 (tg=2.27 min, [M+H]" at m/z 340,
Table 1) was detected in samples of 5-HMT electrolyzed mostly at
the potential of peak A under all three pH conditions. The yield of
this product decreased in the order of pH 3>pH 7>pH 9. The
precursor ion (m/z 340, Fig. 6b) provided a most abundant
fragment at m/z 239 (loss of diisopropylamine). Neutral losses
indicating presence of 5-hydroxymethyl group (loss of water,
formaldehyde or methanol) were absent in the spectrum. Instead,
a low intense signal at m/z 312 corresponding to loss of CO was
observed. Based on the fragmentation pattern, accurate mass and
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Fig. 6. MS spectra of 5-HMT standard (a) and its oxidation products: OP1 (b), OP2 (c), OP3 (d) acquired after electrolysis at 0.9 V (in pH 3 for OP1 and in pH 7 for OP2 and OP3).
Spectra were acquired at higher energy using collision energy ramp from 15 to 35 eV with precursor ion selection (a), without precursor ion selection (b-d) in positive (a-c) or

negative (d) ionization mode. Uncorrected raw m/z data.

Table 1
UPLC/MS analysis of 5-hydroxymethyl tolterodine and its oxidation products; m/z data were corrected using a reference lock mass (leucine enkephalin).
Compound tg (min) m/z Molecular formula dtm (mDa) pH Oxidation
potential
5-HMT 1.95 [M+H]* 342.2427 C32H3,NO, -0.6
OP1 227 [M+H]* 340.2292 C2,H30NO, 15 3,7,9 L H
oP2 239 [M+H]* 326.2127 Cy1HogNO, 0.7 3,7 LH
oP3 2.90 [M—H]~ 253.0872 Ci6H1305 0.7 7,9 H™
0P4 227 [M—H]~ 255.1049 C16H1503 28 7.9 H
OP5 0.56 [M+H]* 102.1321 CeHygN 3.8 7,9 H
OP6A 1.81 [M+H]* 356.2198 Ca2H30NO3 -28 3,7 L H
OP6B 216 [M+H]* 356.2253 Ca>H30NO3 19 3,7 LH
0P6C 231 [M+H]* 356.2242 Cy,H30NO3 16 3,79 LH
OP7A 212 [M+H]* 372.2565 Cp3H34NO3 2.6 3,7,9 LH
OP7B 2.58 [M+H]* 372.2552 Ca3H34NO3 13 3,7,9 LH
0P8 (dimer) 2.78 [M+H]* 665.4313 Ca3Hs7N,04 —05 3,7 L H
OP9A (dimer) 2.52 [M+H]* 681.4615 C4aHg1N204 -16 7.9 LH
OP9B (dimer) 291 [M+H]* 681.4611 CasHe1N204 -2.0 3,79 L
OP9C (dimer) 317 [M+H]* 681.4634 CasHe1N204 0.3 7,9 L H
OP10 (dimer) 3.09 [M+H]* 679.4459 CaaHsoN504 -16 3,7 LH
OP11A (dimer) 2.58 [M+H]* 695.4505 Ca4Hs9N>05 8.1 3 LH
OP11B (dimer) 2.71 [M+H]* 695.4423 C44H59N205 -0.1 3,7 L H
OP11C (dimer) 3.34 [M+H]* 695.4429 C44H59N205 0.5 3,7 LH
tg—retention time, dtm—relative difference between theoretical and experimental ion mass, L—lower potential (i.e. 0.65 V at pH 3 and 0.5 V at pH 7 and 9), H—higher potential

(i.e. 0.9V at pH 3, 7 and 9), respective products were most abundant at the underlined values of pH and oxidation potentials.

difference Amy/z=2.0187 (two hydrogen atoms) from the value of
5-HMT protonated molecule, OP1 was identified as a product of
oxidative dehydrogenation of hydroxymethyl group of 5-HMT
(Scheme 1). The same substance, 5-formyl tolterodine, was found
as a secondary oxidation product of tolterodine and a primary
oxidation product of the own 5-HMT [12].

3.2.2. Product of 5-HMT electrolysis with m/z 326

Electrolysis of 5-HMT in acidic and neutral media rendered
product OP2 (tg=2.39 min, [M+H]" at m/z 326, Table 1) that was
preferably formed at higher potentials of electrolysis correspond-
ing to the voltammetric peak B. Fragment ions at m/z 197 and 169
(two successive losses of CO from an ion at m/z 225) observed in
fragmentation spectrum of OP2 (Fig. 6¢) could be eliminated from

p-benzoquinone structure (Scheme 1). This hypothesis is sup-
ported by UV-vis spectrum of OP2 (maxima at 250, 295 and
330 nm) simultaneously recorded with MS spectra by PDA detector
that well corresponded to UV-vis spectrum of p-benzoquinone
standard recorded in 1:1 (v/v) aqueous/methanolic solution (see
Supplementary information file, Fig. S4). Moreover, proposed
structure of OP2 corresponds to above mentioned product with
benzoquinone moiety which was formed at the potential of peak B
in voltammetric experiments.

3.2.3. Products of 5-HMT electrolysis with m/z 253 and m/z 255

A product OP3, [M—H]~ at m/z 253 was detected in negative
ionization mode. Fragmentation spectrum (Fig. 6d) showed ions at
m/z 210 (loss of acetaldehyde radical), m/z 181 (consecutive loss of
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formyl radical) and m/z 121 (p-hydroxybenzaldehyde anion).
Fragmentation pattern and accurate mass (Table 1) enabled to
propose the structure of the product OP3 as 4-hydroxy-3-(3-oxo-1-
phenyl-propyl)-benzaldehyde. It can rise from electrochemical
oxidation of tertiary amino group of OP1 and subsequent
hydrolysis and elimination of diisopropylamine (Scheme 1). A
signal at m/z 102 (tg=0.56min) detected in positive ionization
mode, which appertains to diisopropylamine (product OP5),
supports the hypothesis. Oxidation of amino group proceeds also
at the 5-HMT molecule providing a product OP4 with [M — H| ™ at
m/z 255 (Scheme 1), especially in alkaline solutions of pH 9 at the
potential 0.9V. It suggests that the tertiary amino group can be
oxidized independently on the phenolic moiety under specific
conditions: alkaline media and sufficiently high potentials. The
formation of secondary amine and corresponding aldehyde is in
accordance with oxidation mechanism of tertiary amines de-
scribed in literature [22,23]. Mass spectra of the products OP4 and
OP5 are in Supplementary information file, Fig. S4.

3.2.4. Other products of 5-HMT electrolysis with m/z 356 and m/z 372

In addition to the above described main oxidation products,
many other products of electrolysis were found indicating high
reactivity of the 5-HMT molecule. All the products are formed by
reaction of reactive intermediates generated electrochemically at
higher potential (E=0.9V) with the used solvents - water and

methanol. Mass spectra and proposed structures are available in
Supplementary information file (Fig. S5, Table S1).

Three isomeric oxidation products (OP6A-C) with [M +H]* at m/
z 356 were detected primarily in 5-HMT solutions electrolyzed at
higher potential. Retention times as well as fragmentation patterns
of all three products were different. In all cases accurate mass
corresponds to a gain of one oxygen atom and loss of two hydrogen
atoms per molecule of 5-HMT (Table 1). The most polar isomer
(OP6A, tr=1.81 min) was mainly formed in acidic media (pH 3,
E=0.9V). Fragmentation pattern of OP6A revealed the elimination
of CO (ion at m/z 328) similarly to OP1 fragmentation, suggesting
the presence of aldehyde group. Moreover, three neutral losses
containing oxygen (combination of CO and H,0) indicate the
presence of an aldehyde group and two hydroxyl groups on the
benzene ring. The most intensive fragment ion at m/z 209 is
produced by loss of CO, H,0 and diisopropylamine. It is known that
elimination of H,O is easier for two hydroxyl groups in o-position
on benzene ring, e.g. fragmentation of pyrocatechol provides
intensive product ion after cleavage of H,O even if different
ionization techniques are applied (electron ionization [24] and
atmospheric pressure chemical ionization [25]). Therefore, the
product OP6A was most likely formed by anodic hydroxylation in
ortho position of the phenol ring.

The highest amount of the second isomer with m/z 356 (OP6B,
tr=2.16 min) was found in 5-HMT neutral solution electrolyzed at
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E=0.9V. Fragmentation spectrum of OP6B was obtained using
collision energy ramp from 5 to 15 eV, because the precursor ion
was completely fragmented at higher collision energy values. The
most intensive fragment at m/z 227 corresponds to the loss of CO
and diisopropylamine, ion at m/z 296 loss of CO and methanol.
Unlike OP6A from which methanol was not eliminated, the loss of
methanol suggests that the 5-hydroxymethyl group remained
unchanged in OP6B. Product ions at m/z 153 and at m/z 139 could
correspond to 5-hydroxymethyl-3-methyl-[1,2]benzoquinone and
4-hydroxymethyl-[1,2]benzoquinone, respectively. Therefore,
structure of OP6B most likely contains an o-quinone group
arrangement.

Unlike other two isomers, the least polar isomer OP6C (1m/z 356,
tr=2.31min) was formed preferably in alkaline media (pH 9,
E=0.9V). Its fragmentation showed the loss of methanol (as in the
case of OP6B), loss of H,0 and diisopropylamine (Amy/z 119) (as it
occurred for 5-HMT standard but not for OP6B). Other OP6C
fragment ions at m/z 123 and at m/z 105 corresponds to 4-
hydroxybenzaldehyde and 4-methylenecyclohexa-2,5-dienone,
respectively. According to these facts, the oxidation of 5-HMT is
expected on the unsubstituted benzene ring.

Two oxidation products OP7A and OP7B with [M+H]" at m/z 372
(Table 1) were found in 5-HMT solutions electrolyzed at potential
of peak B. Their highest response was observed in neutral media
(pH 7, E=0.9V). MS/MS spectra of both products differ, however
some fragmentation pathways (losses of water, formaldehyde,
diisopropylamine and benzene) were the same. Similarly to 5-HMT
and OP6C, loss of diisopropylamine and water (Am/z 119) were
seen in the spectrum of OP7A. Presumably, product OP7A can be
formed by methoxylation of the phenol ring in the ortho position to
-OH group. By contrast, elimination of methoxy radical from OP7B
precursor ion suggests cyclohexadienone moiety of OP7B which
could be formed by methoxylation of 5-HMT at the para position to
-OH group.

Described fragmentation pathway for 5-HMT and other
compounds represent probable but not necessary all alternative
fragmentations. Detailed study of the fragmentation is out of scope
of this paper.

3.2.5. Dimeric oxidation products

Electrolysis of 5-HMT solutions provided large number of
structurally different dimers. Analysis of the MS spectra revealed
that the dimeric products can arise from the coupling of reactive
intermediates formed by electrode reaction of 5-HMT or its
monomeric oxidation products. The most abundant of them are
summarized in Table 1 (OP8-OP11, for respective MS spectra see
Supplementary information file, Fig. S5).

In solutions electrolyzed at lower potentials three isomeric
dimers OP9A-C ([M+H]" at m/z 681) with different fragmentation
patterns were detected. They were most likely formed by coupling
of two 5-HMT oxidized units. The concentration of OP9A and OP9B
increased with increasing pH whereas the OP9C content was the
highest in neutral solution. A dimer OP10 ([M+H]" at m/z 679)
differing from OP9 products by Am/z=2 was observed in acidic and
neutral solutions electrolyzed at lower potential (E=0.65V). It
could be formed most likely by dehydrogenation of an OP9 isomer.

Electrolysis at higher potential (E=0.9V) yielded dimeric
products OP8 and OP11. The dimer OP8 ([M+H]" at m/z 665) with
characteristic loss of N-isopropyl-N-vinylpropan-2-amine was
probably formed by coupling of 5-HMT and OP2. The highest
amount of this dimer was observed in acidic solutions. Three
dimeric products OP11A-C with [M+H]" at m/z 695 were detected
mainly in acidic conditions. Unlike the MS/MS spectrum of OP11C,
the spectra of OP11A and OP11B were identical. All three dimers
could arise from the coupling of 5-HMT with OP6A, OP6B or OP6C.
Besides above mentioned dimers, further dimeric structures were

observed, e.g. with [M+H]" at m/z 635, 649, 651, 669, 689 and 747,
mostly in acidic and neutral solutions. They were not probably
formed via oxidative coupling of the above mentioned monomeric
products. Identification of these dimeric structures is in progress.

3.3. Mechanism of electrochemical oxidation of 5-HMT

Based on the voltammetric data and UPLC/MS analysis of the
products of controlled potential electrolysis, the mechanism of the
anodic oxidation of 5-HMT can be proposed as follows (Scheme 1).

The first oxidation step involves removing of an electron and a
proton from the phenol group. The formed phenoxy radical can
exist in various tautomeric forms 1a, 1b and 1c. All the structures
can provide dimers with C-C or C-O-C linkage (products OP9A-C).
The C-C linked dimer can be subsequently oxidized to a quinone
structure which was observed on the cyclic voltammograms
(peaks C and E). The product with corresponding mass (OP10) was
detected in acidic and neutral solutions electrolyzed at the
potential of peak A. Similar reactions of the phenol moiety has
been observed in the case of tolterodine [12].

Subsequent oxidation and deprotonation of the radical 1 can
give rise to an aldehyde group (product OP1) from the benzyl
alcohol [26]. Relation between the oxidation of phenol group and
the hydroxymethyl group can be deduced from comparison of
voltammograms of 4-hydroxybenzyl alcohol with those of benzyl
alcohol and 3-phenoxybenzyl alcohol. Both last mentioned
alcohols did not provide a distinguishable peak under the
experimental conditions (1:1 methanol/buffer solution pH 7.5)
in which 4-hydroxybenzyl alcohol showed a well-defined oxida-
tion signal at the potential close to the first oxidation peak of 5-
HMT (Supplementary information file, Fig. S6). Higher content of
the product OP1 detected in the solutions electrolyzed at lower
potential supports the hypothesis that it was formed at potential of
the voltammetric peak A. Based on the described observation,
possibility of direct oxidation of the hydroxymethyl group [27,28]
seems to be less favorable and it could be expected to proceed at
higher potentials as in the case of fesoterodine [16].

Phenol group in the oxidation product OP1 is oxidized at higher
potential corresponding to the voltammetric peak B. The
hypothesis resulting from the analogy with the first oxidation
step was confirmed by comparison of voltammogram of 5-HMT
with those of 4-hydroxybenzaldehyde serving as a simple model
compound for conclusive evidence (Fig. 2f). Product OP2 with p-
benzoquinone structure was found as a product of the successive
oxidation of OP1 at higher potentials in acidic and neutral media.
OP2 can be formed after nucleophilic attack of water on the
phenoxonium cation arising from two-electron oxidation of OP1
followed by subsequent release of proton. However, another
reaction mechanisms involving cleavage of the benzylic carbon
and formation of a single-carbon specie come into consideration as
well (several reactions, including among others analogies to Bayer-
Villiger rearrangement [29] could be found in literature). On all
accounts, distinguishable signal of formic acid, as the most
oxidized single-carbon specie, was detected by GC-MS in solutions
of 4-hydroxybenzyl alcohol and 4-hydroxybenzaldehyde electro-
lyzed in acidic media on the platinum gauze electrode. Acidic
catalysis, necessary for the Bayer-Villiger rearrangement, is in
accordance with acidic conditions under which the highest yield of
OP2 product was formed. Therewithal, the nucleophilic attack of
water and/or methanol on the phenoxonium ion (2) or on the
phenoxonium ion which could arise from subsequent oxidation of
OP1 led to hydroxylated and/or methoxylated products (OP6, OP7)
found in higher amount after electrolysis at 0.9V.

Simultaneously, the tertiary amino group of 5-HMT and OP1 is
oxidized at higher potentials corresponding to peak B followed by
hydrolytic cleavage producing the secondary amine OP5 and the
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aldehydes OP4 and OP3, respectively (Scheme 1). As resulted from
the UPLC/MS analysis of the electrolyzed solutions, the deamina-
tion proceeds more easily in alkaline media where the amino group
is deprotonated (apparent pK, 9.5 was estimated from the E, - pH
dependence of the peak B). This is in agreement with higher
electrochemical reactivity of the tertiary amino group of fesoter-
odine at pH 9 [16]. It could be assumed that the product OP2 tend
to oxidative deamination as well. Presence of an UV-vis absorption
peak with tg = 1.99 min and maxima at 330 nm in chromatogram of
5-HMT solutions (pH 3 and 7) electrolyzed at E=0.9V confirmed
this assumption though the corresponding final product was
detected neither in positive nor in negative ionization mode of MS
analysis.

4. Conclusions

Voltammetric techniques combined with controlled potential
electrolysis and UPLC/MS analysis of the oxidation products
revealed two main reaction centers in the molecule of the 5-
HMT: the p-hydroxybenzyl alcohol group and the tertiary N-
diisopropylamino group. Electrochemical reaction on the first
moiety provided 5-formyl tolterodine and a benzoquinone
derivative besides several dimeric products. Oxidation of the
second center accompanied by hydrolysis led to the cleavage of
diisopropyl amine and formation of 4-hydroxy-3-(3-oxo-1-phe-
nylpropyl)benzaldehyde and 3-(3,6-dioxocyclohexa-1,4-dien-1-
yl)-3-phenylpropanal. Both reaction centers are susceptible also
to the enzymatic oxidation by cytochrome P450 in liver [3,30,31].
Results of this study demonstrate that electrochemical oxidation is
capable to disclose reactive moieties in the biologically active
molecules and to provide some valuable information about
intermediates formed at the metabolic transformation. The
obtained knowledge can support study of oxidation mechanisms
of other structurally related compounds and eventually can be
used for electro-syntheses of selected oxidative metabolites
occurring in the (bio)-transformation process. Last but not least,
the results of this study (e.g. proposed reaction mechanism,
potentials of electrochemical transformations, pH influence,
adsorption phenomena) can be useful for the development of
sensitive electroanalytical methods for determination of the
substance.
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Abstract The electrochemical oxidation of monobromi-
nated  phenols (2-bromophenol, 3-bromophenol,
4-bromophenol) and pentabromophenol in methanol-
aqueous solutions (1:1 and 9:1, v/v) was studied by cyclic
voltammetry on glassy carbon electrode in static and
rotating disc arrangement. First oxidation step was fol-
lowed by dimerization reaction resulting in formation of
electroactive species. Products of controlled potential
electrolysis of bromophenols on the platinum gauze elec-
trode were analysed by ultra-performance liquid
chromatography/time of flight mass spectrometry and by
gas chromatography/mass spectrometry. C—C and C-O-C
linked dimers were found as the main oxidation products in
monobrominated phenols solutions electrolysed under mild
conditions. Pentabromophenol provided a dimer with C—
O-C linkage. On-line coupling of mass spectrometry with
electrochemical flow-through cell (EC/MS) containing
platinum working electrode proved formation of dimers in
the case of 2-bromophenol and 4-bromphenol.
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Introduction

Brominated phenols (BPs) are chemical compounds
widespread in the environment as the natural products of
the marine organisms metabolism [1, 2] (e.g. marine
worms, algae, etc.) and as industrial (by)products. BPs are
commonly used at the production of flame retardants and as
wood fungicides [1, 3, 4]. As pollutants, they were found in
the air, water and sediments [1, 5-7]. Some brominated
compounds were detected in the human plasma, adipose
tissue, and breast milk [1, 8, 9] into which they were
probably transferred via food chain, by direct contact or by
inhalation [1]. The increasing production and utilization of
brominated phenols increases the interest in the study of
these substances, especially in connection with harmful
effects on the environment and human health.
Halogenated phenols as organic contaminants of the
environment can be eliminated or transformed by advanced
oxidation processes, e.g. by photochemical oxidation,
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chemical oxidation with the use of various chemical
agents, thermal and electrochemical oxidation. The most of
these oxidation processes were described especially for the
chlorophenols. In some cases, the oxidation of halogenated
phenols can lead to the formation of oligomeric products.
Dimers were identified as products of photochemical oxi-
dation of chlorophenols using UV/H,0, and O3 methods in
aqueous solutions [10, 11]. Photolysis of different p-
halogenophenols in aqueous alkaline solutions leads to the
formation of dihydroxybiphenyls [12]. Dimeric interme-
diates, especially chlorinated diphenyl ethers and biphenyls
can be formed also by the Fenton-driven oxidation of
2-chlorophenol [13]. Dimers arise also from pyrolysis of
brominated phenols. The C-O-C and C-C linkage of
simple BPs radicals leads to dimerization and subsequent
formation of ill-famed dibenzodioxins and dibenzofurans
as final pyrolytic products [14—19].

Hydroxylated polybrominated diphenyl ethers (OH-
PBDESs) and hydroxylated polybrominated biphenyls (OH-
PBBs) were identified after chemical oxidation of BPs with
MnO, [20] or KMnO, as strong oxidation agents [21]. OH-
PBDEs are metabolites and structural analogues of poly-
brominated diphenyl ethers—widely used industrial flame
retardants. Compounds of both groups negatively influence
human health. OH-PBDEs can be formed by bromoper-
oxidase-catalyzed dimerization of bromophenols [22].
Most of OH-PBDEs have enhanced toxicological effects
compared to polybrominated diphenyl ethers, including
neurotoxicity, DNA insulting and the ability to interrupt
thyroid hormone homeostasis as well as sex hormone
steroidogenesis [23-26].

The electrochemical oxidation of halogenated phenols
involves the generation of radicals followed by oligomeric
or polymeric compounds formation [27, 28]. The course of
electrochemical oxidation depends on various experimental
conditions such as solvent-electrolyte system, electrode
potential, phenol concentration, pH, electrode material, the
number of halogen atoms and their position in an aromatic
ring [28, 29]. Electrooxidation of chlorophenols (CPs) was
thoroughly investigated particularly in aqueous solutions
[28, 30-37]. The formation of ether-type oligomeric or
polymeric products prevails in alkaline pH [30, 31, 34, 36]
while carbon—carbon coupling is more common in acidic
solutions [27]. The oligomeric/polymeric compounds form
a film, which covers and passivates the working electrode
surface [30-32, 35, 37]. Investigation of oligomeric prod-
ucts structures reveals that the coupling of chlorinated
phenols strongly depends on the structure of the monomers.
The coupling is most frequently carried via the active
ortho- or para- position followed by quinol-ether mecha-
nism (without chlorine elimination) or the nucleophilic-
radical substitution with chlorine elimination from ortho-
and/or para- position [36]. Ortho-substituted CPs are more
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reactive then para-substituted CPs [28, 35]. The electro-
chemical oxidation of some chlorinated phenols can lead to
the formation of polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs) under specific conditions [38].

There are many reports devoted to the study of brominated
phenols, however, direct electrochemical oxidation of these
compounds is mentioned rarely [39]. The electrochemical
oxidation of 2,4,6-tribromophenol (TBP) in aqueous-
methanolic solutions (1:1) was described [40]. Two main
oxidation products were found and identified by gas chro-
matography and mass spectrometry (GC/MS): 2,6-dibromo-
4-(2,4,6-tribromophenoxy)phenol and 3,3',5,5'-tetrabromo-
1,1-bi(cyclohexa-2,5-dien-1-ylidene)-4,4'-dione. Recently,
TBP oxidation was studied in different short-chain primary
alcohols (methanol, ethanol, propanol, and butanol) and
aqueous buffer mixture (9:1). Several dimeric compounds
were found. Some of them contained an alkoxy substituent
derived from the used alcohol [41].

In this paper, electrochemical oxidation of three monobro-
mophenols (2-bromophenol, 3-bromophenol, 4-bromophenol)
and pentabromophenol was investigated in methanol aqueous
solutions. Electrochemical behaviour of the bromophenols was
studied using cyclic voltammetry on static and rotating disc
glassy carbon electrode. Controlled potential electrolysis was
employed for the preparation of oxidation products, gas chro-
matography with mass spectrometry (GC/MS) and ultra-
performance liquid chromatography with photodiode array
and mass spectrometry detection (UPLC/PDA/MS) for their
identification. The formation of oxidation products was
investigated also using on-line electrochemistry/mass spec-
trometry. The influence of bromine substitution on the
formation of oxidation (especially dimeric) products was
observed.

Results and discussion

Voltammetric behaviour of monobrominated
phenols and pentabromophenol

Voltammograms of four brominated phenols (BPs) were
recorded at glassy carbon electrode in the supporting
electrolyte with higher content of methanol (50 or 90 %,
v/v) in order to increase solubility of oxidation products
and thus at least partly suppress fouling of the electrode
surface. Experimental conditions, i.e. methanol content, pH
of the buffer solution and material of the working elec-
trode, were selected based on the previous studies of
electrochemical oxidation of 2,4,6-tribromophenol [40,
41]. Successive cyclic voltammograms of BPs (Fig. 1a—d)
show one current peak, designated Ia at the potential of
about 0.8 V (for 2-BP, 4-BP, and PBP) and 0.9 V (for
3-BP) in the first anodic scan. The peak current increased
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Fig. 1 Cyclic voltammograms ' ' T '

of 2-BP (a), 3-BP (b), 4-BP (¢), 6E6 L
and PBP (d)in supporting
electrolyte (grey line) methanol/ 6

ammonium formate buffer

(pH = 6) in ratio 9:1, (v/v).
Measurement was performed
with glassy carbon electrode. ok
Scan rate 0.5 V s, In all
voltammograms, first cycle 2861
(solid line) and fifth cycle (dash
line) is shown, in a also second L L L L ! L

261

IIA

6E-6

4E61

2E-61

IIA

2E6f ]

AE6 T

cycle is depicted (dash dot line).
The curve of tetrabromoquinone

(dash dot line) in concentration
1 x 107 mol dm~ is shown
on the picture d. The arrows
indicate changes of peak heights
in the successive cycles

I/IA

. . . . 6E6 L, . . . . . . ! .

linearly with the square root of the scan rate over the range
from 5 to 500 mV s~ indicating a diffusion-controlled
redox process. Significant drop in anodic peak current
evident in subsequent cycles (Fig. 1, dash line) could be
explained by the formation of polymeric film which pas-
sivates the working electrode surface and prevents further
oxidation of bromophenol during repeated cycles [28, 30,
31].

Cathodic signal(s), marked as Ilc, appeared in the
reverse scan along with a new anodic current peak(s) Ila in
the consecutive forward scan. The redox couple(s) of group
IT appeared when the scan direction was switched at the
potential at which the peak Ia started to evolve or higher
(Fig. 2). Therefore, this new redox couples correspond to
products of anodic oxidation of respective bromophenols.
The height of peaks Ila/Ilc increased in consecutive cycles,
while current of the peak Ia decreased. Such behaviour is
typical for electropolymerization reactions [44—46] which
have been reported for phenol and its derivatives [42]
including chlorophenols [30, 43]. The growth of peaks of
group II was more pronounced for 2-BP (Fig. 1a) whereas
it was the least distinct for 3-BP (Fig. 1b). Looking in more
detail, the group II evidently consists of at least two current
signals in each scan direction, which are well distinguish-
able especially in the case of Ilc/Ila peaks of 2-BP (Fig. 2)
and Ilc peaks of 4-BP (Fig. 1c). Observation of more
current signals indicates either a successive redox reactions
of one specie or redox reactions of more species. There-
fore, formation of more than one electroactive oxidation

Ia

T

0.8

E/V

Fig. 2 Cyclic voltammograms of 2-BP (1 x 10™* mol dm™) in
methanol/ammonium formate buffer solution pH 6 (1:1, v/v) at
0.5VsL Switching potentials: 0.7 V (dash), 0.8 V (dot), and 1.0 V
(solid)

product or intermediate product at the potential of anodic
peak Ia of BP could be expected based on the observed
group of peaks II.

When the forward potential sweep was switched about
0.2 V or more beyond the peak Ia potential, a new couple
of peaks at 0.03 V (Illc) and 0.13 V (Illa) appeared in the
consecutive cathodic and anodic scan, respectively
(Fig. 2). The redox couple III most likely corresponds to
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respective bromobenzoquinones as results from the com-
parison with the voltammogram of 2,3,5,6-tetrabromo-1,4-
benzoquinone (Fig. 1d) which revealed current peaks at
similar potentials. The intensity of the peaks Ila/Illc is
very low for all four bromophenols which could be due to
the fouling of the electrode surface with a film of oxidation
products formed at lower potentials than the
benzoquinones.

Blocking of the electrode surface by electrolysis prod-
ucts was clearly apparent from cyclic voltammograms
recorded on rotating disc electrode (Fig. 3). In buffered
solutions containing 50 % methanol, current of mono-
brominated phenols reached a maximum at certain
potential and then continually decreased giving a more or
less distorted peak shape. The decrease continued also
during the reverse scan. In the successive cycles the current
was nearly the same as in the supporting electrolyte (inset
in Fig. 3). Similar behaviour has been reported for pen-
tachlorophenol on graphite RDE in neutral phosphate
buffer [47]. The blocking of the electrode surface was less
pronounced in the 90 % methanol solutions (Fig. 3).
Among monobrominated phenols, oxidation of 3-BP
caused the fastest blocking of the electrode surface. By
contrast, oxidation of PBP revealed only mild passivation
of the electrode (Fig. 3, dash dot trace) which could be in
accordance with the lowest polymerization rate reported
for pentachlorophenol compared to the less chlorinated
phenols [28].

The half-wave potentials of the voltammetric waves of
BPs measured under the steady-state conditions was found

05 06 07 08 09 10
EIV

I/pnA

0.5 06 0.7 0.8 0.9 1.0
E/V

Fig. 3 Cyclic voltammograms of 1 x 107 mol dm™ 2-BP (solid),
3-BP (dash), 4-BP (dot), and PBP (dash dot) recorded on RDE in
methanol/ammonium formate buffer solution pH 6 (9:1, v/v). Angular
rotation rate: 314 rad s™', scan rate: 5 mV s ' Inser cyclic voltam-
mogram (two cycles, labelled / and 2) of 4-BP under the same
conditions but in methanol/ammonium formate buffer solution pH 6
(1:1, v/v)
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to vary by about 20 mV per decade of change in rotation
speed (Table 1) indicating the electrode process in which
electron transfer is followed by dimerization reaction [48].
It can be expected the bromophenoxy radicals, formed in
the first oxidation step, react to form the dimeric products
as it was reported for chlorophenols [27, 30].

Controlled potential electrolysis and analysis
of oxidation products

Electrolysis of bromophenols was performed on a platinum
gauze electrode (surface area 4 sz) in methanol/ammo-
nium formate buffer solution (9:1, v/v). The electrolyzed
solutions of BP were diluted with mobile phase A (1:1) and
directly analysed by UPLC/PDA/MS with electrospray
ionization in negative mode (ESI-). Oxidation products
were identified according to (a) elemental composition
based on the accurate mass assignment; (b) analysis of the
fragmentation spectra acquired with isolation of selected
ions or without isolation using higher collision energy
ramp; (c) characteristic isotopic pattern of brominated
compounds. In the discussion related to the products
identification, the first isotopes (i.e. monoisotopic masses)
are mentioned, unless otherwise stated. Simultaneously,
ethyl acetate extracts of the electrolyzed solutions were
analysed by GC/MS. Blank samples containing unelec-
trolysed brominated phenols in the same solvent system
were analysed in parallel with the electrolysed solutions
and the analytical signals were compared.

The degree of BP conversion during 2 h electrolysis at
E =10V was estimated from the area of chromato-
graphic peaks recorded by UPLC with photodiode array
(PDA) detector (Table 2). It is worth noting that the lowest
and the highest conversion degree observed for 3-BP and
PBP on the Pt gauze electrode, respectively, is in accor-
dance with the strongest (3-BP) and the weakest (PBP)
adsorption of the oxidation products observed with rotating
disc glassy carbon electrode (Fig. 3). It suggests the
adsorption of products of bromophenols oxidation is rather
independent on the electrode material in this case.

Oxidation products of 2-BP

Peak of 2-bromophenol was detected by UPLC/MS in the
retention time 5.22 min. Two peaks of isomeric dimer
products (Fig. 4a) with m/z = 340.88 and with the reten-
tion times fg = 5.58 min and 5.90 min were found in the
solutions electrolysed at E=10V and E=12V
(Table 3). Fragmentation spectrum of the first eluted dimer
(Fig. 5a) showed fragment ions at m/z = 260.9572 (elim-
ination of HBr, difference from the theoretical mass, dtm
8.0 ppm), m/z = 232.9619 (subsequent loss of CO, dtm
7.3 ppm) and a bromine anion at m/z = 78.9279. The loss
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Table 1 Shifts of half-wave potentials of bromophenols (¢ = 1 x 10~* mol dm>) per decade in rotation speed (varied in the range of
52-314 rad s~') measured by RDE voltammetry at the steady-state conditions in the supporting electrolyte containing methanol

Bromophenol dE; p/dlogeo/mV Scan rate/mV s~ Methanol content/%
2-BP 18.1 5 90
22.1 30 50

3-BP 19.6 100 50
4-BP 20.9 30 50
PBP 19.6 5 90
Table 2 The areas of BP peaks  compound J/nm Peak area Degree of conversion/%
recorded by UPLC/PDA and
calculated degree of BP Blank Solution oxidized
conversion after 2 h electrolysis
atE=10V 2-BP 220 12982 8433 35

3-BP 220 14982 11220 25

4-BP 226 19685 9776 50

PBP 224 56896 13599 76

598
1007 ¢

630

0 L . . . .
200 250 300 350 400 450 500 550 600 650 7.00 750 800
b 620

Intensity/%

200 250 300 350 400 450 500 550 600 650 700 750 800

558
100] g

590

N
7200 250 300 350 400 450 500 550 600 650 700 750 800
tz/min

Fig. 4 Reconstructed chromatograms for the dimeric products with
m/z = 340.88. The data were obtained by UPLC/MS analysis of 2-BP
(a), 3-BP (b), and 4-BP (c) solutions (¢ =2 x 10~ mol dm™)
electrolysed for3 hat E= 1.2 V(a)andfor2hat E = 1.0 V (b, ¢)

of HBr followed by the CO elimination could suggest that a
bromine atom is located in a vicinal position to the proton
donating -OH group. Such arrangement is evident in C-C
coupled dimer of 2-BP (see putative structures in Fig. 5a).
In the fragmentation spectrum of the second eluted dimer
(Fig. 5b) only a weak signal at m/z = 262.9545 appeared
corresponding either to the second isotopic peak of a
fragment arising from the loss of HBr or to the first isotopic

peak of radical-anion arising from the loss of Br. Absence
of the corresponding isotopic peak is due to low signal.
However, good agreement with the theoretical mass is
observed (dtm 13.8 ppm, Table 3). The peak of bromine
anion (m/z = 78.9284) confirms that also this ion is
brominated. The MS data do not allow determination of
position of linkage of both 2-BP units. The dimers with m/
z = 342 were found also by GC/MS analysis in ethyl
acetate extract of electrolyzed 2-BP solution providing two
isomeric peaks in the retention times fg = 22.0 min and
22.3 min.

In the solution electrolysed at E = 1.2 V for 3 h, two
more dimeric products were found in low amount. The first
product with tg = 5.46 min and m/z = 262.9722 was a
dimer containing only one bromine atom (Table 3). The
second with m/z = 418.7992 and the retention time
tr = 6.23 min was identified as a dimer containing three
bromine atoms (Table 3). Low signal of pseudomolecular
and fragment ions does not allow more detailed specifica-
tion of those dimers structures. Since both last mentioned
dimers were found only in solution electrolysed at higher
potential (1.2 V), they are most likely products of further
redox transformations of the primarily generated dimeric
structures.

Apart from the dimers, trimeric oxidation products were
detected in all electrolyzed solutions. The most abundant
one was eluted at tg = 6.00 min (Table 3). However, the
intensity of chromatographic peaks of the trimers was
about one order of magnitude lower compared to the
dimers.
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Table 3 UPLC/MS analysis of bromophenols (BP) and their oxidation products

Starting compound Oxidation product [M-H]™ (m/z) Retention time/min Putative elemental composition Dtm*/ppm
2-BP 340.8845 5.58 C,,H,0,Br; 94
340.8860 5.90 C,,H;0,Br, 13.8
262.9722 5.46 C,,HgO,Br 5.3
418.7992 6.23 C,HgO,Br3 17.7
510.8135 6.00 C3H,003Br3; —8.8
3-BP 340.8904 5.42 C,,H,0,Br; 26.7
340.8870 5.51 C,,H;0,Br; 16.7
340.8886 5.72 C,,H,0,Br; 214
340.8761 6.01 C,,H;0,Br, —15.2
340.8853 6.20 C,H;0,Br; 11.7
4-BP 340.8843 5.98 C;,H,0,Br, 8.8
340.8878 6.30 C,,H,0,Br, 19.1
262.9736 5.49 C,HgO,Br 13.7
510.8124 6.38 C3H,003Br; —11.0
510.8260 6.54 C3H,¢03Br; 15.7
510.8100 6.63 C,3H,¢03Br; —15.7
510.8200 6.83 C,3H,¢03Br; 39
446.8933 5.86 C,3sHy04Br, 14.8
PBP 896.2476" 8.00 C 1,0, Brg 3.1
420.6788 5.67 CgHO,Bry 18.5
434.6867 6.25 C,;H;0,Bry 0.2
449.6643 6.08 C¢NO;Bry 6.9

 Difference from the theoretical mass

" miz value of the dominant isotopic ion

Oxidation products of 3-BP

Peak of 3-bromophenol was eluted in the retention time
5.33 min. At least five peaks of isomeric oxidation prod-
ucts with m/z = 340.88 (Table 3) were found on the
chromatogram (Fig. 4b). In MS/MS spectrum of all iso-
mers the bromine anion was observed. The fragment
corresponding to the loss of HBr was found in MS/MS
spectra of four dimers (g = 5.51, 5.72, 6.01, and
6.20 min). The fragmentation spectrum of the isomeric
peak with the longest fg = 6.20 min (Fig. 5c) show an
intensive signal of the fragment ion at m/z = 185.9367
which probably corresponds to bromobenzenediol radical-
anion (dtm 27.4 ppm, fragmentation indicated in the
structure in Fig. 5c). This fragment is feasible for ether-
type dimer with C—O-C linkage. Besides, a weak signal at
mlz = 132.8773 confirms the stepwise degradation of
aromatic ring(s). All attempts to detect trimeric oxidation
product consisting of three 3-BP units were not successful
and neither ion m/z = 510.82 (monoisotopic mass) nor ion
m/z = 512.82 (the most abundant ion) corresponding to
expected trimer(s) were detected in the electrolysed solu-
tion of 3-BP. Likewise, no dimers or trimers with
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eliminated bromine atom(s) were detected in solutions
electrolysed under given conditions (2h at E =1 V).
Oxidative coupling of 3-BP units without elimination of
bromine is consistent with results reported for electro-
chemical polymerization of 3-chlorophenol and
3-bromophenol in acetonitrile [39].

Oxidation products of 4-BP

4-Bromophenol provides a peak in the retention time
5.27 min. By analogy to 2-BP, two isomeric peaks of
dimeric products m/z = 340.88 in the retention times
fr = 5.98 min and 6.30 min were found (Fig. 4c; Table 3).
Peak eluted in retention time 6.30 min shows the intensive
fragment ion m/z = 185.9318 (Fig. 5e) corresponding to
bromobenzenediol  radical-anion  (CgH3;BrO,, dtm
—2.2 ppm). Therefore the respective oxidation product
corresponds probably to dibromo diphenylether analo-
gously to 3-BP dimer eluted at g = 6.20 min. The MS/MS
spectrum of ion m/z = 340.8843 in retention time
tg = 5.98 min (Fig. 5d) provides peak at m/z = 322.8764
(C12HsBr,O, dtm 15.8 ppm); difference m/z = 18.0096
corresponds to loss of H,O. This fragment is missing in the
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Fig. 5 Fragmentation MS
spectra and putative structures
of dimers formed in solution of
2-BP (a tg = 5.58 min;

b tr = 5.90 min), 3-BP

(¢ tg = 6.20 min), and 4-BP

(d tg = 5.98 min;

e fg = 6.30 min) electrolysed
3hatE=12V(a,b)and2 h
at E =1 V. High collision
energy scan (ramp CE = 10-
30 eV), negative ESI mode
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spectrum of the dimer eluted in 6.30 min. Easier elimina-
tion of water can be connected with a higher number of
non-linked —OH groups and therefore with biphenyl (C-C
linked) type of dimer. The previously mentioned dimer
with proposed ether-type structure (C-O-C linkage)

262.9733

160 180 200 220 240 260 280 300 320 340 360

m/z

exhibits longer retention time due to lower polarity in
comparison to the dimer with C—C bond and two polar —
OH groups. This elution order is in accordance with the
suggested hypothesis. The oxidation product m/z = 342
was also detected by GC/MS providing two isomeric peaks
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in the retention times tgx = 22.3 min and 22.9 min.
Besides, a dimer containing one bromine atom in its
molecule was detected as well in tg = 5.49 (Table 3),
intensity of which was one order of magnitude lower
compared to the dimers at m/z = 340.88.

Trimeric oxidation products (m/z = 510.82, Table 3)
were detected by UPLC/MS as four chromatographically
separated isomers with retention times g = 6.38, 6.54,
6.63, and 6.83 min. Combining possible C—C and C-O-C
linkages four possible structures can be considered. The
first eluted, most polar trimer with fg = 6.38 min bears
three non-linked —OH groups and two C—C linkages. This
structure has the best condition for the elimination of
water. This is in agreement with corresponding collision
spectrum (Supplementary Material Fig. Sle), in which
fragment at m/z = 492.8022 (CgHgBr;0,, dtm
—10.6 ppm, loss of H,O from the parent ion) is formed
with relatively high yield. On the other hand the structure
does not allow formation of bromobenzenediol radical-
anion which is in accordance with the respective fragment
(m/z = 185.9) missing in the spectrum. Second possibility
involves structures containing two non-linked -OH groups
in a trimer containing one C—C and one C-O-C linkage.
This possibility corresponds with second and third eluted
trimer. Second eluted trimer (fg = 6.54 min, Table 3)
provides intensive fragment at m/z = 186.9386 corre-
sponding to bromohydroxyphenolate (CgH4BrO,, dtm
—4.8 ppm, analogous process to the formation of bro-
mobenzenediol radical-anion). Formation of this fragment
suggests the structure of trimer containing both the —OH
group and C-O-C linkage on the terminal aromatic ring
(the proposed structure is given in Supplementary Material
Fig. S1b). Similarly, third eluted trimer (fg = 6.63 min,
Table 3) provides fragment at m/z = 338.8800 consisting
of two 4-BP units (C;,HsBr,0,, dtm 40.7 ppm) and frag-
ment at m/z = 170.9522 (Supplementary Material
Fig. Sl1g) corresponding to 4-BP anion (C¢H4BrO, dtm
44.5 ppm). Those fragmentation processes occur in struc-
tures containing also one C—C and one C—O—-C linkage but
the terminal aromatic ring (linked to the rest of molecule
via C-0-C) lacks non-linked—OH group. This suggestion
is supported by the absence of bromobenzenediol radical-
anion as well as bromohydroxyphenolate, i.e. fragments at
mfz = 1859 or 186.9. The fourth eluted trimer
(trr = 6.83 min, Table 3) provides bromophenol anion
(CcH4BrO, m/z = 170.9467, dtm 12.3 ppm, Supplemen-
tary Material Fig. S1h) in high yield. Probability of this
fragmentation process is higher in trimers containing two
C-O-C linkages where cleavage of bromophenol occurs
when fragmentation starts from either side of the molecule.

An ion at m/z = 446.8933 eluted in tg = 5.86 min
(Table 3) could belong to a trimer product with two
bromine substituents and two oxo groups (quinone) in
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the structure. The last oligomeric product revealed a
very low abundant ion at m/z = 680.75, tg = 6.83 min.
This product could be tentatively assigned to a tetramer
of 4-BP.

Oxidation products of PBP

Pentabromophenol was eluted in retention time 6.61 min.
Three oxidation products were detected in PBP solution
electrolysed 2 h at E = 1.0 V. In low energy MS scan the
spectrum averaged over peak at retention time fg = 8.0 min
(Table 3) provided signal of parent ion possessing isotopic
cluster typical for compound substituted with 9 bromine
atoms. Signal of the first isotope was not found in the spec-
trum (Fig. 6a). The most intensive isotope was observed at
mlz = 896.2476. This value is in very good agreement with
the theoretical value (dtm 3.1 ppm) suggesting that tetra-
bromo(pentabromophenoxy)phenol can be the respective
oxidation product. Fragmentation spectrum of isolated ion
mlz = 896.24 (Fig. 6b) provides intensive fragment ion at
mfz = 466.6071 (monoisotopic mass) with the most abun-
dant isotopic peak at m/z = 470.5944. This fragment
corresponds to pentabromophenyl radical-anion (C¢Brs, dtm
14.5 ppm). Second characteristic fragment is formed by
cleavage of pentabromophenyl radical and bromine
(CgBr30,, monoisotopic m/z = 340.7581; m/z of the most
abundant isotopic peak 344.7451, dtm 12.5 ppm). Based on
these data, the structure of the observed dimeric pro-
duct(s) corresponds to the structure of suggested diphenyl
ether(s) containing the C—O-C linkage. It was reported [47]
that electrochemical oxidation of pentachlorophenol in
neutral aqueous buffers provides 2,3,4,5,6-pentachloro-4-
pentachlorophenoxy-2,5-cyclohexadienone as the main
dimeric product. However, analogous dimer was not detec-
ted in PBP solution electrolyzed either in lower (1 V) or in
higher potential (1.4 V) in 90 % methanolic solution.
Apart from the dimeric oxidation product(s), trace amount
of a monomeric product eluted in tg = 5.67 min (Table 3)
was detected in solution electrolysed for 2 hat E = 1.0 V.
The same peak (fg = 5.67 min, m/z = 420.6788) was
observed as the main oxidation product in solution elec-
trolysed for 20 hat £ = 1.4 V. Peak with the same retention
time and the same mass spectrum was obtained by analysis of
solution of 2,3,5,6-tetrabromo-1,4-benzoquinone standard
where two peaks corresponding to reduced (fg = 5.67 min,
m/z = 420.6757, dtm 11.2 ppm) and oxidized (tg = 5.98 -
min, m/z = 419.6656, dtm 5.7 ppm) form were detected.
The fact indicates that one or both forms of the redox pair
tetrabromobenzoquinone/tetrabromohydroquinone  could
belong to the products of intensive electrochemical oxida-
tion of PBP. In contrast to PBP, analogous
tetrachloroquinone was not found after electrolysis of pen-
tachlorophenol in buffered aqueous media probably due to
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fairly high oxidation potential
tachlorophenoxy radical [47].

Under given conditions of more intensive electrolysis
(20 h, E = 1.4 V), another monomeric oxidation product
with monoisotopic ion m/z = 434.6867 was detected in
tr = 6.25 min (Table 3). Anion derived from methoxy-te-
trabromophenol seems to be the most probable structure for
the specie obtained in solution containing 90 % of methanol.

Finally, the minor product of PBP oxidation was detected
in the retention time fg = 6.08 min, m/z = 449.6720
(Table 3) in solution oxidized 2 h at E = 1.0 V. Elemental
composition of this product revealed presence of nitrogen in
its putative structure. This product was not obtained when the
electrolysis of PBP was conducted under the same conditions
but in presence of sodium ions instead of ammonium ones in
the electrolyte solution. Therefore, the nitrogen containing
group (a nitro group according to the exact mass and ele-
mental composition) in the product originates from
ammonium ions presented in the electrolysed media under
oxidative conditions.

of respective pen-

Results of EC/MS analysis

In addition to above mentioned off-line experiments in
which the products of controlled potential electrolysis of
BPs were analysed by two chromatographic techniques
with MS detection, the oxidation of 2-BP, 3-BP, 4-BP, and
PBP was investigated by on-line coupling of amperometric
flow-through cell and mass spectrometer with electrospray
ionization source (ESI/MS). The flow-through cell was
equipped with platinum working electrode (surface area

0.07 cm? and palladium hydrogen (Pd/H,) reference
electrode.

Similar to the off-line experiments, the dimeric products
of oxidation of 2-BP and 4-BP with m/z = 340.8
(monoisotopic mass) were observed at the potential of 1 V
(vs. Pd/H, reference electrode). Simultaneously, the signal
of trimeric product with m/z = 510.8 was recorded in the
case of 2-BP oxidation. By contrast, no oxidation products
were detected in the case of 3-BP. Electrolysis of PBP gave
only one oxidation product with m/z = 449.6 which was
found also in off-line UPLC/MS experiment in the samples
of PBP oxidised at platinum gauze electrode (see above).
The intensity of the signal was rather small in off-line
experiments and the signal was lost in experiments con-
ducted under more intensive conditions of electrolysis
(20 h, E = 1.4 V) probably due to low stability of the
product. On the contrary, well-resolved signal with suffi-
cient intensity was obtained in on-line EC/MS experiments.
The ability to analyse products with low stability seems to
be the main advantage of on-line techniques. From this
point of view, on-line coupling of electrochemical cell with
mass spectrometer may be considered as to certain extent
complementary technology to off-line techniques.

Dependence of the signal intensity of the oxidation
products on potential applied to the working electrode
revealed formation of particular products starting from
certain threshold potential in agreement with oxidation
potential observed in cyclic voltammograms. For oxidation
of 2-BP, 4-BP, and PBP, the threshold potentials measured
against Pd/H, reference electrode were 0.7, 0.8, and 1.0 V,
respectively (Supplementary Material Fig. S2). In the
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series 2-BP, 4-BP, PBP the order of threshold potentials
agrees with the tendency to loss the first electron and form
respective phenoxy radical.

Influence of flow rate on intensity of the dimeric product
signal generated at the potential of 1.0 V was tested with
2-BP. The flow rate was varied from 9 to 3 mm® min~" and
back and the intensity of the most abundant ion at m/
z = 342.8 (monoisotopic mass m/z = 340.8) of the dimeric
product was recorded (Supplementary Material Fig. S3). The
evident drop of signal intensity with decreasing flow rate
without restoration at the increasing flow speed is most likely
due to passivation of the electrode surface by oxidation
products. It was observed that the signal intensity decreased
due to passivation more than two orders of magnitude within
about 25 min keeping the electrode at the potential 1.0 V
(Supplementary Material Fig. S3). Presumably, passivation
plays more important role in on-line experiments with flow-
through cell containing small area platinum electrode
(0.07 cm?) in comparison to electrolytic experiments with
large surface platinum electrode (4 cm?). Nevertheless, on-
line coupling of electrochemical cell with mass spectrometer
represents promising technique for investigation of electro-
chemical processes and identification of products of
electrochemical reactions due to possibility of direct and fast
analysis of even unstable and reactive intermediates and
products of electrochemical reactions.

Based on the results of voltammetric experiments as
well as off-line and on-line combination of controlled
potential electrolysis with mass spectrometric analysis of
reaction products, the first step of the electrochemical
oxidation of monobrominated phenols and PBP and sub-
sequent dimerization reactions can be summarized in the
Schemes 1 and 2, respectively. Under the used experi-
mental conditions, both C—C and C—O-C linked dimers are
most likely formed by electrolysis of monobrominated
phenols. Dimerization is not generally accompanied by
elimination of bromine but cleavage of C-Br bond can
occur as a side-reaction at long term intensive electrolysis.
Pentabromophenol forms solely ether type dimer(s) with
bromine elimination. C-C coupling of two pentabro-
mophenoxy units is most likely prevented by a steric
hindrance.

Conclusions

Voltammetric experiments on glassy carbon electrode
proved the pronounced electrochemical activity of all
monobrominated phenols as well as pentabromophenol in
methanol-aqueous media. Dimerization reactions provably
follow the transfer of electron in the first step of the elec-
trochemical oxidation resulting in electroactive products or
intermediates. Oxidation products obtained by control
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potential electrolysis on gauze Pt electrode were analysed
by UPLC/PDA/MS and GC/MS methods. Under given
conditions, dimers were found to be the main oxidation
products.

Unlike 3-BP and PBP, 2-BP and 4-BP provided trimeric
products in low content. The main oxidation products of
2-BP, 4-BP, and PBP were found also in on-line coupling
of electrochemical amperometric cell containing platinum
working electrode with mass spectrometer. Although the
adsorption of the products and passivation of relatively
small electrode surface may complicate formation and
analysis of the reaction products, the on-line coupling EC/
MS is a powerful tool enabling investigation of reaction
intermediates and products even in case of their lower
stability.

Experimental

2-Bromophenol (2-BP, 98 %), 3-bromophenol (3-BP,
98 %), 4-bromophenol (4-BP, >98 %), pentabromophenol
(PBP, 96 %), 2,3,5,6-tetrabromo-1,4-benzoquinone (TBQ)
were purchased from Sigma-Aldrich. Methanol (LiChro-
solv for HPLC, Merck, Germany) was used as solvent for
voltammetric measurements and controlled potential elec-
trolysis. Britton-Robinson (B-R) buffer was prepared from
phosphoric acid, acetic acid, boric acid (all p.a., Lachema,
Czech Republic) and sodium hydroxide (p.a., Lach-Ner,
Czech Republic). Ionic strength of B-R buffer was adjusted
with sodium perchlorate (p.a., Sigma-Aldrich). Ammonium
formate buffer was prepared from 0.1 mol dm—> formic
acid (89-91 %, Merck, Czech Republic) and ammonia
(p-a., Lach-Ner, Czech Republic). The mobile phase for
UPLC chromatographic separation was prepared from
formic acid and acetonitrile (HiPerSolv CHROMANORM,
gradient grade for HPLC, VWR, Czech-Republic). Ultra-
pure water (Merck Millipore, Darmstadt, Germany) was
used for preparation of electrolyte solutions. Extraction of
electrolysed solutions was performed with ethyl acetate
(p-a., Penta, Czech Republic).

Voltammetric measurements

Voltammetric measurements were performed on Autolab
PGSTATI128 N potentiostat (Metrohm, Utrecht, The
Netherlands) in three-electrode cell with glassy carbon
working electrode (2.0 mm disc diameter, Metrohm) in
static or rotating disc mode, reference SCE and platinum
auxiliary electrode. The surface of the working electrode
was polished on the microfiber fabric (Buehler, Lake Bluff,
USA) with the aqueous suspension of alumina (particle size
<50 nm, Sigma-Aldrich) before each measurement.
Voltammetric measurements were performed in the
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supporting electrolyte consisted of methanol and ammo-
nium formate buffer solution pH 6.0 (9:1 or 1:1, v/v).
Concentration of all brominated phenols in the solution
was 1 x 107* mol dm ™. The cyclic voltammograms were
carried out at the scan rate in the range from 5 to
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2 3

Br

Br

Br

Br

Br

Br

500 mV s~ ', angular rotation rate of RDE ranged from 52
to 314 rad s~ .

A pH-meter inoLab720 pH with a combined glass
electrode SenTix41 (all WTW, Weilheim, Germany) was
used for pH adjustment of aqueous buffer solutions. The
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pH meter was calibrated using aqueous calibration stan-
dards Duracal, pH 4 and pH 7 (Hamilton, Bonaduz,
Switzerland).

Controlled potential electrolysis of brominated
phenols

Controlled potential electrolysis was performed with a
potentiostat OH-404 (Radelkis, Budapest, Hungary) in a
two-compartment three-electrode cell containing platinum
gauze working electrode, saturated calomel reference
electrode (SCE) and platinum auxiliary electrode in the
cathode compartment separated by a glass frit. The elec-
trolysis of brominated phenols (2-BP, 3-BP, 4-BP, and
PBP) solutions (¢ = 2 x 10~* mol dm_3, total volume
50 cm®) was performed at potentials in the range of
1.0-1.4 V in stirred solution for various times as indicated
(2-20 h). The supporting electrolyte consisted of ammo-
nium formate buffer (pH 6) and methanol in the volume
ratio 1:9. Unelectrolyzed solutions of brominated phenols
treated and analysed according to the same protocol as
described above were used as the blank samples.

UPLC/MS analysis

An Acquity UPLC system (Waters, Milford, MA, USA)
equipped with binary solvent manager, sample manager,
column manager and PDA detector was used. Chromato-
graphic separation was performed on a column YMC-Triart
C18 (100 x 2.0 mm id., 1.9 ym, 12 nm, YMC Europe,
Dinslaken, Germany). The mobile phase consisted of
0.1 % aqueous formic acid (solvent A)/acetonitrile (solvent
B), gradient elution (% v/v): 0-4 min (9545 % A),
4-5 min (45-0 % A), 5-8 min (0 % A), 8.1-10 min (95 %
A) was performed at flow rate 0.25 cm® min~'. The tem-
perature of the autosampler was held at 10 °C, a volume
10 mm?® of sample was injected.

A Q-TOF Premier mass spectrometer (Waters, Manch-
ester, UK) coupled to the UPLC system was used for
confirmation of putative structures on the basis of deter-
mination of elemental composition. The tuned electrospray
ionization (ESI) parameters were as follows: spray voltage
2.2 kV (negative mode), source temperature 110 °C, sam-
pling cone 30 V, desolvation temperature 180 °C, cone gas
flow rate 30 dm> h_l, and desolvation gas flow rate
350 dm® h™". Nitrogen was used as a cone and desolvation
gas, argon as a collision gas. Data were acquired using
simultaneous scanning at lower collision energy (5 eV) and
at higher energy applying collision energy ramp from 10 to
30 eV (either in MS or MS/MS scan). Data were processed
using MassLynx 4.1 software (Waters). All experiments
were done using MS® mode recording spectra without
discrimination of ions or their pre-selection (alternation of
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MS scans with low collision energy (CE =5 eV) and
elevated collision energy (ramp of CE = 10-30 eV or
different CE value if necessary for highest possible yield of
fragment ions as given in appropriate place of discussion),
i.e. MS(1) and MS(2) scans). Where possible, targeted MS/
MS scans were recorded in subsequent experiments.

EC/MS analysis

Electrochemical oxidation of brominated phenols with on-
line mass spectrometric detection of their oxidation prod-
ucts was performed with potentiostat ADLC1 (Laboratorni
pristroje, Prague, Czech Republic) connected to a Model
5040 Analytical cell (ESA, Chelmsford, MA, USA) con-
taining platinum working electrode, palladium hydrogen
reference electrode (Pd/H), and platinum auxiliary elec-
trode. The oxidation was performed at potential range from
0 to 1.2 V. The supporting electrolyte consisted of
0.1 mol dm™> ammonium formate buffer (pH 6) and
methanol (1:9, v/v). The concentration of brominated
phenols was 2 x 10™* mol dm . The samples solutions
were continuously infused into the electrochemical cell by
NE-1002X syringe pump (New FEra Pump Systems,
Farmingdale, NY, USA) with flow rate 7 mm> min~"
(unless otherwise stated). The stainless steel outlet tubing
of the ESA cell was connected to the inlet of mass spec-
trometer via a coupler assembly (ESA). Agilent 1100
Series LC/MSD Trap (Agilent Technologies, Palo Alto,
CA, USA) with electrospray ionization (ESI) interface was
employed. ESI-MS conditions were as follows: negative
ion mode, drying gas (N,) flow rate 10 dm’ min~", drying
temperature 250 °C, nebulizer pressure 15 psi, capillary
voltage 42500 V. Helium was used as a collision gas. Data
were processed using DataAnalysis 3.3 software (Bruker
Daltonik, Bremen, Germany).

GC/MS analysis

Controlled potential electrolysis of brominated phenols (2-
BP, 3-BP, 4-BP, and PBP) solutions (¢ =2 x 1073
mol dm ™7, total volume 50 cm?) was performed at poten-
tial E=10V in stirred solution for 60 min. The
supporting electrolyte consisted of B-R buffer solution (pH
6) with 0.2 mol dm3 NaClO, and methanol in the volume
ratio 1:9. After electrolysis, the solutions were evaporated
to dryness on a water bath and the residue was dissolved in
2 ¢cm® of water and 2 cm® of ethyl acetate, vortexed and
after phase separation 1 cm® of the organic phase was
taken out and placed into the vial for GC/MS analysis. Two
types of blank samples (unelectrolyzed brominated phenols
solutions and the supporting electrolyte solution elec-
trolyzed in the same manner as the bromophenol samples)
were treated according to the same protocol as described
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above and analysed in parallel with the electrolyzed bro-
mophenol samples.

Analysis of oxidation products was carried out on gas
chromatograph HP 6890 Series equipped with mass spec-
trometric detector Agilent 5973 N (Agilent, Palo Alto,
USA). The separation was performed on a fused silica
capillary column ZB-5 MS (30 m x 0.25 mm x 0.25 um)
and helium was used as carrier gas (He 5.0. Siad, Italy).
The GC oven temperature was initially held at 50 °C for 2
min, ramped to 300 °C at 10 °C min™' and held at 300 °C
for 15 min.
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Electrochemical Oxidation of 2,4,6-Tribromophenol in

Aqueous-Alcoholic Media

Eva Markova,” Pavla Ku€erov4,® Jana Skopalova,*"! and Petr Bartak!®!

Abstract: Electrooxidation of 2.4,6-tribromophenol on
platinum gauze electrode in 90 % (v/v) alcohol (methanol,
ethanol, propan-1-ol, butan-1-ol) was studied. Products
were investigated by gas chromatography/mass spectrom-
etry. Structures of several different types of monomeric as
well as dimeric alkoxy derivatives have been suggested
according to mass spectra of the detected products. Series

of 2,6-dibromo-4-alkoxyphenols, 2,4,6-tribromo-6-alkoxy-
cyclohexa-2 4-dien-1-ones and 2,6-dibromo-6-alkoxycyclo-
hex-2-ene-1,4-diones were found. By analogy to identified
monomeric alkoxy derivatives, a serie of dimeric 2,6-di-
bromo-4-(2,6-dibromo-4-alkoxyphenoxy)phenols was sug-
gested and identified in respective chromatograms as
well.

Keywords: 2,4,6-Tribromophenol - Alcohols - Electrooxidation - Gas chromatography - Mass spectrometry

1 Introduction

Phenols form a large group of electrochemically active
compounds. Their electrooxidation is a remarkable process
dependent on a phenol substitution and experimental con-
ditions such as pH, solvent-electrolyte system, electrode
material, concentration, current density, potential, etc.
[1,2]. The oxidation in alkaline media leads to the forma-
tion of simple ortho- or para-benzoquinones, quinol-ethers
or biphenyls via C—C coupling through a phenoxy radical
as an intermediate product. In acidic media, nonionized
phenols are oxidized via two reaction pathways through
a phenoxonium ion as an intermediate product. In the first
path, ortho-Ipara-phenoxonium ion substituent, which
could be a hydroxyl group or an alkyl group with at least
one ionizable hydrogen, loses a proton forming ortho-/
para-benzoquinone or very reactive ortho-/para-benzoqui-
nonemethide derivative. In the second path, phenoxonium
ion reacts with a nucleophile followed by the loss of
a proton and a formation of substituted dienones [1].

The oxidation of phenols through phenoxy radicals
leads to the formation of polymeric products [2,3]. C—O—
C bonding of the radicals which provides ether-type poly-
mers is typical for the phenols oxidation in alkaline aque-
ous media while the C—C coupling prevails in acidic
aqueous media to give quinone-type polymers [4,5].

The electrooxidation of phenolic compounds was inves-
tigated on various electrode materials such as Pt [2,3], Au
[2,6], glassy carbon [7,8], boron-doped diamond [9,10] as
well as on many metal-oxide electrodes [11,12]. Some
products of phenolic compounds electrooxidation are ad-
sorbed on working electrode surface and form polymeric
films passivating the electrode surface [7,2]. The deactiva-
tion of the electrode surface is more intensive in alkaline
media and also at higher concentration of phenolic com-
pounds producing more phenoxy radicals [3].

Electrochemical oxidation of phenol and its derivatives
has been performed in different solvent systems. Aqueous
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media were mostly employed especially in terms of elec-
trochemical degradation of phenolic pollutants [3,7,11].
Methanol and acetonitrile were used for elucidation of
electrooxidation mechanisms of variously substituted
alkyl- and alkoxyphenols [13-16]. Anodic oxidation of
phenol and some other phenolic compounds was investi-
gated also in the presence of 50 % methanol, ethanol and
propan-1-ol [17]. The formation of remarkable well-or-
dered polymeric structure at the surface of Pt electrode
was observed which was generated by cyclic polarization
of the electrode in methanolic and ethanolic solutions of
phenol. The reaction mechanism is based on the forma-
tion of a film of Pt oxide/hydroxides in presence of meth-
anol or ethanol onto which the phenol and its electrooxi-
dation products are deposited [17].

Concerning halogen derivatives of phenol, electro-
chemical behavior of chlorophenols has been studied in
detail [3,4,8,18,19]. The mechanism of chlorophenols elec-
trooxidation begins with the formation of the phenoxy
radical and continues by two possible paths: one pathway
yields products with quinoid structure and the other leads
to the formation of insoluble polymers passivating the
electrode surface [19]. The reactivity of chlorophenols de-
pends on the number of chlorine atoms and also on their
position in the aromatic ring. In general, higher chlorinat-
ed phenols are more easily oxidizable than lower chlori-
nated derivatives. Isomers with chlorine in para-position
are oxidized at higher potentials than ortho-chloro deriva-

[a] E. Markova, P. Kucerova, P. Bartdk
Regional Centre of Advanced Technologies and Materials,
Department of Analytical Chemistry, Faculty of Science,
Palacky University
17. listopadu 12, 77146 Olomouc, Czech Republic

[b] J. Skopalova
Department of Analytical Chemistry, Faculty of Science,
Palacky University
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tives [19]. Many of the oligo/polymeric oxidation prod-
ucts fouling the electrode surface have been identified
[4]. The polymerization of chlorinated phenols can pro-
ceed through the active ortho- and para-positions via
quinol-ether mechanism (without chlorine elimination) or
via the nucleophilic-radical substitution (Sgyx1) mecha-
nism with chlorine elimination if at least one ortho- and/
or para-position is occupied by chlorine [4,18]. The elec-
tropolymerization rate of ortho-chlorophenols is higher
than the rate of para-chlorophenols [18].

The aim of this study was to investigate products of
electrochemical oxidation of 2,4,6-tribromophenol (TBP),
which is the most widely produced brominated phenol. It
is used as a fungicide and as an intermediate for the syn-
thesis of other brominated flame retardants [20]. Knowl-
edge of the bromophenols electrooxidation is rather rare
although their similarity with chlorophenols can be ex-
pected. Electrochemical oxidation of TBP has been al-
ready studied in neutral and alkaline aqueous solutions
containing 50 % methanol [21]. Bulk electrolysis of TBP
on the platinum gauze electrode provided two main oxi-
dation products: 2,6-dibromo-4-(2,4,6-tribromophenoxy)-
phenol and 3,3',5,5-tetrabromo-1,1"-bi(cyclohexa-2,5-
dien-1-ylidene)-4,4’-dione. The dimeric products occurred
both dissolved in electrolyzed solutions and adsorbed on
the platinum electrode [21]. In this work we present re-
sults of the study of the TBP electrooxidation in aqueous-
alcohol solutions with 90 % short-chain primary alcohol:
methanol, ethanol, propan-1-ol or butan-1-ol. Alcohols
were used as an anticipated reaction component and its
high content was expected to suppress adsorption of reac-
tion products on the electrode surface. Oxidation prod-
ucts of TBP were generated by controlled potential elec-
trolysis and identified using gas chromatography with
mass spectrometry (GC/MS). The mechanism of TBP oxi-
dation is proposed and the influence of the alcohol com-
ponent in reaction mixtures is discussed.

2 Experimental
2.1 Chemicals

2,4,6-Tribromophenol (TBP, 99%) was purchased from
Sigma-Aldrich. Methanol (p.a., Penta, Czech Republic),
ethanol (p.a., Sigma-Aldrich), propan-1-ol (>99,9%
Sigma-Aldrich), butan-1-ol (p.a., Lachema, Czech Repub-
lic), were used as solvents for voltammetric measure-
ments and controlled potential electrolysis. Britton—Rob-
inson (B-R) buffer was prepared from phosphoric acid,
acetic acid, boric acid (all p.a., Lachema, Czech Repub-
lic) and sodium hydroxide (p.a., Lach-Ner, Czech Repub-
lic). Ionic strength of B-R buffer was adjusted with
sodium perchlorate (p.a., Sigma-Aldrich). Sulfuric acid
(96%, p.a.) was obtained from Penta, Czech Republic.
Extraction of electrolyzed solutions was performed with
ethyl acetate (p.a., Penta, Czech Republic). Deionized
water (Aqual 29, Czech Republic) was used to prepare
the electrolyte solutions.
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2.2 Instruments and Equipment

Controlled potential electrolysis was performed on poten-
tiostat OH-404 (Radelkis, Budapest, Hungary). Platinum
gauze electrode was used as the working electrode, satu-
rated calomel electrode (SCE) as the reference electrode
and Pt plate in separate compartment served as the auxil-
iary electrode. Analysis of products was carried out on
gas chromatograph HP 6890 Series equipped with mass
spectrometric detector Agilent 5973 N (Agilent, Palo
Alto, USA). The separation was performed on fused
silica capillary column ZB-5 MS (30 mx0.25 mm x
0.25 um) and helium was used as carrier gas (He 5.0.
Siad, Italy). The temperature program was set to 50°C-
2 min-10°C/min-300°C-15 min. A pH-meter inoLab720
pH with a combined glass electrode SenTix41 (all WTW,
Weilheim, Germany) was used for pH adjustment of
aqueous buffer solutions. The pH meter was calibrated
using aqueous calibration standards Duracal, pH 4 and
pH7 (Hamilton, Bonaduz, Switzerland). Voltammetric
measurements were performed on Eco-Tribo-Polarograph
(Polaro-Sensors, Prague, Czech Republic) in three-elec-
trode cell with glassy carbon working electrode (3.0 mm
disc diameter, Bioanalytical Systems, West Lafayette,
USA) or platinum working electrode (1.6 mm disc diame-
ter, Bioanalytical Systems, West Lafayette, USA), refer-
ence SCE and platinum auxiliary electrode. The surface
of the glassy carbon working electrode was polished on
the microfiber fabric (Buehler, Lake Bluff, USA) with an
aqueous suspension of alumina (particle size <50 nm;
Sigma-Aldrich) before each measurement. Surface of the
platinum disc electrode was electrochemically activated
in 0.5 molL™" H,SO, in the potential range from —0.2 to
1.2 V before each measurement. Boiling points of oxida-
tion products were generated from the software Chem3D
Ultra 7.0 (CambridgeSoft, USA).

2.3 Working Procedures
2.3.1 Voltammetric Measurements

Cyclic voltammetric measurements were performed in
the supporting electrolyte consisted of B-R buffer pH 6.0
and respective alcohol (90 %, v/v). Concentration of TBP
in the solution was 2 mmolL~'. The measurements were
carried out at the scan rate of 100 mVs™..

2.3.2 Electrolysis of TBP

Controlled potential electrolysis of TBP solutions (c=
2 mmol L™, total volume 50 mL) was performed at poten-
tial E=1.0V in stirred solution for 60 min. The support-
ing electrolyte consisted of B-R buffer (pH6) with
0.2molL"" NaClO, and alcohol (methanol, ethanol,
propan-1-ol, butan-1-ol) in volume ratio 1:9. After elec-
trolysis, the solutions were evaporated to dryness on
a water bath and the residue was dissolved in 2 mL of
water and 2 mL of ethyl acetate, vortexed and after phase
separation 1 mL of the organic phase was taken out and
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Fig. 1. Cyclic voltammograms of 2 mmolL™' TBP (—) in 90% (v/v) methanol (A), ethanol (B), propan-1-ol (C) and butan-1-ol (D)

and the supporting electrolyte (---) consisting of respective alcohol/BR buffer pH 6 (9/1, v/v), scan rate 100 mVs™', measured on
glassy carbon disc working electrode.

placed into the vial for GC/MS analysis. The blank sam-
ples, (i) electrolyzed supporting electrolyte without TBP
and (ii) unelectrolyzed TBP in the supporting electrolyte,
were treated and analyzed according to the same protocol

as described above. In order to detect possible volatile
oxidation products (from TBP as well as from alcohols in
supporting electrolytes), small aliquots of the samples
(2mL) were diluted with 0.05 molL™' H,SO, (6 mL) in
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Fig.2. Cyclic voltammograms of 2 mmolL™' TBP (—) in 90% (v/v) methanol (A), ethanol (B), propan-1-ol (C) and butan-1-ol (D)
and the supporting electrolyte (---) consisting of respective alcohol/BR buffer pH 6 (9/1, v/v), scan rate 100 mVs™', measured on plati-

num disc working electrode.
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(7]
Table 1. Characteristics and structures of TBP and its oxidation products. g
Name Structure Formula Monoisotopic ~ Retention Calculated 0
weight mass time boiling o
(min) point (°C) -
(7]
OH (7/]
Br. Br g
TBP 2,4,6-Tribromophenol 331 328 16.1 310.08 m
Br m
m
OH >
Br Br O
P1  2,6-Dibromobenzene-1,4-diol 268 266 17.2 315.03
OH
0
Br Br
P2  2,6-Dibromocyclohexa-2,5-diene-1,4-dione 266 264 134 320.49
(e}
P3A 2,6-Dibromo-4-methoxyphenol o 282 280 15.9 301.36
P3B 2,6-Dibromo-4-ethoxyphenol Br B 296 294 16.7 315.52
P3C 2,6-Dibromo-4-propoxyphenol 310 308 17.7 328.77
P3D 2,6-Dibromo-4-butoxyphenol It 324 322 18.9 341.11
R
P4A 2.4,6-Tribromo-6-methoxycyclohexa-2,4-dien-1-one B i B 361 358 18.2 341.22
P4B 2.4,6-Tribromo-6-ethoxycyclohexa-2,4-dien-1-one ﬁ;ﬂ 375 372 18.8 352.93
PAC 2.4,6-Tribromo-6-propoxycyclohexa-2,4-dien-1-one L oA 389 386 19.9 364.53
PSA 2,6-Dibromo-6-methoxycyclohex-2-ene-1,4-dione B it B 298 296 17.4 335.58
P5B 2,6-Dibromo-6-ethoxycyclohex-2-ene-1,4-dione Tﬁ?ﬂ 312 310 18.0 347.52
P5C 2,6-Dibromo-6-propoxycyclohex-2-ene-1,4-dione r oor 326 324 19.1 359.12
P5D 2,6-Dibromo-6-butoxycyclohex-2-ene-1,4-dione 340 338 20.3 370.72
(¢
Br I Br
P6 3,3',5,5 -T,etr.abromo-l,l -bi(cyclohexa-2,5-dien-1-yli- I 500 496 26.0 476.24
dene)-4,4'-dione ‘
Br Br
o
oH
Br Br
P7  2,6-Dibromo-4-(2,4,6-tribromophenoxy)phenol Br 581 576 271 471.06
o
Br/C[Br
OoH
Br. Br
P8  2,6-Dibromo-4-(2,6-dibromo-4-hydroxyphenoxy)phenol Br 518 514 27.9 475.20
0o
HO/C[Br
P9A 2,6-Dibromo-4-(2,6-dibromo-4-methoxyphenoxy)phenol . ' o 532 528 26.6 464.01
P9B 2,6-Dibromo-4-(2,6-dibromo-4-ethoxyphenoxy)phenol ©/ 546 542 26.8 475.62
P9C 2,6-Dibromo-4-(2,6-dibromo-4-propoxyphenoxy)phenol Br 560 556 274 487.22
PI9D 2,6-Dibromo-4-(2,6-dibromo-4-butoxyphenoxy)phenol /@:O 574 570 28.4 498.83
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12 mL vials and sampled with SPME fiber (CAR/PDMS/
DVB, 2 cm, Supelco, Belefonte, USA) in the head-space
for 60 min at ambient temperature under continuous stir-
ring. Analytes were desorbed thermally (280°C, 5 min)
and separated on capillary column ZB-5 MS (30 mx
0.25 mmx0.25 pm) with temperature program 50°C-
2 min-5 °C/min-300°C-10 min.

For quantitative examination of electrochemical reac-
tion, 0.5 mL of unelectrolyzed as well as electrolyzed
samples of 2mmolL™ TBP were diluted with
0.05 molL™ H,SO, (2mL) and 1.5 mL ethylacetate was
added. Samples were vortexed, centrifuged and 1 mL of
the organic phase was taken out and placed into the vial
for GC/MS analysis.

m"'z 282

Methanol

ELECTROANALYSIS

3 Results and Discussion

3.1 Voltammetric Behavior

Cyclic voltammograms of TBP in 90% methanol and
90% ethanol (Figure 1A,B) measured on glassy carbon
electrode showed one well-developed anodic signal at the
potential of 0.74 V and 0.85 V, respectively. Voltammetric
peaks of TBP in 90% propan-1-ol and 90% butan-1-ol
(Fig. 1C,D) were more flat with the maximum at the po-
tential about 1.04 V and 1.14 V in propan-1-ol and butan-
1-ol, respectively. The flat shape, lower current and the
potential shift of the CV peaks suggest the longer-chain
alcohols slow down the rate of the electrode reaction of
TBP. Cathodic peak on the reverse branch of cyclic vol-
tammograms corresponds to the reduction of quinoid
products formed by anodic oxidation of TBP [21]. This
peak is the most pronounced in the case of methanol and
ethanol (Fig. 1A,B). However, the increase of cathodic
current in the region between 0.1 and —0.2V after the
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Fig. 3. Gas chromatograms and mass spectra of TBP monomeric oxidation products of P3 group.
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Fig. 4. Gas chromatograms and mass spectra of TBP monomeric oxidation products of P4 group.

TBP addition to the supporting electrolyte observable in
the case of propan-1-ol and butan-1-ol (Figure 1C,D) sug-
gests the quinoid products are formed also in these
media. When platinum disc electrode was used for the
same purpose, the course of cyclic voltammograms of
TBP was quite similar at least in the anodic branch (Fig-
ure 2A-D). Potential of respective anodic peaks increased
from 0.71 to 0.97 V with increasing length of carbon
moiety from methanol to butan-1-ol. Since some tendency
to adsorb target compounds could be expected in the
case of carbon electrode, platinum was selected as a pref-
erential electrode material for further research.

3.2 Products of Electrochemical Oxidation of TBP

According to the cyclic voltammograms, the potential of
1V was chosen for bulk electrolysis of TBP solutions. A
change of color from colorless to yellow was observed
during the electrolysis. GC/MS analysis revealed two
main groups of oxidation products differing strongly in
retention times. The first one, with retention times rang-
ing typically from 15.9 to 20.3 min was ascribed to mono-
meric oxidative products derived from the single TBP
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molecule. The second group with substantially longer re-
tention times (from 26.0 to 28.4 min) and higher molecu-
lar masses was identified as a mixture of products origi-
nating during oxidative dimerization from two TBP mole-
cules or monomeric intermediates (see Table 1 for puta-
tive structures).

In both groups several compounds were observed in all
media, indicating the putative structures independent of
the used alcohol (i.e. monomeric products P1, P2 and di-
meric products P6, P7, P8). Other peaks were shifted in
retention times according to the type of the alcohol, indi-
cating putative structures containing certain part of the
moiety derived from the particular alcohol used in the
supporting electrolyte. General prefix describing the type
of the structure and suffix according to the type of the al-
cohol are used for description of the monomeric (i.e.
P3A-D, P4A-C, PSA-D) and dimeric (i.e. P9A-D) prod-
ucts. All found products were formed during electrolysis
of TBP solutions, as it was proved by comparison with an-
alyzed blank samples.

Product P1 with retention time (zz) 17.2 min and m/z
268 (Table 1) was identified in methanol, ethanol and
propan-1-ol. Analysis of the mass spectra revealed similar
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Fig. 5. Gas chromatograms and mass spectra of TBP monomeric oxidation products of P5 group.

structure of the product P1 to that of TBP with the differ-
ence that in product P1 the hydroxyl group is bonded in
para- position instead of bromine. Product P2 (&
13.4 min, m/z 266, Table 1) forms the redox couple with
P1 and could be easily derived from the TBP by hydrox-
ylation and elimination of hydrogen bromide. This qui-
none was found in the all alcohol media and it is one of
the products contributing to the yellowish color of the
electrolyzed solution (absorption maximum at 352 nm in
n-hexane, 362 nm in chloroform [22]).

A group of monomeric alkoxyphenols derived from the
all of the alcohols under investigation (P3A-P3D) was
identified according to mass spectra and increasing reten-
tion times of homologues from P3A to P3D (Table 1 and
Figure 3). The alkoxy derivatives were probably formed
from phenoxy radical and alcohol as a nucleophilic agent
with subsequent elimination of bromine.

Monomeric products P4A-P4C (Table 1, Figure 4) may
be formed directly by nucleophilic attack of alcohol to
ortho- or para-position accompanied by a proton loss.
Bromine is not eliminated in these reactions. The similar
reaction has been described for oxidation of substituted
phenols in methanol [13]. These products were identified
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in solution of methanol, ethanol and propan-1-ol. Reten-
tion time of respective products is extended with the
length of alkoxy chain supporting homologues identifica-
tion but the butoxy derivative was not found.

On the contrary, full range of homologues was identi-
fied in the case of monomeric products PSA-P5D
(Table 1, Figure 5).The compounds could be formed by
the hydroxylation of phenoxonium ion, elimination of the
bromine and subsequent reaction with the alcohol.

Beside monomeric derivatives, dimeric products were
found in all solutions as well. Two oxidation products P6
and P7 were eluted from column in retention times
26.0 min and 27.1 min with m/z 500 and 581, respectively
(Table 1). According to MS spectra and isotopic profiles,
P6 and P7 corresponded to ions with four or five atoms
of bromine, respectively, and these were identified as
3,3',5,5-tetrabromo-1,1"-bi(cyclohexa-2,5-dien-1-ylidene)-
44'-dione and 2,6-dibromo-4-(2,4,6-tribromophenoxy)-
phenol, respectively. These products were also found in
50% methanol [21]. The coloured product P6 (absorption
maximum at about 450 nm [23]) was probably formed by
recombination of two phenoxy radicals of TBP followed
by elimination of bromine.
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Fig. 6. Gas chromatograms and mass spectra of TBP dimeric oxidation products of P9 group.

Dimeric product P8 with iz 27.9 and m/z 518 (Table 1)
could be formed by reaction of phenoxy radical with the
product P1 followed by the elimination of bromine. The
product P8 was found in methanol, ethanol and propan-1-
ol, i.e. in the same media as the product P1, which is con-
sistent with the proposed way of its formation.

Four dimers (P9A-P9D) differing in the length of
alkoxy group were found in all alcohols (Table 1). Sup-
posed structures and mechanism of formation are similar
to the product P8. With increasing number of carbon
atoms in alcohol media, retention time is extended from
P9A to P9D (Figure 6).

Above mentioned homologues were identified by the
analysis of corresponding MS spectra and by calculated
boiling point (Table 1). In mass spectra, alkoxy deriva-
tives containing methoxy group had a typical loss of
A m/z 15 (P3A, P4A, P5A and P9A). Similarly products
with ethoxy-(P3B, P4B, P5B and PY9B), propoxy-(P3C,
P4C, P5C and P9C) and butoxy group (P3D, P5D and
P9D) had a typical loss of A m/z 28, A m/z 42 and A m/z
56, respectively (Figures 3-6).
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Calculated boiling points of all alkoxy derivatives in-
creased in homologous series from C1 to C4. The values

500

450

Boiling point /°C

T T T T T T T T T T T T T T 1

14 16 18 20 22 24 26 28 30
Retention time / min
Fig. 7. Dependence of calculated boiling points on retention
time for TBP and its oxidation products.
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Scheme 1. Proposed mechanism of electrochemical oxidation of 2,4,6-tribromophenol.

are in relation with retention times measured on nonpolar
stationary phase with linear temperature programme.
Figure 7 clearly demonstrates about 100°C higher boiling
points of dimeric products in comparison with monomers.

3.3 Mechanism of TBP Electrooxidation

Two potential reaction mechanisms leading to the forma-
tion of products identified in the electrolyzed solutions of
TBP are suggested in Scheme 1. In the Scheme 1A
a phenoxy radical was formed in the first oxidation step.
The radical could react with (i) water or alcohol from the
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electrolysis mixture forming P1 or P3A-P3D, respectively,
(ii) another molecule of TBP forming P7, (iii) product P1
forming P8 or (iv) products P3A-P3D forming P9A-PID.
Products of group P5 could be formed from the phenoxy
radical which is further oxidized to phenoxonium ion
[3,9]. This ion might react with water accompanied by the
elimination of bromine. Subsequent reaction with alcohol
can lead to the formation of the products group P5. Re-
combination of two phenoxy radicals accompanied by
bromine elimination gives rise to the dimeric product P6
[2,3]. The pathways suggested in the Scheme 1A are asso-
ciated with the elimination of bromine molecule. Pres-
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ence of bromine in electrolyzed solutions was proved by
the reaction with fluorescein which provided characteris-
tic pink color of eosin.

Scheme 1B also describes the formation of phenoxy
radical from TBP, which could be further oxidized to phe-
noxonium ion [13]. Nucleophilic attack of water to the
phenoxonium ion followed by the elimination of hydro-
gen bromide [1,9] results in the formation of the dibro-
mobenzoquinone P2. Similarly, nucleophilic attack of al-
cohol on ortho- or para-position of the phenoxonium ion
without bromine elimination gives rise to P4 group of
products. This mechanism has been described as the main
path for the formation of methoxylated phenols [13].

In addition to oxidation products mentioned above and
included in Scheme 1, some other products corresponding
to oxidation of TBP as well as alcohol used in supporting
electrolyte could be formed during electrolysis. For exam-
ple complete oxidation of methanol on platinum elec-
trode can lead to CO, [17]. An extent of complete oxida-
tion of alcohol decreased from methanol to propanol
[17]. However, trace amounts of some other volatile com-
pounds were detected using SPME procedure after elec-
trolysis in solutions containing higher alcohols. For in-
stance peaks with mass spectra similar to those of propen-
yl-propyl-ether isomers were detected after electrolysis of
supporting electrolytes as well as TBP samples containing
propanol. The investigation of other oxidation products
of the alcohols as well as TBP itself is still in progress.

4 Conclusions

Twenty oxidation products (13 monomers and 7 dimers)
of TBP electrolysis in 90% (v/v) alcohols were found
using GC/MS. Spectral as well as retention data were
used for identification of the target compounds. Five out
of twenty compounds is formed without direct influence
of the used alcohol and their structure does not contain
any part of the alkyl moiety from the aliphatic alcohol
used in supporting electrolyte. Remaining fifteen com-
pounds contain alkoxy group derived from the used ali-
phatic alcohol. The alkoxy derivatives belong to the four
homologous series. Expected 2,4,6-tribromo-6-butoxycy-
clohexa-2,4-dien-1-one has not been detected in this
study.
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ABSTRACT

A carbon fiber brush electrode (CFBE) was newly designed and used as a substrate for both controlled
potential electrolysis and atmospheric solids analysis probe (ASAP) mass spectrometry. Electro-
polymerized and strongly adsorbed products of electrolysis were directly desorbed and ionized from the
electrode surface. Electrochemical properties of the electrode investigated by cyclic voltammetry
revealed large electroactive surface area (23 + 3 cm?) at 1.3 cm long array of carbon fibers with diameter
6—9 um. Some products of electrochemical oxidation of pentabromophenol and 2,4,6-tribromophenol
formed a compact layer on the carbon fibers and were analyzed using ASAP. Eleven new oligomeric
products were identified including quinones and biphenoquinones. These compounds were not observed
previously in electrolyzed solutions by liquid or gas chromatography/mass spectrometry. The thickness
around 58 nm and 45 nm of the oxidation products layers deposited on carbon fibers during electrolysis
of pentabromophenol and 2,4,6-tribromophenol, respectively, was estimated from atomic force micro-
scopy analysis and confirmed by scanning electron microscopy with energy-dispersive X-ray spectros-
copy measurements.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Coupling of electrochemistry with mass spectrometry belongs
to important tools for investigation of electrochemical processes.
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Liquid or gas chromatography hyphenated to mass spectrometry,
are used for the study of reaction mechanisms, simulation of drug
metabolism, protein reactions and analysis, etc. [1—3]. They mainly
provide qualitative or quantitative data concerning products in
electrolyzed solutions and soluble or volatile species electro-
chemically extracted on the electrode surface [4—6]. Since elec-
trochemical products may form hardly soluble layers deposited on
electrode surface mass spectrometric tools analyzing such layers
are required.

Carbon fiber brush electrodes (CFBEs) have found wide-
spectrum applications. Advantages of CFBEs such as high specific
surface, high conductivity and low cost are often exploited in
electrochemical reactors for effective generation of desired re-
actants, e.g. hydrogen peroxide for Fenton reaction [7], production
of electricity in microbial fuel cells [8—12], removal of particles and
corrosive gas cleaning in electrostatic precipitators [13]. Recently
they have been used as substrates for deposition of nanoparticle
layers in supercapacitors [14,15].

The atmospheric solids analysis probe (ASAP) is an ambient
ionization technique suitable for the direct analysis of volatile and
semi-volatile compounds [16]. Solid or liquid samples are depos-
ited on a glass capillary tube (with sealed ends) which is a routinely
used substrate for sample loading. The heated nitrogen gas stream
vaporizes the sample which components are ionized by corona
discharge. Higher temperature of the gas can also vaporize higher
oligomers for mass spectrometric analysis of polymers [17,18]. ASAP
with temperature gradient ionizes low molecular species at lower
gas temperature and polymers at higher temperature [19]. The
ASAP has been found to be useful for the analysis of polymers with
poor ionization efficiency in electrospray (ESI) [20,21] as well as
those with low solubility [22].

2,4,6-Tribromophenol (TBP) and 2,3,4,5,6-pentabromophenol
(PBP) are industrially important substances used as intermediates
in production of brominated flame retardants or as wood pre-
servatives [23]. The application of these chemicals is a potential
source of environmental contamination [24]. Various chemical
processes have been investigated and developed for the treatment
of water contaminated with phenol and its derivatives. Among
other technologies, electrochemical advanced oxidation processes
are widely explored [25]. The main problem with their application
to elimination of phenolic wastes is electrode fouling during anodic
oxidation.

In general, the electrochemical oxidation of phenol and
substituted phenols is a complicated process [26] starting with
formation of phenoxy radicals susceptible to formation of poly-
meric films on electrode surface that cause its passivation and loss
of electrochemical activity [27]. Variety of methods such as X-ray
photoelectron spectrometry [27,28], electrochemical surface plas-
mon resonance [29] and Fourier transform infrared spectroscopy
[28,30—32] has been used to study nature of the passivating film.
Structure and topography of the film adsorbed on carbon and
platinum electrodes has been imaged by scanning tunneling mi-
croscopy [30] and scanning electron microscopy [26,31], respec-
tively. Field emission scanning electron microscopy combined with
energy dispersive X-ray analysis enabled to determine an average
atomic carbon/oxygen ratio in adsorbed phenol oxidation products
[31]. Chemical composition of the passivating layer can be deduced
from qualitative analysis of oxidation products and intermediates
presented in solutions of phenols after electrolysis. Gas chroma-
tography [31,33,34] and HPLC [31,34—36] are most often used for
this purpose. Dimeric oxidation products have been detected in
electrolyzed solutions of monobrominated phenols, TBP and PBP by
means of chromatography with mass spectrometric detection
[34,36]. Even four isomeric trimer products have been found in case
of anodic oxidation of 4-bromophenol [36]. Since it can be assumed

that higher oligomeric products remain firmly adsorbed on the
electrode surface bromophenols were selected as model com-
pounds to test our novel device.

In this paper for the first time a carbon fiber brush electrode as
an ASAP substrate is evaluated. Its large surface allows for deposi-
tion of sufficient amount of electrochemically generated products
that are directly desorbed and ionized in the ion source. The CFBE
was adapted for the insertion into the atmospheric solids analysis
probe and the use with a standard atmospheric pressure ionization
source of a mass spectrometer. This novel analytical device repre-
sents a new coupling of electrochemistry with mass spectrometry.
Its applicability was proved detecting oligomeric products of pen-
tabromophenol and 2,4,6-tribromophenol electrochemical oxida-
tion. Electrochemical and surface properties of the CFBE were
investigated using cyclic voltammetry, atomic force microscopy and
scanning electron microscopy with energy dispersive X-ray
detector.

2. Experimental
2.1. Chemicals

Tribromophenol (TBP, 99%) and pentabromophenol (PBP, 96%)
were purchased from Sigma-Aldrich. Methanol (LiChrosolv for
HPLC, Merck, Germany), hexan (p.a., Penta, Czech Republic) and
ultrapure water (18.2 MQ cm, from Direct Q 3UV Remote Water
Purification System, Merck Millipore) were used as solvents. Buffer
solution was prepared from 0.1 mol L' formic acid (89-91%,
Merck) and ammonia (25%, p.a., Lach-Ner, Czech Republic).
K4Fe(CN)g-3H20 and KsFe(CN)g were of analytical grade.

2.2. Design and pretreatment of carbon fiber brush electrode

Carbon fiber brush electrodes (CFBEs) were made of carbon fi-
bers extracted from carbon cloth (KTC-03, Karbotechnik, Plzen,
Czech Republic). A bundle of carbon fibers was tied with 0.25 mm
copper wire serving as electrical contact. The length of the resulting
brush was cut to appropriate length (3 cm) and the brush was
pulled in a piece of a glass melting point tube (outer diameter
1.9 mm, inner diameter 1.3 mm, length 8.6 cm). The inner edges of
the tube were manually grinded with a diamond drill to avoid
cutting off the carbon fibers. The fibers protruded 1.3 cm from one
end and the copper wire from the second end of the tube (Fig. 1). No
seals or glues were used to exclude all possible interferences at
ASAP-MS analysis. The thickness of the carbon fiber bundle
matched the inner diameter of the glass tube in order to fix the
fibers and to prevent their movement in the tube.

Before the use carbon fibers protruding from the tube were
ultrasonicated in hexane, methanol and distilled water for 15 min
in each solvent and dried by air stream after each sonication.
Electrochemical cleaning and activation of carbon fibers were
performed in solution of sulfuric acid (0.1 mol L) by potential
cycling between —1.0 V and 1.5 V vs. saturated calomel reference
electrode (50 cycles at scan rate 0.5 V s—') with start and stop po-
tential at 0 V. Finally the CFBEs were washed three times in distilled
water and immediately used or dried in nitrogen stream and stored
in closed glass test tube. Before mass spectrometric analysis, the
CFBE was inserted into the ASAP holder and carbon fibers were
soaked in ultrapure water for 10 s to fully wet the surface and
analyzed immediately.

2.3. Cyclic voltammetry measurement and controlled potential
electrolysis

All electrochemical measurements were performed on an
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Fig. 1. Picture of (a) carbon fiber brush electrode (CFBE) and (b) CFBE inside ASAP holder.

Autolab PGSTAT128N potentiostat/galvanostat with NOVA 1.10
software (Metrohm Autolab, the Netherlands) in a three-electrode
system consisted of a working CFBE, saturated calomel reference
(SCE) and platinum wire auxiliary electrodes. Electroactive surface
area of CFBEs was measured by means of cyclic voltammetry in
solution containing mixture of 5 mmol L~' KsFe(CN)s and
5 mmol L ! K4Fe(CN)s in 1M KCl (diffusion coefficient
Do =717 x 108 cm? s~ D = 6.56 x 107 cm? s~ at 25 °C[37]) at
scan rates 0.050—0.005 V s~! and estimated from the slope of the
dependence of peak current on square root of scan rate according to
Randles-Sevcik equation: i, = 268468 n3/2AD'/2¢v1/2 for 25 °C,
where n is number of electron transferred in the redox reaction, A is
area of electrode surface, ¢ and D are concentration and diffusion
coefficient of electroactive substance, respectively, and v is scan
rate. Cyclic voltammograms of PBP and TBP were recorded at scan
rate 0.1 V s~ in solutions containing ammonium formate buffer
solution of pH 6 and methanol (in volume ratio 1:9 and 1:1,
respectively). Concentration of TBP and PBP in solutions was
1 mmol L™! unless otherwise stated. Controlled potential electrol-
ysis of TBP and PBP was carried out at potential 1.0 V (vs. SCE) for
60 min in stirred solutions of total volume 5 mL and the same
composition as for CV experiments. Concentration of PBP and TBP
varied in the range 0.5—5 mmol L~ After electrolysis, the CFBEs
were thoroughly rinsed with ultrapure water and products
deposited on the carbon fibers were analyzed using ASAP-MS. Bulk
concentration of bromophenols before and after electrolysis was
measured by linear sweep voltammetry (scan rate 0.1 V s~1) with
glassy carbon electrode MF-2012 (3 mm disc diameter, BASi, West
Lafayette, USA).

2.4. ASAP-MS measurements

For the study of oxidation products Synapt G2S high resolution
tandem mass spectrometer equipped with atmospheric solids
analysis probe was used (Waters, Manchester, UK). The following
parameters were applied: ionization mode ASAP, negative ion
mode, corona current 1.2 pA, sampling cone 30 V, source offset
40V, source temperature 100 °C, probe temperature: studied in the
range 100—500 °C, cone gas flow 100 L h™!, desolvation gas flow
100 L h™'. Resolution mode was set for TOF analyzer. Collision en-
ergies 4 eV (in trap collision cell) and 2 eV (in transfer cell) were
applied for acquisition of MS spectra. For fragmentation

experiments (MS/MS) the energy was elevated to 20—35 eV in trap
collision cell and was tuned to achieve the highest possible signals
of fragments. Scan range was 50—1200 Da.

2.5. AFM imaging and SEM-EDS analysis

Dimension Icon atomic force microscope (Bruker, Santa Barbara,
USA) with NanoScope 9.1 software was employed for topography
measurement of carbon fiber samples extracted from CFBEs before
and after electrolysis of bromophenol solutions and after sample
desorption in atmospheric solids analysis probe. ScanAsyst Air AFM
tip with reflective Al coating on the cantilever back side (nominal
resonant frequency 70 kHz and nominal force constant 0.4 N m™!)
was used. Images were obtained in PeakForce tapping mode at the
scan rate 0.5 Hz and the resolution 512 pixel and processed in
NanoScope Analysis 1.5 software.

Scanning electron microscope VEGA3 LMU with secondary
electron detector of the Everhart-Thornley type (TESCAN, Brno,
Czech Republic) and XFlash silicon drift detector 410-M (Bruker
Nano GmbH, Berlin, Germany) were used for imaging of carbon
fibers and energy-dispersive X-ray spectroscopy (EDS) elemental
analysis. The detectors were employed with an accelerating voltage
of 320 kV. The samples were measured in vacuum at a pressure
107“ Pa.

3. Results and discussion
3.1. Cyclic voltammetry characterization of CFBES

Electrochemical behavior of CFBEs was characterized using cy-
clic voltammetry in solution containing equimolar mixture of ferri/
ferrocyanide in 1 mol L~! KCI. Considerable improvement of charge
transfer characteristics, i.e. narrower and higher peaks with shorter
peak to peak distance, was evident after CFBE ultrasonication and
electrochemical pretreatment (see Online Resource, Fig. S1). Mea-
surement of electrode surface area by means of cyclic voltammetry
revealed two- to fivefold increase of the area after electrochemical
activation. Mean area 23 cm? of 1.3 cm long pretreated carbon fiber
brush was found for three electrodes independently (standard
deviation 3 cm?). Enlargement and activation of the surface is
favorable with respect to mass spectrometry analysis considering
expectable larger amount of species electrolyzed and captured on
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the electrode. Slope of the linear log I, — log v dependence ranged
between 0.47 and 0.52 proving that planar diffusion dominates
mass transport to the CFBEs surface [38]. Hence from the electro-
chemical point of view, the CFBE behaves as a planar electrode with
large surface and correspondingly high current response (tenths to
units of milliamps) with overall small geometry of microfiber array.

3.2. Cyclic voltammetry and controlled potential electrolysis of
bromophenols at CFBEs

All electrochemical measurements were performed in a mixture
of formic acid/ammonium formate buffer solution of pH 6 and
methanol (volume ratio 1:9 and 1:1 for PBP and TBP, respectively),
i.e. under the same conditions as in previous study [36]. Higher
content of methanol was necessary to maintain the homogeneity of
the PBP solution. Cyclic voltammograms of PBP and TBP on CFBEs
(Fig. 2) exhibit an anodic current signal rising steeply from the
potential around 0.5 V. Intensity of this current signal gradually
decreased in successive cycles (insets in Fig. 2) in consequence of
passivation of the electrode surface. Higher content of water in TBP
solution can cause lower solubility of oxidation products and thus
their stronger adsorption at the electrode surface and faster
passivation.

Current responses observed on the reverse cathodic scans as
well as new anodic peaks around 0.3 V in the consecutive forward
scans, clearly visible in particular in the voltamograms of TBP
(Fig. 2b), correspond to intermediates or products formed during
anodic oxidation of bromophenols. Such a couple of peaks,
observed previously on the cyclic voltammograms of TBP and PBP
measured with conventional glassy carbon electrode [34,36], is
typical for electropolymerization reactions reported for phenol and
its derivatives [32].

Electrolysis performed on electrochemically activated CFBEs at
constant potential of 1.0 V consumed 2.0 and 1.6 electrons per
molecule of PBP and TBP, respectively, as calculated from the total
charge passed in electrolytic reaction and from the decrease of
amount of starting compound during electrolysis, according to
Faraday's law [39]. Bulk concentration of bromophenols before and
after electrolysis was checked using linear sweep voltammetry
with glassy carbon electrode. Only 22% and 12% of original content
of PBP and TBP, respectively, were converted during 60 min elec-
trolysis in total volume 5 ml of 1 mmol L~! solution of respective
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Fig. 2. Cyclic voltammograms of (a) PBP (c = 1 mmol L™!) in supporting electrolyte
(grey line) containing ammonium formate buffer of pH 6 and methanol (1:9, v/v) and
(b) TBP (c = 1 mmol L~') in ammonium formate buffer of pH 6 and methanol (1:1, v/v)
on brush carbon fiber electrode. Scan rate 100 mV s, initial potential —0.6 V,
switching potential 1.3 V. Arrows indicate changes of current in five successive cycles.
Inset: relative drop of anodic current signal in consecutive 20 cycles.

bromophenol. Lower conversion efficiency in case of TBP is most
likely caused by faster passivation of the electrode surface under
given conditions (50% water content) as it was observed by cyclic
voltammetry. Current-time curves recorded during electrolysis of
bromophenols approaches residual current curve of supporting
electrolyte after 60 min revealing almost complete coverage of the
electrode surface with adsorbates. Extension of time would not
significantly increase the conversion efficiency and consequently
amount of deposited species for ASAP MS analysis.

3.3. Mass spectrometry analysis of bromophenols oxidation
products deposited on CFBEs

After controlled potential electrolysis of PBP and TBP at potential
1.0 V in solution of volatile supporting electrolyte and methanol,
the products deposited on the carbon fibers were analyzed by
ASAP-MS. Since very poor signal was observed with dry carbon
fibers, the fibers were wetted in ultrapure water. Ten seconds
wetting was sufficient to improve mass spectra and was used in all
experiments. The changes of response of PBP, TBP and their
oxidation products with temperature were observed (Online
Resource, Fig. S2). For both parent compounds and majority of
studied oxidation products, the highest response was achieved at
the highest applied temperature (500 °C). Experiments at a lower
temperature (400 °C) provided the highest signal of three dimeric
and one trimeric products of TBP oxidation (structures explained
below) probably due to their lower stability at high temperatures.
The signal of all studied products obtained at 500 °C was sufficient
for structure elucidation. It is noteworthy that significantly lower
signal of parent compounds and virtually no signal of oxidation
products were observed when the oxidation potential was lowered
to 0.3 V (see Online Resource, Fig. S3). It proved that the observed
products were formed by electrolysis of solution (after application
of sufficient potential) and not during ASAP-MS analysis.

Oxidation of PBP involves two processes - oxidation of bromo-
phenolic skeleton and condensation of several PBP units. In the
ASAP-MS spectrum of oxidized PBP (Fig. 3), signal of unoxidized
PBP is apparent (m/z of the first isotope, m/z(1) 482.5902, deviation
from theoretical mass, dtm 3.6 mDa; m/z of the most intense
isotope, m/z(m) 486.5867, dtm 4.2 mbDa). Signals of tetra-
bromoquinone (in the form of radical-anion [M]*", m/z(1) 419.6625,
dtm -0.7 mDa; m/z(m) 423.6539, dtm -5.2 mDa) or tetra-
bromohydroquinone (in the form of anion, [M-H]", m/z(1) 420.6742,
dtm 7.7 mDa; m/z(m) 424.6615, dtm —5.4 mDa) represent the
processes connected with a substitution of one bromine atom in
PBP with oxygen or hydroxyl group, respectively. Signals with
lower m/z values arise from fragmentation of PBP and its oxidation
products in the mass spectrometer. Cleavage of bromine radical
([M-Br]*, m/z(1) 404.6760, dtm —0.1 mDa; m/z(m) 408.6752, dtm
3.2 mDa) and consequent loss of carbon monoxide (m/z(1)
375.6729, dtm —0.5 mDa; m/z(m) 379.6711, dtm 1.8 mDa) from PBP
are the most significant fragmentation processes.

The presence of ions with higher m/z (Fig. 3b) confirms the
formation of condensation products during electrochemical
oxidation. Abundant product I (see one possible isomer in Fig. 4) is
formed by the substitution of one bromine in a PBP molecule by
another PBP molecule (m/z(1) 888.2631, dtm 10.3 mDa; m/z(m)
894.2488, dtm 2.1 mDa). This product has been already identified
by UPLC/MS in solution of electrochemically oxidized PBP [36]. lon
at mfz 816.3420 corresponds to anion of octabromo-dihydroxy-
biphenyl (dtm 5.8 mDa, product II, Fig. 4) that is formed by
condensation of two PBP molecules accompanied by elimination of
two bromine atoms. Intensity of the adjacent isotopic ion at m/z
815.3314 is higher than its theoretical intensity in the isotopic
cluster of octabromo-dihydroxy-biphenyl anion. This difference can
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Fig. 3. ASAP mass spectrum of electrochemically oxidized PBP (negative ion mode).

be explained by the presence of a charged product III (Fig. 4) with
m/z(m) one unit less, i.e. radical anion of related quinon form. In-
tensities of particular ions in isotopic cluster formed by a binary
mixture of octabromo-dihydroxy-biphenyl anion and its quinon
form were calculated considering different ratio of both forms. The
ratio of anion:quinon 1:1.5 provided good agreement of theoretical
and measured isotopic profile. The zoom of MS spectrum showing
respective isotopic profile is given in Online Resource, Fig. S4a.

By analogy to dimers, products containing three brominated
phenolic rings can also be released from carbon brush electrode
under ASAP-MS conditions and are visible in mass spectra. [sotopic
cluster (IC) with the most intense isotope at m/z 1224.0155 corre-
sponds to elemental composition C;gHBr,03 (dtm calculated for
the most intense isotope is 15.2 mDa, first isotope is below detec-
tion limit). This molecular formula corresponds to the structure
proposed in Fig. 4 (product IV). Similarly as in the case of the pre-
viously discussed dimer, isotopic profile of product IV does not
correspond solely to its structure and a radical cation with m/z(m)
1223.0101 pertaining to product V (Fig. 4) explains its increased
intensity. The isotopic profile fits well with the equal mixture of
anion and quinon form. The zoom of MS spectrum showing the
isotopic profile of those trimeric products is given in Online
Resource, Fig. S4b. IC with the highest m/z values (m/z(m)
1301.9180) is related to condensation of three PBP units (for
structure see product VI, Fig. 4; C1gBr1303, dtm 7.1 mDa). lons at m/z
831.3244 and 815.3314 are formed during fragmentation of product
VI by cleavage of pentabromobenzene and pentabromophenol
radical, respectively. Their molecular formula is Ci3BrgO3 or
C12Brg0% (dtm 1.1 and 3.1 mDa). The fragments differ in one oxygen
atom and confirm the suggested ether linkage in the trimer. lon at
m/z 734.4136 can be formed by fragmentation of products I-VI
which explains its high intensity in MS spectrum. Ion at m/z(m)
1142.0845 corresponds to elemental composition CigBri;03
(probably anion of the quinoid product VII, Fig. 4, dtm 8.3 mDa).
lons at m/z 1143.0886, 1064.1731, 984.2524, 815.3314, 655.4969 and
576.5774 are fragments of products I-VI. The identity of the ion at
m/z 522.6668 was not revealed.

Electrochemical oxidation of tribromophenol yields even more
various oxidation products. Fig. 5 shows the ASAP mass spectrum of
oxidized TBP. Intact TBP provides strong signal at m/z (1) 326.7626
(m/z(m) 328.7635). lon at m/z(m) 250.8490 is formed by frag-
mentation of condensed products (see below).

Several low mass oxidation products were observed. lon at m/
z(1) 263.8404 and m/z(m) 265.8380 corresponds to elemental
composition CgH,Br,0; (dtm(1) —1.8 mDa, dtm(m) —2.1 mDa). Its
structure can be explained as dibromo-p-benzoquinone and/or
dibromo-o-benzoquinone radical anions. Dibromobenzoquinones
can be formed by hydroxylation and subsequent elimination of
hydrogen bromide from TBP as was already described [34]. One
subsequent repetition of hydroxylation and elimination of HBr in
the above mentioned product provides ion at m/z(1) 200.9167 and
m/z(m) 202.9155 (elemental composition CgH3BroOs,
dtm(1) —2.0 mDa, dtm(m) —1.2 mDa), i.e. anion of 6-bromo-1,2,4-
benzenetriol and/or 2-bromo-4,6-dihydroxycyclohexa-2,5-
dienone.

Losses of bromine radicals or hydrogen bromide seem to
represent a driving force also during TBP condensation processes.
Signal at m/z(1) 494.6867 and m/z(m) 498.6802 (Fig. 5a) can be
explained by condensation of two oxidized TBP molecules after a
loss of two bromine atoms, one from each parent molecule (-Bry),
(see product VIII, Fig. 4). The observed signal corresponds to
elemental composition C1;H3Br405". This process has already been
recognized by GC-MS [34]. Substitution of one or two bromine
atoms with one or two oxygens explains the abundant signals at m/
2(1) 432.7688 (m/z(m) 434.7704) and m/z(1) 369.8470 (m/z(m)
371.8457). The related structures are given in Fig. 4 (product IX and
X). Elemental compositions of the corresponding ions are
C12H4Br30% and C1oH4Br, 03, respectively. Similarly as in the case of
PBP, the deviations of measured m/z values from the theoretical
masses for the first isotopes (i.e. product VII-X, —7.8, —2.3
and —0.6 mDa, respectively) are significantly higher than for the
most abundant isotopes (i.e. product VIII-X, —2.4, 1.4 and 0.1 mDa,
respectively) which is related to low intensity of the first isotopes of
highly brominated products. For the higher number of bromine
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Fig. 4. Proposed structures of products (I — XIII) of electrochemically oxidized PBP and TBP with corresponding m/z of the most intense isotope.

atoms in molecule, the lower intensity of the first isotope and
higher error of measured m/z value was consistently observed. Thus
in the following study of higher mass oxidation products only m/
z(m) is discussed.

Another dimeric oxidation product provided an abundant signal
at m/z(m) 515.6793 corresponding to the molecular formula
C12H4Br40% (product XI, dtm(m) —6.0 mDa). It could rise from
coupling of a TBP molecule with a dibromobenzoquinone under a
loss of hydrogen bromide. One of the possible structures of the
product XI is given in Fig. 4.

Similar condensation of even three and four molecules of TBP
was observed in relatively high yield as well. An abundant signal in

the spectrum at m/z(m) 765.5298 (Fig. 5b) corresponds to trimeric
product with molecular formula C;sHgBrgO% (product XII, Fig. 4,
dtm(m) —0.7 mDa). lon at m/z(m) 1015.3749 originated from the
condensation of four TBP molecules accompanied by a loss of four
bromine and two hydrogen atoms and a gain of one oxygen. This
ion is present in the form of radical-anion with elemental compo-
sition Cy4HgBrgO5™ (dtm(m) —0.8 mDa). Such tetrameric product
can occur in several isomeric forms, e.g. the product XIII in Fig. 4.
Collision induced dissociation of the radical-anion (MS/MS exper-
iment) provided fragments corresponding to a loss of 1—4 bromine
atoms in the form of bromine radicals and/or hydrogen bromide
(the most intense fragments were found at m/z(m) 936.4550,
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Fig. 5. ASAP mass spectrum of electrochemically oxidized TBP (negative ion mode).

854.5729, 774.6191 and 693.6839), formation of TBP anion m/z(m)
328.7623, formation of dimeric fragment, i.e. 2,6-dibromo-4-(2,4,6-
tribromophenoxy)phenol (fragment at m/z(m) 578.6066) and 2-
bromo-6-hydroxycyclohexa-2,5-diene-1,4-dione anion (cleavage
of side quinoid ring, m/z(m) 200.9194). Those processes confirm the
proposed tetrameric structure.

Another oxidation product m/z 965.4741 (Fig. 5b) was not
formed by fragmentation of the above discussed ion at m/z(m) 1015
(product XIII). This was proved by absence of the ion at m/z 965.5 in
MS/MS spectrum of product XIII (data not shown). The value of m/z
965.4741 corresponds to elemental composition Cys5Hq1Br70g
(dtm —3.4 mDa). MS/MS spectrum of this ion contains fragments
rising by the subsequent loss of two HBr molecules (m/z(m)
885.5131 and 805.5963). Beside, anion of TBP (m/z(m) 328.7513)
and low abundant ion at m/z(m) 700.6050 were found. The latter
mentioned fragment can arise by a cleavage of dibromo-
methoxyphenyl radical which indicates the presence of methoxy
group in the structure. Most likely, the signal at m/z 965.4741 cor-
responds to a mixture of several isomers with different position of
methoxy group. The fragmentation processes confirm that this
product is brominated, it is formed by a linkage of four oxidized TBP
units and its structure can be derived from product XII substituting
one bromine atom by a methoxy group. By analogy, the ion at m/z
715.6312 can be derived from the product XL

Besides, the dependence of the MS response of studied com-
pounds and their oxidation products on the starting compounds
concentration was studied. The measured signal of the starting
bromophenols as well as their oxidation products rose with con-
centration (as measured within the range 0.5—5 mmol L~!) with the
exception of trimer and tetramer products of TBP. In this case,
maximum of the dependence was observed at concentration
2 mmol L~L Similar course was observed for the dependence of
charge consumed during electrolysis on concentration of starting
compound in electrolyzed solutions. The fact indicates strong

passivation of the electrode surface at concentrations exceeding
2 mmol L™, From this point of view the technique may be used for
semi-quantitative purposes as well, within the certain concentration
range depending on the chemical nature of the target compound.

ASAP-MS technique provided complementary results to previ-
ously applied GC-MS and LC-MS [34,36]. In comparison, new
products of electro-oxidation were identified, i.e. PBP dimeric (I,
1) and trimeric products (IV-VII) as well as TBP dimeric (IX, X, XI),
trimeric (XII) and tetrameric (XIII) products. These products were
not detected in electrolyzed solution due to their low solubility in
supporting electrolyte. The results of ASAP analysis confirmed
electropolymerization even of highly brominated phenols observed
by cyclic voltammetry. Oxidative electropolymerization of both PBP
and TBP leads to coupling of oxidized monomers by C-O-C and/or
C-C linkage accompanied by debromination. Similar ether type
oligomeric oxidation products of related 2,4,6-trichlorophenol and
pentachlorophenol have already been detected by GC-MS and re-
ported to be formed in alkaline media at platinum electrode [33]. In
addition, C-C coupling and subsequent formation of biphenoqui-
nones by electrooxidation of PBP was observed, while all attempts
to detect these compounds in electrolyzed solution in previous
study were not successful [36]. The finding of new products and
reaction routes is important not only from mechanistic but also
from toxicological point of view because polybrominated diphenyl
ether quinones were proved to form adducts with DNA [40]. CFBE
and ASAP facilitated direct desorption and ionization of adsorbed
and/or insoluble products from the electrode surface and contrib-
uted to the comprehensive view of the electrooxidation and elec-
tropolymerization processes.

3.4. Characterization of layers adsorbed on CFBE after electro-
oxidation of bromophenols

AFM and SEM topography measurements of the carbon fibers
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extracted from CFBEs before and after electrolysis of bromophenols
and after thermal desorption in ASAP revealed that products of
bromophenols oxidation formed a compact film on the carbon fi-
bers. Electrochemically pretreated clean carbon fibers exhibited in
AFM analysis more rough surface (root mean square roughness
Rq = 11.6 nm) in comparison with the fibers after electrochemical
oxidation of PBP (Rq = 6.8 nm) and TBP (Rq = 7.7 nm), see Online
Resource, Fig. S5. The film of bromophenol oxidation products more
or less evenly covered and smoothed the carbon fiber surface while
desorption process was uneven. After ASAP ionization total
desorption areas and almost intact oxidation product layers were
observed on the fiber surface (Online Resource, Fig. S6).

The thickness of the film of the electrochemically deposited
oxidation products was obtained from AFM profiles as a difference
between the topographical height of the spots of adsorbed material
remaining after thermal desorption in ASAP and clean carbon
surface measured on the edge of the spots (Online Resource,
Fig. S6). The average values obtained from 23 profilometry mea-
surements were equal to 58 + 6 nm and 45 + 7 nm for PBP and TBP,
respectively. These values were confirmed by SEM with EDS mea-
surement where the thicknesses 48 + 11 nm and 46 + 8 nm were
obtained for PBP and TBP, respectively. The values were computed
from the carbon fiber diameter (range from 6.17 pm to 8.79 um),
measured by the secondary electron detector, and the percentage
distribution of the elements of the carbon fiber determined from
the EDS spectra (see Online Resource, Fig. S7). The pure spectrum of
the carbon fiber with the layer of electrodeposited bromophenol
oxidation products was obtained by subtracting background from
the measured spectrum.

Thickness of the layer of material adsorbed on the carbon sur-
face as measured by AFM and SEM-EDS agrees remarkably with the
values obtained from the empirical calculation based on the
geometrical comparison of the determined electroactive area of the
electrode, estimated molar volume of TBP and PBP and analytically
determined yield of the electrolysis. The yield of the electrolysis
was obtained as the difference between initial and final amount of
both brominated phenols (see section 3.2) and the value was equal
to 1.1 pmol and 0.6 pmol for PBP and TBP, respectively. Molar vol-
umes 169 cm? and 136 cm?, respectively, were obtained for PBP and
TBP by ACD/ChemSketch. The active surface area of CFBE was
23 cm? (see section 3.1). Resulting thickness of the layer of the
oxidation products was roughly estimated from the given values as
81 nm and 35 nm for PBP and TBP, respectively. Differences be-
tween the calculated and experimental values might be caused
among others by different molar volumes of particular products
from those of PBP and TBP, and by different solubility of respective
products rising under specific conditions. Both the chemical nature
of the products and composition of electrolyzed solution (mainly
methanol content which was 90 and 50% in case of PBP and TBP,
respectively) might play role in this case.

4. Conclusion

A novel tool for direct mass spectrometry analysis of products
electrochemically generated and adsorbed on the electrode surface
was developed. After electrolysis a carbon fiber brush electrode
adapted for insertion into ASAP holder was transferred to the ion
source. The large electroactive surface of the CFBE facilitates
effective electrochemical generation and adsorption of products. In
the ion source, vaporization under higher temperatures (500 °C)
enables to desorb even oligomeric substances from the electrode
surface that are insoluble and therefore undetectable in electro-
lyzed solution. Thermal desorption and ionization in corona
discharge allows to detect and subsequently to identify substances
(e.g. quinones) hardly ionizable in electrospray ionization source.

Obtained mass spectrometric results have been complementary to
former GC/MS and LC/MS data and have provided deeper insight in
electrochemical oxidation of bromophenols. The developed device
is useful for the study of electrochemical reactions of species
forming electropolymerized and strongly adsorbed films on the
electrode surfaces, such as phenolic compounds, and represents
new mode of coupling of electrochemistry with mass spectrometry
allowing direct detection and analysis of compounds bound to the
surface. It can be helpful for study of various electrochemical pro-
cesses such as electrochemical advanced oxidation processes
applying in wastewater decontamination. The described device
could also be used for investigation of desorption/ionization pro-
cesses in the ion source of the mass spectrometer.
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Abstract Electrochemical behaviour of zopiclone was
investigated on glassy carbon electrode in static and rota-
tion disc arrangement. Strong influence of kinetics and
adsorption phenomena on the electrode processes was
proved by voltammetric techniques. Controlled potential
electrolysis in off-line and on-line combination with tan-
dem mass spectrometry was employed for investigation of
the products of electrochemical oxidation. N-Desmethyl
zopiclone was identified and three other oxidation products
formed by an introduction of one or two oxygen atom(s) to
the molecule of zopiclone (including zopiclone N-oxide)
were characterized. Based on mass spectrometric investi-
gation of those products, piperazine moiety was proved as a
target of electrochemical oxidation of zopiclone. Since N-
desmethyl zopiclone and zopiclone N-oxide have been
reported as products of enzymatic metabolism of the drug,
the combination of electrochemistry with mass spectrom-
etry may be considered as a reliable tool for simulation of
some metabolic transformations.
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Introduction

Zopiclone (ZOP), chemically (RS)-6-(5-chloropyridin-
2-yl)-7-0x0-6,7-dihydro-5H-pyrrolo[3,4-b]pyrazine-5-yl
4-methylpiperazine-1-carboxylate (Fig. 1), is a hyp-
notic drug used for the treatment of insomnia. ZOP
possesses a short duration of action with additional
muscle relaxant and anticonvulsant properties. It was
developed along with other so called Z-drugs, zale-
plon, and zolpidem, as an alternative to the world-wide
used benzodiazepines, which are controversial due to
concerns about adverse psychological and physical
effects, decreasing effectiveness, and physical depen-
dence at their long-term usage.

ZOP is a chiral drug administered as a racemic
mixture although the pharmacological activity is related
to the (4)-(S)-ZOP known as eszopiclone. Both enan-
tiomers are metabolised via cytochrome P450 enzyme
system [1]. The main biotransformation products of

@ Springer
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Fig. 1 Chemical structure of zopiclone

oxidative metabolism are N-desmethyl zopiclone and
zopiclone N-oxide [1-4].

Chemical stability of ZOP was investigated in several
studies. The drug was found to be stable under acidic
conditions in aqueous-acetonitrile solutions [5]. However,
rate of hydrolysis increased with pH and temperature in
aqueous ethanolic media [6]. 2-Amino-5-chloropyridine
was identified as the final degradation product of ZOP in
alkaline solutions [7, 8].

Electrochemical behaviour of ZOP was investigated by
several authors but with no attempt to identify the products
of electrochemical reactions. Electrochemical reduction of
ZOP was studied by Viré et al. [9] by different techniques.
ZOP was reducible in two 2-electron steps in the pH range
0 to 12. The electrochemical behaviour was accompanied
by strong adsorption in neutral and acidic solutions.
Adsorption was employed for sensitive determination of
ZOP by adsorptive stripping voltammetry [9]. Yilmaz et al.
[10] have studied oxidation of ZOP at glassy carbon
electrode (GCE) using adsorptive stripping voltammetry.
ZOP oxidation was found to be an irreversible adsorption
controlled process. Square wave voltammetry was used for
determination of submicromolar concentrations of ZOP as
well [10]. Number of other analytical methods has been
used for ZOP determination starting from potentiometric
titrimetry, prescribed by British Pharmacopeia [11] through
the spectrophotometry [12] up to potentiometry with ion
selective electrode [13]. However, chromatographic meth-
ods including gas [14] and liquid chromatography [15-17],
often with mass selective detection, lead the dance in the
field of drug analysis.

Electrochemistry coupled to mass spectrometry (EC/
MS) can be used for simulation of some oxidative reactions
involved in the metabolism of drugs and other xenobiotics
[18]. The elucidation of oxidative metabolic reactions is a
crucial point in the drug development. In general, the main
route of drug elimination is oxidative biotransformation via
CYP enzymes family and ZOP is not an exception as

@ Springer

mentioned above. In vivo or in vitro experiments, com-
monly used for elucidation of the drug metabolism, are
usually based on animal experiments which are tedious,
ethically questionable, time consuming, and of limited
reproducibility. Since oxidation reactions play a crucial
role in the CYP-mediated biotransformation, it seems
reasonable to use electrochemical oxidation as a possible
instrumental tool for simulation of the oxidative degrada-
tion processes [19]. Electrochemistry coupled on-line or
off-line to MS (especially to electrospray ionization mass
spectrometry, ESI-MS) has been successfully used in
many research areas including metabolic studies [20] as
well as in peptide, protein, and DNA analysis [21] or
quantification of biomolecules [22].

In this paper, electrochemical behaviour of zopiclone
was studied using voltammetric methods on glassy carbon
working electrode. Controlled potential electrolysis of ZOP
solutions containing acetonitrile and aqueous buffer solu-
tions of different pH followed by ESI-MS analysis of the
reaction products as well as on-line coupling of EC flow-
through cell with ESI-MS were used for generation and
characterization of zopiclone oxidation products.

Results and discussion
Electrochemical behaviour of zopiclone

Cyclic voltammogram (Fig. 2a) of zopiclone in acetoni-
trile-aqueous buffer solution of pH 4.8 (1:1, v/v) recorded
on glassy carbon electrode (GCE) shows one oxidation
peak at potential E, = 1.02 V (vs. saturated calomel ref-
erence electrode, SCE). No current response was observed
in the reverse cathodic branch of voltammograms sug-
gesting irreversibility of the electrode process. Similarly,
differential pulse voltammogram (Fig. 2b) revealed one
anodic peak at the potential E, = 1.04 V.

The effect of the pH of BR buffer solutions on the
oxidation signal of zopiclone was investigated using cyclic
and linear sweep voltammetry (LSV) with GCE in static
and rotating disc (RDE) arrangement, respectively. The
anodic signal of zopiclone occurred in the pH range
2.8-9.5 in both arrangements. The oxidation signal was not
observed in the more acidic buffer solutions (pH 1.9, 2.2,
and 2.5). The limiting current measured on RDE increased
with rising pH values up to pH about 6 and then remained
almost constant up to pH 9.5 (Fig. 3). Oxidation in more
alkaline solutions was not tested due to reported fast
decomposition of ZOP under such conditions [6]. In acidic
solutions with pH below 6, the oxidation of ZOP is a pH-
dependent process. The half-wave potential shifts to lower
values with increasing pH by —59 mV per pH unit (Fig. 3).
This value indicates that the same number of protons and
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Fig. 2 Voltammograms of 5 x 10™* mol dm™> ZOP (solid line) in
supporting electrolyte (dashed line) containing BR buffer solution pH
4.8 and acetonitrile (1:1, v/v) recorded by cyclic voltammetry (a),
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Fig. 3 Dependence of half-wave potential (filled square) and limiting
current (open circle) of zopiclone (¢ = 5 x 10™* mol dm™—>) on pH
measured on RDE, angular rotation speed: 157 rad s™', scan rate
04 Vs

electrons are involved in the electrode reaction. At pH
6-9.5, the half-wave potential shift was negligible. The
intersection point of two regression straight lines at pH 5.9
can be related to change in the protolytic forms of ZOP
(pKa = 6.79 [23]).

The effect of scan rate (v) on zopiclone oxidation was
investigated by LSV on GCE in BR buffer pH 4.8 with
acetonitrile (1:1, v/v). The anodic peak of ZOP increased
with increasing scan rates within the range 0.01-0.9 V s~ .
The dependence of log I;—log v revealed two linear seg-
ments with the slopes 0.71 (in the scan range
0.01-0.2 V s~ ') and 0.89 (in the range of 0.3-0.9 V s
(see Supplementary Material, Fig. S1). The values of the
slopes are higher than the theoretical value 0.5 for purely
diffusion controlled process indicating the influence of
adsorption on the electrochemical reaction. The depen-
dence of the peak potential E, on log v resulted in two
straight lines. Peak potential did not change within the slow
scan rates interval up to 0.2 V s™'. However, a significant

02 04 06 08 10 12 14 16
Evs. SCEIV

scan rate 50 mV s~' and differential pulse voltammetry (b) scan rate
20 mV s~', modulation amplitude 25 mV, pulse width 500 ms

shift in peak potential by 41 mV per log unit was observed
when scan rate exceeded 0.3 V s~'. The fact indicates the
influence of other processes, next to diffusion, in the rate
determining step at higher scan rates. Kinetics of the
electron transfer reaction, kinetics of the chemical reaction
preceding the electron transfer (deprotonation seems to be
the most likely in this case; see pH dependence of limiting
current on Fig. 3) and adsorption on the electrode surface
are the most probable reasons.

The adsorption of zopiclone on electrode surface was
investigated by experiment in which electrode was
immersed into the stock solution of zopiclone for 300 s,
and then the electrode surface was washed with deionized
water. The electrode was placed into electrolyte and CV
voltammogram was recorded (see Supplementary Material,
Fig. S2). A small current signal at 1 V corresponding to
ZOP adsorbed on the electrode can be distinctly recognized
in comparison to the blank measured with clean, mechan-
ically polished, electrode. The signal proved the tendency
of the drug to adsorb on the electrode surface. Also the sign
of the nonlinearity on the calibration dependence of the
peak current on the concentration of ZOP can be ascribed
in large extent to the adsorption on the GCE (Supple-
mentary Material, Fig. S3).

Dependence of limiting current on square root of rota-
tion velocity of RDE was measured by LSV in solution of
pH 4.8, pH 7.1, and pH 9.4. In neutral and alkaline solu-
tions the limiting current increases with increasing square
root of the rotation speed. The course of the dependence is
typical for the mechanism influenced by both diffusion of
the depolarizer and kinetics of the electron transfer (see
Supplementary Material, Fig. S4). On the contrary, limiting
current measured in acidic solution is almost independent
on square root of rotation velocity. The course is usually
observed in systems controlled by the kinetics of the
electron transfer or the kinetics of the chemical reaction
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preceding the electron transfer (i.e., systems where diffu-
sion is not the rate determining step). The interpretation of
the main course of the dependence fits together with con-
clusion resulting from the dependence of the peak potential
on the scan rate during LSV mentioned above.

MS analysis of oxidation products of zopiclone

For more detailed characterization of the oxidation prod-
ucts two experimental arrangements were used. First
arrangement consisted of an off-line controlled potential
electrolysis of zopiclone on the large surface Pt electrode
combined with a tandem mass spectrometric measurement
of the electrolysed zopiclone solutions. Second one
involved on-line coupling of electrochemical flow-through
cell containing the working porous graphite electrode with
mass spectrometer (EC/MS). In both types of experiment,
electrolysis was performed in acetonitrile/ammonium
acetate buffer solution pH 3.5, 6.8, and 9.5 (1:1, v/v).

For off-line experiment the controlled potential values
suitable for exhaustive electrolysis were chosen according to
courses of cyclic voltammograms of zopiclone recorded in
different media. To eliminate the influence of nonelectrolytic
reaction of zopiclone, the mass spectra of electrolysed solu-
tions were compared to those of control samples. The control
samples were obtained by electrolysis of zopiclone solutions
at potentials where no electrochemical reaction occurs.

Figure 4a shows mass spectrum of ZOP standard in
which the pseudomolecular ion [M + H]' at m/z = 389 is
evident. MS/MS spectrum (Fig. 4b) revealed the main
fragment ion at m/z = 345 corresponding to a loss of CO,.
This unusual scission of CO, from the molecule, giving
evidence of rather strong association of the piperazine ring
with another heterocyclic part of the ZOP structure, has
already been reported [24]. Formation of fragments at m/
z = 245 and m/z = 263 is described in the inset of Fig. 5b.
The minor fragment at m/z = 217 corresponding to loss of
CO from cyclopyrrolon moiety of the ion with m/z = 245

9000000 5
245 389
6000000 -
[]
Q
c
©
T
c
=]
G
3000000 -
263 345‘
0 t Ll lLJ wL!‘L\AJ.\J\J' uLL. .
100 200 300 400 500

m/z

is also characteristic for ZOP fragmentation. Fragmentation
pattern corresponds with the already published results [24].
The differences in intensities of fragments found in this
work and those published in the above mentioned paper are
due to different setup of collision cells. It is worth noting
that ion with m/z = 263 has been reported as the product of
zopiclone hydrolysis [8].

Figure 5a shows MS spectrum of electrolysed ZOP
solution, containing the mixture of oxidation products and
the rest of ZOP, which was recorded in off-line setup. Four
main signals of proposed oxidation products can be
observed. First oxidation product (designated as P1, m/
z = 375) corresponds to N-desmethyl zopiclone (difference
14 Da from the m/z of ZOP). In MS/MS spectrum the loss of
CO (m/z = 347) and CO, (m/z = 331), respectively, are
observed (Fig. 5b). Besides, intensive signals at m/z = 263
and m/z = 245 confirm that both pyridine and the pyrrolo-
pyrazine rings remain unchanged and thus, the oxidative
demethylation occurs on piperazine skeleton. The frag-
mentation pattern of the product P1 corresponds to those
reported for N-demethylated metabolite of zopiclone [24].

Second product (P2, m/z = 405) corresponds with the
addition of one oxygen atom to the ZOP molecule. Pres-
ence of fragments at m/z = 263 and m/z = 245 suggests
that the oxidation takes place on the piperazine ring as well
(Fig. 5¢). Formation of N-oxide related to oxidative
metabolism of ZOP has been already described in literature
[1]. Electrochemical formation of N-oxide(s) has also been
reported for another drug possessing tertiary amine group
[25]. Oxidation of one of nitrogen atoms in the piperazine
ring is thus a reasonable possibility explaining this type of
ZOP oxidation. However, oxidation of N-methyl group or
the carbons of the piperazine skeleton accompanied by
piperazine ring opening cannot be excluded in this case.

Third product (P3, Fig. 5d, m/z = 403) corresponds
with a gain of one oxygen and loss of two hydrogen atoms.
The formation of fragments at m/z = 263 and m/z = 245
suggests that pyridine and pyrrolo-pyrazine rings remain
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Fig. 4 MS (a) and MS/MS spectrum (b) of zopiclone (5 x 10~ mol dm_3) in water/CH3CN (1:1, v/v)
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Fig. 5 MS spectrum of electrolysed ZOP (a), containing a mixture of
oxidation products and the rest of ZOP, and MS/MS spectra of main
oxidation products: P1 at m/z = 375 (b), P2 at m/z = 405 (c), P3 at
m/z = 403 (d), and P4 at m/z = 419 (e) acquired in solution of

intact as in the case of the previously discussed oxidation
products P1 and P2. The fragment at m/z = 359 corre-
sponds with loss of CO, typical for ZOP derivatives. Minor
fragment at m/z = 330 corresponds probably with a
cleavage of formyl radical indicating the presence of

aldehyde group preferentially linked to one of the piper-
azine nitrogen atoms.

zopiclone (¢ =5 x 107* mol dm™) electrolysed in acetonitrile/
ammonium acetate buffer solution pH 6.8 (1:1, v/v) 30 min on Pt
gauze electrode at £ = 1.2 V (vs. SCE)

Fourth product (P4, m/z = 419) can be explained by the
addition of two oxygen and loss of two hydrogen atoms.
MS/MS spectrum of P4 (Fig. S5e) shows intensive signal
corresponding with the loss of CO, typical for ZOP
derivatives (dominant fragment at m/z = 375). As men-
tioned above, fragments at m/z = 263 and m/z = 245,
respectively, suggest oxidative process occurring at the
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piperazine ring. The introduction of two oxygen atoms into
the piperazine skeleton can proceed by several ways
leading to different products. One of the theoretical pos-
sibilities involves a formation of an N-carboxylic group.
Since the loss of CO, from the fragment at m/z = 375 is
missing in the MS/MS spectrum, this possibility is not
likely. A formation of N-oxide and aldehyde group either
on terminal methyl group or on piperazine carbon skeleton
(accompanied by a ring opening) can be considered as
another possibility. A fragment at m/z = 345 corresponds
with a loss of formaldehyde from fragment at m/z = 375
suggesting the presence of aldehyde group preferentially
linked to one of the nitrogen atoms from piperazine part.
Fragment at m/z = 329 can be explained by consequent
loss of oxygen atom from the fragment at m/z = 345.
Similarly to previously discussed oxidation product P2, N-
oxide formed on one of the piperazine nitrogen atoms is the
most probable option. Thus, the oxidation product P4
presumably contains one aldehyde group and one oxygen
atom linked to piperazine nitrogen atoms.

In off-line experiments the highest relative intensities
(intensity of particular oxidation product divided by the
sum of intensities of all signals in given spectrum) are
observed in acidic conditions for all oxidation products.
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When compared the signals of particular oxidation prod-
ucts in acidic conditions, the signal of P1 reaches the
highest value. This oxidation product exhibits the highest
decrease of relative intensity with increasing pH as well.
This fact points out different chemical property of Pl
compared to the rest of detected oxidation products (e.g.,
pK value and proton-affinity in gas phase).

On-line connection of electrochemical cell directly to
mass spectrometry interface was performed and compared
with the results from the above discussed off-line experi-
ments. Zopiclone solution in 1:1 (v/v) mixture of
acetonitrile and ammonium acetate buffer of pH 3.5, pH
6.8, and pH 9.5 was continuously pumped through flow cell
containing porous graphite electrode. Constant potential
within the range from 0 to 0.8 V (vs. Pd/H, reference
electrode) in 100 mV (0-0.4 V) and 50 mV (0.4-0.8 V)
increments, respectively, was applied on the electrode and
appropriate mass spectra were collected. The electrode
potential of 0V vs. Pd/H, reference electrode corre-
sponded to 0.234 V vs. SCE at pH 7.0. Oxidation products
were detected within 4 min after their formation in the cell
at the flow rate 4 mm® min~'. Resulting “mass voltam-
mograms” are shown in Fig. 6. For better lucidity, the
mass voltammograms are displayed in the m/z range from
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Fig. 6 Mass voltammograms of zopiclone (¢ = 5 x 10~* mol dm73), 1:1 (v/v) acetonitrile/ammonium acetate buffer solution of pH 3.5 (a), pH

6.8 (b), and pH 9.5 (¢) acquired in on-line EC/MS

@ Springer



Electrochemical oxidation of zopiclone

59

300 to 450, in which the changes in the intensities of the
signals of ZOP and its oxidation products were observed.
Fragment ions with m/z = 245 and m/z = 263, common to
ZOP and its oxidation products, were observed on the
voltammograms at all pH and potentials (data not shown).
Oxidation of zopiclone evaluated as a decrease of ZOP
signal in acetate buffer solution of pH 3.5 and 6.8 starts at
potential 0.5 V vs. Pd/H, reference electrode, in acetate
buffer solution of pH 9.5 the oxidation starts at lower
potential. Unlike acidic and neutral media, in alkaline
solution of pH 9.5 on-line experiments reveal one more
oxidation product at m/z = 420 (designated as P5) beside
the above mentioned products P1-P4 (Fig. 6¢). Even m/
z value suggests the presence of odd number of nitrogen
atoms. In the case of the discussed product P5 of ZOP
oxidation it corresponds to incorporation of one nitrogen
atom into the structure. Collision spectrum (MS?, Supple-
mentary Material, Fig. S5) of P5 provided three dominant
fragments at m/z = 402, 390, and 358. The fragment at m/
z =402 corresponds to a loss of water suggesting the
presence of one extra —OH group. Subsequent loss of CO,,
typical for ZOP derivatives, leads to the most abundant
fragment at m/z = 358. The fragment at m/z = 390 can be
ascribed to a loss of CH,O, NO or CH,-NH,. Besides, a
minor fragment at m/z = 403 was also observed during
fragmentation of P5. Tentatively, this fragment can be
explained as a loss of ammonia from parent ion. The
structure of the PS5 product was not revealed from the
acquired MS data. Note that P5 was observed in on-line
EC/MS experiments conducted in alkaline ammonium
buffer. We suggest that P5 arises from a side reaction of
ZOP with ammonia under oxidative conditions. When
sodium ions were used as buffer constituent instead of
ammonium ones, P5 product was not observed. This
observation supports the proposed introduction of one
nitrogen atom from ammonia to ZOP structure.

In on-line experiments the relatively sharp decrease of
ZOP intensity and increase of oxidation products is
observed (Supplementary Material, Fig. S6-S8). The pro-
cesses occurring in acidic, neutral, and alkaline conditions
reveal similar main features. The increase of P1 response
starts at lower potentials compared to other oxidation
products (P2—P4), intensity of signal reaches its maximum
faster and at higher potentials (>0.6 V) decreases fast. The
formation of the other products occurs at higher potentials
and changes in intensities are less dependent on potentials
compared to PI. Therefore, it can be concluded (in
agreement with off-line experiments, see above) that
chemical nature of P1 and process of its formation differ
from those of the other oxidation products. The fact is
obvious since P1 is formed by demethylation of ZOP (no
extraneous substituent incomes to its molecule) while
introduction of one or two oxygen atom(s) leads to

formation of all remaining products (P2-P4, as well as a
specific product P5 formed solely in alkaline solution in the
presence of ammonia). Some oxidation products identified
in electrochemical oxidation are similar to oxidation
products from in vitro metabolic experiments (i.e., N-des-
methyl zopiclone and zopiclone N-oxide) [1].

Conclusion

Voltammetric measurements reveal that electrochemical
oxidation of zopiclone is quite complicated process influ-
enced by kinetics and adsorption phenomena. Controlled
potential electrolysis combined with mass spectrometry
identification of the reaction products is a powerful tool for
elucidation of electrochemical oxidation of zopiclone. Four
products were found in electrolysed samples by means of
off- and on-line tandem mass spectrometry. N-Desmethyl
zopiclone was identified and three other oxidation products
formed by an introduction of oxygen atom(s) to the
molecule of zopiclone (including zopiclone N-oxide) were
characterized. N-Desmethyl zopiclone and zopiclone N-
oxide were formerly confirmed as in vitro metabolic
products of zopiclone. The fact gives great credibility to
the combination of electrochemistry with mass spectrom-
etry for metabolic studies.

Experimental
Reagents

Zopiclone (ZOP) was obtained from Farmak (98 %, Olo-
mouc, Czech Republic), zopiclone N-oxide (European
Pharmacopoeia Reference Standard) was purchased from
Fluka. A stock solution of 1 x 107> mol dm™ ZOP was
prepared in acetonitrile (HPLC grade, Sigma-Aldrich
Czech Republic) and kept in a refrigerator. Britton-
Robinson (BR) buffer solutions were prepared from phos-
phoric acid, acetic acid, and boric acid (0.04 mol dm™3
each, analytical grade, Lachema, Czech Republic). Desired
pH values were adjusted with sodium hydroxide
(0.2 mol dm_3, analytical grade, Lach-Ner, Czech
Republic). Ammonium acetate (p.a., >98.0 %, Lach-Ner,
Czech Republic) was used as supporting electrolyte for MS
experiments. Desired pH values were adjusted with acetic
acid or ammonia (p.a., 25 % in water, Lach-Ner, Czech
Republic).

Voltammetric experiments

An AutoLab PGSTATI28N electrochemical analyser
(Metrohm Autolab, Utrecht, The Netherlands) with

@ Springer



60

J. Taborsky et al.

software NOVA 1.10 was used for voltammetric experi-
ments with three-electrode system consisting of a glassy
carbon working electrode (GCE, disc diameter 3.0 mm,
Bioanalytical Systems, USA) or rotating GCE (disk
diameter 2.0 mm, Metrohm, The Netherlands), platinum
wire auxiliary electrode, and saturated calomel reference
electrode. GCE was polished using aqueous suspension of
alumina powder (0.05 pm particles, Sigma-Aldrich) on a
wet microcloth (Buehler, USA) and sonicated in distilled
water for 30 s prior to each measurement. Cyclic voltam-
metry (CV) and linear sweep voltammetry (LSV) were
performed at different scan rates over the range 0.02-0.8 V
s~! and at different pH values of the supporting buffer
solution. Differential pulse voltammograms were recorded
at pulse amplitude of 25 mV, pulse width 500 ms and scan
rate 0.02 V s™'. Hydrodynamic measurements were car-
ried out with angular velocity ranged from 52 to
314 rad s~ ' and scan rates 0.02 and 0.4 V s~ '. All exper-
iments were performed in supporting electrolytes
containing BR buffer solutions of desired pH and ace-
tonitrile (1:1, v/v). Hydrodynamic voltammograms were
processed using el-Chem Viewer software [26].

Controlled potential electrolysis

Potentiostat 100 mA (L-Chem, Horka nad Moravou, Czech
Republic) with three-electrode system consisted of plat-
inum gauze working electrode, platinum auxiliary
electrode placed in a separate cathode compartment and
reference SCE electrode separated from the bulk solution
with a porous ceramic frit. The electrolysis was performed
in mixture of acetonitrile/ammonium acetate buffer solu-
tion (1:1, v/v) of different pH values and at different
potentials: pH 3.5 (0.2 V, 1.4 V), pH 6.8 (0.2 V, 1.2 V),
pH 9.5 (0.2 V, 1.2 V). All samples were electrolysed in
stirred solutions containing 5 x 10™* mol dm™* ZOP for
30 min.

MS and on-line EC/MS analysis

Mass spectrometer Agilent 1100 Series LC/MSD Trap
(Agilent Technologies, Palo Alto, CA, USA) with elec-
trospray ionization (ESI) was used for analysis of
electrolysed solutions of ZOP. Parameters of ESI source
working in the positive mode were as follows: capillary
voltage 2.4 kV, source temperature 150 °C, pressure of
desolvation gas 10 psi, desolvation gas flow rate 180 dm?
h™'. Nitrogen was used as desolvation gas and helium as
collision gas.

On-line electrochemistry/mass spectrometry measure-
ments were performed using ESA Conditioning cell 5021A

@ Springer

(ESA, Chelmsford, MA, USA) connected to the poten-
tiostat Detector ADLC 1 (Laboratorni pfistroje Praha,
Czech Republic). Working ZOP solution (5 x 107*
mol dm™®) in 1:1 (v/v) acetonitrile/ammonium acetate
buffer solution (pH 3.5, pH 6.8, and pH 9.5) was used for
on-line oxidation in the potential range from 0 to 0.8 V (vs.
Pd/H,).

Acknowledgments The authors gratefully acknowledge the finan-
cial support by the Ministry of Education, Youth and Sports of the
Czech Republic (project LO1305).

References

1. Beyquemont L, Mouajjah S, Escaffre O, Beaune P, Funkc-
Brentano CH, Jaillon P (1999) Drug Metab Dispos 27:1068
2. Tono MA, Jabor VAP, Bonato PS (2013) Anal Bioanal Chem
405:267
3. Jantos R, Vermeeren A, Sabljic D, Remaekers JG, Skopp G
(2013) Int J Legal Med 127:69
4. Tonon MA, Bonato PS (2012) Electrophoresis 33:1606
5. Largeron M, Fleury MB (1989) J Pharm Sci 78:627
6. Fernandez C, Gimenez F, Mayrargue J, Thuillier A, Farinotti R
(1995) Chirality 7:297
7. El-Shaheny RN, Alattas A, Nasr JJ, El-Enany N, Belal F (2012) J
Chromatogr B 907:49
. Mannaert E, Tytgat J, Daenens P (1997) J Anal Toxicol 21:208
9. Viré J-C, Zhang H, Quarin G, Patriarche GJ (1993) Talanta
40:313
10. Yilmaz S (2009) Colloids Surf B 71:79
11. The British Pharmacopoeia (2009) Her Majesty’s Stationary
Office, London (electronic version)
12. Paw B, Misztal G (2000) J Pharm Biomed Anal 23:819
13. Bouklouze AA, Viré J-C, Quarin GC, Kauffmann J-M (1994)
Electroanalysis 6:1045
14. Van Bocxlaer L, Meyer E, Clauwaert K, Lambert W, Piette M,
De Leenheer A (2006) J Anal Toxicol 1:52
15. Tonon MA, Jabor VAP, Bonato PS (2011) Anal Bioanal Chem
400:3517
16. Fernandez C, Gimenez F, Baune B, Maradeix V, Thuillier A,
Farinotti R (1993) J Chromatogr A 617:271
17. Foster RT, Caillé G, Ngoc AH, Lemko CH, Kherani R, Pasutto
FM (1994) J Chromatogr B 658:161
18. Lohmann W, Baumann A, Karst U (2010) LC-GC Europe 1:7
19. Jahn S, Karst U (2012) J Chromatogr A 1259:16
20. Jurva U, Wikstrom HV, Weidolf L, Bruins AP (2003) Rapid
Commun Mass Spectrom 17:800
21. Permentier HP, Bruins AP (2004) J Am Soc Mass Spectrom
15:1707
22. Chen H, Zhang Y, Mutlib AE, Zhong M (2006) Anal Chem
78:2413
23. http://www.drugbank.com [Online]
24. Smyth WF, Joyce C, Ramachandran VN, O’Kane E, Coulter D
(2004) Anal Chim Acta 506:203
25. Johansson T, Weidolf L, Jurva U (2007) Rapid Commun Mass
Spectrom 21:2323
26. Hrbac J, Halouzka V, Trnkova L, Vacek J (2014) Sensors
14:13943

e}


http://www.drugbank.com

Priloha 6

Electrochemical oxidation of tolterodine

Macikova, P.; Skopalova, J.*; Cankat, P.; Papouskova, B.; Strakova, R.;
Jirovsky, D.; Maier, V.

Electroanalysis 2013, 25, 205-212



Full Paper

ELECTROANALYSIS

Electrochemical Oxidation of Tolterodine

Pavla Macikova, Jana Skopalova,*® Petr Cankar,* Barbora Papouskovd,® Radka Strakovd,® David Jirovsky,”

Vitezslav Maier®

2 Regional Centre of Advanced Technologies and Materials, Department of Analytical Chemistry, Faculty of Science, Palacky

University, 17. listopadu 1192/12, 77146 Olomouc, Czech Republic

b Department of Analytical Chemistry, Faculty of Science, Palacky University, 17. listopadu 1192/12, 77146 Olomouc, Czech

Republic

¢ Department of Organic Chemistry, Faculty of Science, Palacky University, 17. listopadu 1192/12, 77146 Olomouc, Czech Republic

*e-mail: jana.skopalova@upol.cz
Received: July 20, 2012
Accepted: August 17, 2012
Published online: October 2, 2012

Abstract

The electrochemical behavior of tolterodine, an antimuscarinic drug used to treat urge incontinence and overactive
bladder, was investigated using cyclic and differential pulse voltammetry at glassy carbon electrode. Electrooxida-
tion of tolterodine proceeds as a complex two-step pH-dependent process. Controlled potential electrolysis of tolter-
odine solutions was performed at platinum gauze electrode in methanolic, aqueous-methanolic and acetonitrile
media. Electrolyzed solutions were analyzed using liquid chromatography with electrospray ionization quadrupole
time-of-flight mass spectrometry. 5S-Hydroxymethyl tolterodine, the main biologically active metabolite of toltero-
dine, was identified among monomeric oxidation products. Dimeric products, formed by oxidative coupling of phen-
oxy radicals, were found in all electrolyzed solutions. The mechanism of the electrochemical oxidation of tolterodine

has been proposed.

Keywords: Tolterodine, 5-Hydroxymethyl tolterodine, Mass spectrometry, Oxidation, Voltammetry

DOI: 10.1002/elan.201200388

1 Introduction

Tolterodine (Scheme 1a) is a muscarinic receptor antago-
nist used for the treatment of urinary urge incontinence
and other symptoms associated with an overactive blad-
der [1]. Two enantiomeric forms, (R)- and (S)-tolterodine,
exist providing different biological effects. While the opti-
cally pure (R)-isomer is useful for patients with urinary
incontinence that arises only from muscarinic hyperactivi-
ty, the (S)-isomer provides a weak sedative effect and
non-cholinergic spasmolytic activity against urinary and
intestinal spasms that arise from various mechanisms [2].
The most frequently used in pharmaceutical preparations
form is (R)-N,N-diisopropyl-3-(2-hydroxy-5-methylphen-
yl)-3-phenylpropanamine 1-hydrogen tartrate which is
commercially available as Detrol or Detrusitol. Toltero-
dine tartrate is a white crystalline powder well soluble in

U W 2
T
a b

Scheme 1. Chemical structures of tolterodine (a) and 5-hydroxy-
methyl tolterodine (b).

OHT
j/
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water (12 mgmL™') and methanol, slightly soluble in eth-
anol and practically insoluble in toluene. The pK, value is
9.87 [3].

Tolterodine is metabolized via two pathways in
humans. The first is an oxidation of the 5-methyl group in
the presence of cytochrome P450 2D6 to form pharmaco-
logically active 5-hydroxymethyl tolterodine (5-HMT,
Scheme 1b) which exhibits antimuscarinic activity similar
to the parent drug and contributes significantly to the tol-
terodine therapeutic effect [3]. The other way is a dealky-
lation of the nitrogen by cytochrome P450 3A4 to form
N-dealkylated tolterodine [4]. As compared with metabo-
lisms in animals, mice and dogs show similar metabolite
patterns as humans, such as 5-HMT consecutively trans-
formed to S-carboxylic acid metabolite of tolterodine (5-
CM) and N-dealkylated forms of these three substances.
The major metabolites in dogs and mice, 5-CM and N-
dealkylated 5-CM, were not detected in rat urine, but
other metabolites of tolterodine were found in rats
formed by hydroxylation of the unsubstituted benzene
ring. After oral administration in humans tolterodine is
rapidly absorbed and a terminal half-life is 2-3 h. Bio-
transformation takes place predominantly in the liver and
metabolites are excreted mostly in urine and partly in
feces [5].
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Chromatographic methods, especially high performance
liquid chromatography coupled to mass spectrometry
(HPLC/MS) [6-9] and HPLC with UV detection [10,11]
are most frequently used for the determination of toltero-
dine and its metabolites. Enantiospecific HPLC methods
were developed for the determination of (S)-enantiomer
impurities in (R)-tolterodine tartrate [12,13]. Gas chro-
matography/mass spectrometry (GC/MS) is applicable for
determination of tolterodine and 5-HMT after derivatiza-
tion [14]. A spectrophotometric method based on oxida-
tion and complexation of tolterodine tartrate has been
proposed for its analysis in pharmaceutical formulations
[15].

The formation of potential oxidative metabolites could
be mimicked using electroanalytical methods, which allow
fast detection of sites labile towards oxidation in a mole-
cule [16]. Electrochemical oxidation combined with chro-
matographic techniques and mass spectrometry can
detect metabolism products of drugs [17] or pesticides
[18]. An ionization technique of great compatibility with
electrochemistry is electrospray ionization [19,20]. To the
best of our knowledge, no electroanalytical study of tol-
terodine or its metabolites has been published yet.

In this paper, the electrochemical behavior of toltero-
dine was studied using voltammetric techniques. Con-
trolled potential electrolysis was used to prepare toltero-
dine oxidation products. Detection of the products was
performed by HPLC coupled to electrospray ionization
quadrupole time-of-flight mass spectrometry.

2 Experimental

2.1 Reagents

Racemic tolterodine tartrate was obtained from Zentiva,
Czech Republic. 5-Hydroxymethyl tolterodine was syn-
thesized from (R)-fesoterodine fumarate (99%, IS Chemi-
cal Technology, China). Methanol (p.a., Lach-Ner, Czech
Republic), acetonitrile (for HPLC gradient grade, Sigma-
Aldrich) and doubly distilled water (Elga, U.K.) were
used as solvents. Ammonium acetate (p.a.,>98.0%,
Lach-Ner, Czech Republic) and lithium perchlorate
(>98.0%, Fluka) served as electrolytes in methanol and
acetonitrile solutions, respectively. Britton-Robinson
(BR) buffers were prepared from trihydroxidooxidophos-
phorus phosphoric acid, acetic acid and boric acid trihy-
droxidoboron (0.04 molL™! each). Desired pH values
were adjusted with sodium hydroxide (0.2 molL ™).

2.1.1 Synthesis of 5-Hydroxymethyl Tolterodine

Fesoterodine fumarate (102 mg, 0.19 mmol) was dissolved
in ethanol (10 mL) and then aqueous ammonia 25% was
added (10 mL). A reaction mixture was stirred at room
temperature for 48 hours. A white precipitated solid was
filtered-off, washed with water, and dried in the air, pro-
viding 55 mg (83%).
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2.2 Voltammetric Measurements

Voltammetric measurements were performed on an Eco-
Tribo-Polarograph with Polar.Pro v. 4 software (Polaro-
Sensors, Prague, Czech Republic). A three-electrode
system involved a glassy carbon working electrode (GCE,
disk diameter 3.0 mm, Bioanalytical Systems, USA),
a platinum wire auxiliary electrode and a saturated calo-
mel reference electrode (SCE) for measurement in aque-
ous and methanolic solutions. A reference electrode con-
sisting of a silver wire immersed in 0.1 molL™ AgNO; in
CH;CN and separated from the bulk solution with
a porous ceramic frit was used for measurement in aceto-
nitrile solutions. The working electrode was polished
using 0.05 pym alumina slurry on wet microcloth (Buehler,
USA) and sonicated in distilled water for 10s before
each measurement. Cyclic voltammograms were recorded
at a scan rate of 100mVs™' or at different scan rates in
the range from 10 to 500 mVs™'. Differential pulse vol-
tammetry (DPV) measurements were performed at
a pulse amplitude of 50 mV, pulse width of 100 ms and
a scan rate of 20 mVs™'. All experiments were performed
in a low volume cell (maximum 2 mL).

2.3 Controlled Potential Electrolysis

The apparatus for controlled potential electrolysis consist-
ed of an OH-404 potentiostat (Radelkis, Budapest, Hun-
gary) with a three-electrode system: platinum gauze
working electrode, platinum auxiliary electrode placed in
a separate cathode compartment and reference SCE (for
methanolic and aqueous methanolic solutions) or refer-
ence electrode consisting of a silver wire immersed in
0.1 molL™" AgNO, in CH;CN and separated from the
bulk solution with a porous ceramic frit (for acetonitrile
solutions). The electrolysis was performed in three differ-
ent media at different values of constant potential: (i) in
acetonitrile with 12.5 mmolL™" LiClO, as the supporting
electrolyte at 0.2V, 0.7 V and 1.0 V, (ii) in methanol with
90 mmol L™' CH;COONH, at 0.2V, 0.7V and 1.0V, (iii)
in 1:1 by volume mixture of methanol and aqueous BR
buffer of pH 3.0 (at 0.50 V, 0.69 V and 0.86 V), pH 7.0 (at
0.20V, 043V, 0.58 V and 0.73 V) and pH 10.0 (at 0.10 'V,
0.28 V, 0.50 V and 0.61 V).

All samples were electrolyzed in stirred solutions con-
taining 1 mmolL™" (0.48 mgmL™") tolterodine tartrate in
a total volume of 1.6 mL until the current decreased to
a residual current value.

2.4 HPLC/MS Analysis

An Acquity UPLC system (Waters, Milford, MA, USA)
equipped with binary solvent manager, sample manager,
column manager and PDA detector was used. The sepa-
ration was performed on a chromatographic Vertex Plus
Column (50 mmx2 mm, 1.8 um) Blue Orchid (Knauer,
Berlin, Germany). The mobile phase consisted of
0.01 mol L' ammonium acetate aqueous solution (solvent
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A)/acetonitrile (solvent B), gradient elution (% v/v): 0-
Smin (10-80% B), 5-6 min (80% B), 6-7 min (80-10%
B) and 7-10 min (10% B). The mobile phase flow rate
was 0.4 mLmin!, the temperature of the autosampler
was 10°C and the column oven was set at 25°C. The in-
jection volume was 3 pL.

A QqTOF Premier mass spectrometer (Waters, Mil-
ford, MA, USA) coupled to the UPLC system was used
for confirmation of putative structures on the basis of de-
termination of elemental composition. Tuned electrospray
ionization (ESI) parameters for the mass spectrometer
were as follows: capillary voltage 3 kV (positive mode),
source temperature 100°C, sampling cone 30 V, desolva-
tion temperature 150°C, cone gas flow rate 38 Lh™! and
desolvation gas flow rate 450 Lh'. Nitrogen was used as
a desolvation gas and argon as a collision gas. The data
were acquired using simultaneous scanning at lower colli-
sion energy of 5eV and at higher energy using collision
energy ramp from 15 to 35 eV. Data were processed using
MassLynx 4.1 software (Waters).

3 Results and Discussion

3.1 Electrochemical Behavior of Tolterodine

The cyclic voltammogram of tolterodine in buffered
aqueous methanolic solution of pH 7.4 (Figure 1) shows
two anodic peaks at potentials of 480 mV (peak A) and
680 mV (peak B). No current response was observed in
the reverse cathodic branch of voltammograms indicating
irreversibility of the electrode process. Peak B appeared
also on the voltammogram of 5-HMT (Figure 1), preced-
ed by a current shoulder. It is therefore likely that the ox-
idation step manifested by peak B is common to both
substances. Peak A, absent on the voltammogram of 5-

— T T T T T T T T T ' T
0 200 400 600 800 1000 1200
ElmV (vs. SCE)

Fig. 1. Cyclic voltammograms of 0.1 mmolL™ tolterodine (—),
0.1 mmolL™" 5-HMT (- - - - - ) and supporting electrolyte 1:1
methanol/BR buffer pH 7.4 (-++), scan rate 100 mVs™.
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HMT, indicates the formation of this substance by the tol-
terodine oxidation at potentials corresponding to peak A.

The effect of the scan rate on tolterodine anodic CV
peaks was investigated in neutral aqueous buffered solu-
tions of pH 7.0 without methanol and with 50% of metha-
nol and in nonaqueous methanol/ammonium acetate solu-
tion. The height of both peaks, A and B, increases with
increasing scan rate in all media. The dependences of log
I,-log v were linear with slopes of 0.62 and 0.74 for peak
A and B, respectively, in aqueous solution, 0.5 and 0.75
for A and B, respectively, in aqueous/methanol mixture
and 0.34 and 0.23 for A and B, respectively, in methanol/
ammonium acetate. Slope values higher than 0.5, which is
the theoretical value for a purely diffusion controlled pro-
cess, show the influence of adsorption on the electro-
chemical oxidation of tolterodine, especially in aqueous
solutions. A tendency of tolterodine to adsorb onto the
GCE surface is suppressed in the presence of 50% metha-
nol. Slopes less than 0.5 in methanolic medium may result
from some kinetic process (e.g. dimerization) accompany-
ing the electrode reaction.

Both CV peaks shift to positive potentials with increas-
ing scan rate. The dependence of the peak potential E,
on log v measured in aqueous solutions can be approxi-
mated by straight lines with slopes of 15 mV and 60 mV
per log unit for peak A and B, respectively. The former
value conform a theoretically predicted potential shift for
a two-electron reversible electrode reaction followed by
an irreversible chemical reaction whereas the later one is
typical for a one-electron electrode reaction when both
reduced and oxidized forms are strongly adsorbed on the
electrode surface [21-23].

The oxidation of tolterodine is a pH-dependent pro-
cess. The number of current responses, their intensity and
potentials change with acidity of the solution as can be
seen in the voltammograms (Figure 2). In strongly acidic
media up to pH 5.5 only a well-developed peak A and
a small peak B can be observed. At pH>6.0 a third cur-
rent signal C appears at more positive potentials
(Figure 2, trace 2). The intensity of peaks B and C in-
creases with increasing pH (Figure 2, trace 3) and, at
pH >9, the peaks coalesce into a large and a well-defined
peak designated as B+ C (Figure 2, trace 4).

The potential-pH dependence measured in 1:1 metha-
nol/BR buffer solutions is shown in Figure 3. The poten-
tials of all three peaks, A, B and C, shifted to less positive
potentials with increasing pH. The slopes of the regres-
sion straight lines fitted to the E,—pH data were —63 mV/
pH unit for both peaks A and C. The potential shift of
peak B was —65 mV/pH unit in the pH range 3.2-8.0 and
—15mV/pH unit in the pH range 8.6-12.6. The slopes
close to the theoretical value of —59 mV/pH unit indicate
that the first oxidation step and the next two steps up to
slightly alkaline media involve the same number of elec-
trons and protons. The intersection point of the regres-
sion straight lines likely corresponds to the dissociation
constant of some tolterodine oxidation product (pK 8.5).
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Fig.2. DP (a) and linear sweep (b) voltammograms of 0.1 mmolL™" tolterodine in methanol/aqueous BR buffer solution (1:1) of
various pH: (1) pH 4.1; (2) pH 6.5; (3) pH 8.2; (4) pH 11.3. LSV scan rate 100 mVs™.
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Fig. 3. Dependence of DPV peak potential of tolterodine
(0.1 mmolL™") on pH for the anodic peaks A, B, C and the
merged peak B+C.

The current of anodic CV and DPV peaks of toltero-
dine remained almost unchanged with increasing pH up
to neutral pH (Figure 4). An increase of the current was
observed at pH>8. It was most remarkable for the CV
peaks B and C suggesting oxidation product(s) formed at
the potential of peak A can be more easily oxidized in al-
kaline media.

3.2 Controlled Potential Electrolysis and HPLC/MS
Analysis of Tolterodine Oxidation Products

For a more detailed characterization of the oxidation
products, we performed a series of experiments with con-
trolled potential electrolysis of tolterodine on the large
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Fig. 4. Peak current—pH dependence of tolterodine anodic CV
(a) and DPV (b) peaks: A (squares), B (circles) and C (trian-
gles). Tolterodine concentration 0.1 mmolL™, CV: scan rate
100 mVs™'; DPV: scan rate 20 mVs™', pulse amplitude 50 mV,
pulse width 100 ms.

surface Pt electrode in methanol/aqueous BR buffer solu-
tions (pH 3.5, 7.0 and 10.0), methanol/ ammonium acetate
and acetonitrile/lithium perchlorate systems. The nonaqu-
eous medium was used in order to suppress the adsorp-
tion of oxidation products on the electrode surface. The
controlled potential values suitable for exhaustive elec-
trolysis were chosen according to courses of tolterodine
cyclic voltammograms recorded in different media and
pH. In aqueous methanolic media, lower potential values
(0.69V, 043V and 0.28 V at pH 3, pH 7 and pH 10, re-
spectively) corresponded to the potential of peak A,
higher potentials (0.86 V, 0.58 V and 0.50 V at pH 3, pH 7

Electroanalysis 2013, 25, No. 1, 205-212
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Fig.5. MS spectra of tolterodine (a), S-HMT (b) and products of tolterodine oxidation OP1 (c), OP2 and OP3 (d), OP4 (e), OPS (f),
OP6 (g) and OP7 (h) acquired after electrolysis (at 0.2 V for tolterodine, at 0.7 V for OP1, OPS, OP6 and OP7 and at 1.0 V for OP2,
OP3 and OP4) with Pt-electrode in acetonitrile/LiClO, solutions. Spectra (f-h) were acquired at lower collision energy (5 eV), spectra
(a)-(e) were acquired at higher energy using collision energy ramp from 10 to 40 eV without precursor ion selection.

and pH 10, respectively) to peak B and the highest
(0.78 V and 0.61 V at pH7 and pH 10, respectively) to
peak C. Potentials of 0.7V and 1.0 V corresponding to
peaks A and B, respectively, were used in nonaqueous
media. Electrolyzed solutions of tolterodine were directly
analyzed using a liquid chromatography system connected
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to an electrospray ionization quadrupole time-of-flight
mass spectrometry. In order to eliminate the influence of
nonelectrolytic reaction of tolterodine, the chromato-
grams and mass spectra of electrolyzed solutions were
compared to those of control samples. The control sam-
ples were obtained by electrolysis of tolterodine solutions
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Table 1. HPLC/MS analysis of tolterodine and its oxidation products.

Compound tg (min) [M+H]" (m/z) Molecular formula Error (ppm)
Tolterodine 2.8 326.2483 C,H;,NO -0.3
5-HMT 2.0 3422432 C,,H,NO, —0.3
OP1 2.0 342.2430 C,H,,NO, ~0.9
oP2 1.9 3422443 C,,H,,NO, 2.9
OP3 2.1 3422436 C,,H,,NO, 0.9
OP4 2.4 340.2271 C,,Hy,NO, ~16
OP5 (dimer) 3.6 649.4725 C,HgN,O, -12
OP6 (dimer) 48 649.4738 C.HgN,O, 0.8
OP7 (dimer) 3.8 647.4580 C.HyN,0, 0.5

at potentials of 0.1 V, 0.2V and 0.5V for pH 10.0, pH 7.0
and pH 3.5, respectively. The potential of 0.2 V was used
also for methanolic and acetonitrile media. Under these
conditions no electrochemical reaction of tolterodine pro-
ceeded.

HPLC/MS analysis of tolterodine control samples as
well as tolterodine standard solution resulted in a peak
with retention time (tz) of 2.8 min and a molecular ion
[M+H]* at m/z 326. The fragmentation spectrum of tol-
terodine (Figure 5a) shows fragment ions at m/z 284 (loss
of a propyl group from the amine), at m/z 197 (cleavage
of N-ethyl-N,N-diisopropylamine group) and the most in-
tensive ion at m/z 147 (cleavage of the N,N-diisopropyla-
mine group together with the unsubstituted phenyl ring
and a hydrogen). The fragmentation spectrum of toltero-
dine corresponds to the spectrum reported in the litera-
ture [7].

HPLC/MS analysis of all solutions electrolyzed at the
potential of peak A revealed an oxidation product OP1
with #z 2.0 min (Table 1). The MS spectrum of this prod-
uct is identical to the spectrum of 5-HMT standard (Fig-
ure 5b,c) and corresponds to the spectrum reported in
the literature [7]. The highest amount of OP1 was found
in acetonitrile and buffered acidic solutions.

Other two polar products OP2 and OP3 with #z 1.9 min
and 2.1 min, respectively, were observed in the chromato-
grams of all solutions electrolyzed at lower potentials.
Mass spectra of both products are identical (Figure 5d)
and provide molecular ion at m/z 342 like the 5-HMT
(Table 1). The most intensive fragment ion at m/z 137 cor-
responds to an ion with two oxygen and two methyl
groups bonded on the benzene ring. It proves that OP2
and OP3 are regioisomers of tolterodine hydroxy deriva-
tives with hydroxyl groups bonded to the methyl substi-
tuted aromatic ring. According to the retention data it
can be estimated that the more polar OP2 product bears
the hydroxyl group probably in position 4, the less polar
OP3 in position 6 (Scheme 2).

Product OP4 (tz 2.4 min) was found in solutions elec-
trolyzed at the potential of peak B in acetonitrile and
buffered acidic solutions only. The fragmentation spec-
trum of this product (Figure Se) reveals a molecular ion
[M+H]" at m/z 340 and a main fragment ion at m/z 211
corresponding to the cleavage of the diisopropylamine
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moiety and a C=0O group. Therefore, OP4 is proposed to
be an aldehyde that is formed by oxidation of the 5-
HMT. Exact mass and calculated elemental composition
confirms this supposition (Table 1).

In addition to the above mentioned products that are
more polar than the parent tolterodine, there were also
found less polar oxidation products in all electrolyzed sol-
utions. Products OP5 and OP6 with #; 3.6 min and
4.8 min, respectively, have the same molecular ion at m/z
649 (Table 1). On the mass spectra of both substances
(Figure 5f, g) there is an abundant ion at m/z 325 that ap-
pertain to a doubly charged molecular ion [M+2H]**. Tt
proved that both species are dimers of tolerodine. The
more polar OPS5 is likely formed by oxidative carbon—
carbon coupling while the less polar OP6 could be a prod-
uct of carbon—oxygen coupling of two phenoxy radicals
that arise from one-electron oxidation of tolterodine. A
compound co-eluted with OP5 (molecular ion at m/z 665
and [M+2H]*" at m/z 333, Figure 5f) correspond to an
analogous dimer formed by the coupling of 5-HMT and
tolterodine phenoxy radicals.

A dimer product OP7 (tz 3.8 min) at m/z 647 was ob-
served in acetonitrile electrolyzates, (Figure 5h). The ab-
sence of two hydrogens in its elemental composition
(Table 1) calculated from the exact mass suggests that
OP7 can be formed by electrooxidation of the OPS5. Less
polarity of OP7 compared to OPS5 supports this supposi-
tion.

Electrolysis of tolterodine provided some side reactions
with the nonaqueous solvents. By-products of tolterodine
acetamidation [24] with molecular ion at m/z 383 were
observed in acetonitrile/lithium perchlorate solutions.
Similarly, 5S-methoxymethyl tolterodine (zz 2.5 min, [M +
H]* 356 m/z) was found as a co-product obtained by elec-
trolysis in acid aqueous methanolic solution at potential
of the peak A.

3.3 Mechanism of Electrochemical Oxidation of
Tolterodine

According to results obtained from voltammetry and con-
trolled potential electrolysis combined with HPLC/MS
analysis we proposed the following mechanism of electro-
chemical oxidation of tolterodine (Scheme 2). In the first
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Scheme 2. Proposed mechanism of electrochemical oxidation of tolterodine.

reaction step (peak A) one-electron oxidation may lead
to formation of benzyl radical (1) which can be further
oxidized to benzylium cation [24] and hydrolyzed to pro-
duce 5-HMT (OP1). Other possible resonance forms of
the benzyl radical (2, 3) can also be oxidized resulting in
the products OP2 and OP3. Concurrently, one-electron
oxidation of tolterodine may produce the phenoxy radical
(4) which can dimerize [25] to form the products OP5
and OP6. Deprotonation of the hydroxyl group on the ar-
omatic ring facilitates formation of a phenoxy radical and
consequently formation of dimers. It corresponds to the
increase of the current of peak A in alkaline solutions
(Figure 4).

In the second reaction step OP1 is oxidized to corre-
sponding aldehyde (OP4) resulting in the peak B. This re-
action is well detectable in acidic solutions. In neutral and
alkaline media, deprotonation of hydroxy derivatives
formed in the first step boosts formation of phenoxy radi-
cals which can react together to form dimers. Their subse-
quent oxidation may result in oligomers or quinone struc-
tures (OP7). Therefore an increase of the current of peak
C can be observed. Adsorption of dimers/oligomers and
quinone products evidenced in the voltammetric experi-
ments causes electrode fouling and complicates electrode
reactions.
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4 Conclusions

Combination of voltammetric methods and controlled po-
tential electrolysis with HPLC/MS separation and iden-
tification of the reaction products is a very powerful tool
for elucidation of a quite complex process such as electro-
chemical oxidation of tolterodine. Results of this study
demonstrate that electrochemical reactions can partly
mimic the metabolic transformation of tolterodine which
proceeds in living organisms. The proposed reaction
mechanism can be used to develop sensitive electroana-
lytical methods for determination of this drug. The exper-
imental approaches presented in this paper could be ap-
plied to study oxidation mechanisms of other structurally
related compounds and eventually to electrosyntheses of
selected metabolites involved in their oxidative (bio)-
transformation.
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The electrochemical behavior of fesoterodine (FES), an antimuscarinic drug used for the treatment of urge
incontinence and overactive bladder, was investigated using linear sweep and cyclic voltammetry at a
stationary and rotating disc glassy carbon electrodes. A single two-electron anodic signal of FES was
observed in neutral buffered aqueous methanolic solutions. Kinetics of alkaline hydrolysis of FES to its
active metabolite 5-hydroxymethyl tolterodine was investigated by time dependent linear sweep
voltammetry. Controlled potential electrolysis of FES solutions was performed at platinum gauze
electrode in aqueous-methanolic media. Electrolyzed solutions were analyzed using ultra performance
liquid chromatography with electrospray ionization quadrupole time-of-flight mass spectrometry. Two
main products of electrochemical oxidation of fesoterodine were identified as 5-formyl fesoterodine
(isobutyric acid 2-(3-diisopropylamino-1-phenyl-propyl)-4-formyl-phenyl ester) and N-desisopropy-
lated fesoterodine (isobutyric acid 4-hydroxymethyl-2-(3-isopropylamino-1-phenyl-propyl)-phenyl
ester). The mechanism of the electrochemical oxidation of FES has been proposed and confirmed

using on-line electrochemistry/mass spectrometry with porous glassy carbon electrode.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Fesoterodine fumarate (FES, 1 in Scheme 1) is a muscarinic
receptor antagonist used for the treatment of urinary urge
incontinence (UUI) and other symptoms associated with an
overactive bladder. This drug also increases functional bladder
volume [1]. Isobutyric acid 2-((R)-3-diisopropylammonium-1-
phenylpropyl)-4-(hydroxymethyl) phenyl ester hydrogen fuma-
rate (IUPAC) is the form of FES used in pharmaceutical preparations
commercially available under the trade name Toviaz. Fesoterodine
fumarate is white to off-white powder freely soluble in methanol
(574 mg cm—3), water (542 mg cm>3), acetone (205 mg cm>), 0.9%
NaCl solution (551 mgcm3), very slightly soluble in toluene
(0.14mgcm~3) and practically insoluble in heptane (0.03 mg
cm~3). The melting point of FES is 105 °C and the pK, value is
(10.31 +£0.01) at 23.4°C [2].

* Corresponding author. Tel.: +420 585634442; fax: +420 585634433.
E-mail address: jana.skopalova@upol.cz (J. Skopalova).

http://dx.doi.org/10.1016/j.electacta.2015.01.190
0013-4686/© 2015 Elsevier Ltd. All rights reserved.

According to recent studies, fesoterodine, a novel drug, proves
superior efficacy in treatment of UUI over an older antimuscarinic
drug tolterodine [3,4]. With tolterodine, FES shares the main
active metabolite, 5-hydroxymethyl tolterodine (5-HMT, 2 in
Scheme 1). After oral administration, FES is hydrolyzed in plasma
by nonspecific esterases to 5-HMT, which is further metabolized
principally via cytochromes P450 2D6 and P450 3A4 in the liver to
its inactive metabolites — namely carboxy, carboxy-N-desisopropyl
and N-desisopropyl metabolite [5]. All of the pharmacodynamic
effects of FES in human body are thought to be mediated via
5-HMT [6].

Knowledge of drug stability is important not only for the
pharmaceutical application but also for its analysis. It can
prevent incorrect interpretation of the results. The stability of
FES was investigated under acidic, basic, thermal, oxidative, and
photolytic stress conditions. 10 % and 32 % of the drug was
degraded after 6h in 1M HCl and 2 M HCI, respectively, 100 %
after 36 h in 2M HCI. FES was found to be highly susceptible to
alkaline hydrolysis (Scheme 1) as its complete degradation
occurred already after 15 min in 0.01 M NaOH (95 % after 10 min).
FES was quite stable under oxidative conditions (in 2% H,0,).
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Scheme 1. Hydrolysis of fesoterodine (1) to 5-hydroxymethyl tolterodine (2).

Under thermal conditions, 17 % of FES was degraded after 36 h at
60°C. UV-A light (365 nm) had no significant photodegradation
effect on FES. On the other hand, its exposure to UV-C light
(254nm) for 6h resulted in full degradation (for 45 min 60%
degradation). The main degradation product was 5-HMT (m/z
342), minor products with m/z 356, 175, 284, 365 and 393 were
also formed and identified using LC/ESI-MS [7]. Its photo-
degradation products appeared at m/z 265, 284, 293, 311, 342,
365 and 370 [8].

A limited number of publications have been focused on the
determination of FES. Sangoi et al. developed methods for its
determination in pharmaceutical formulations using liquid chro-
matography-tandem mass spectrometry with positive electro-
spray ionization (LC-ESI-MS/MS) [9], second-order derivative UV
spectrophotometric method [10] and capillary zone electrophore-
sis [11]. Parekh at al. carried out the first simultaneous
determination of FES and 5-HMT in human plasma samples using
LC-ESI-MS/MS [12].

Combination of electrochemical methods with LC/MS identifi-
cation of reaction products is increasingly used for the study of
electrochemical oxidation pathways of various drugs [13-16]. LC/
ESI-MS has been recently used for elucidation of electrochemical
oxidation of the structurally related drug tolterodine [17]. To the
best of our knowledge, no electroanalytical study of FES has been
published yet. In this work, electro-oxidation of FES was studied
using voltammetric techniques and coulometry. Controlled poten-
tial electrolysis was used for the preparation of FES oxidation
products (OP) and ultra performance liquid chromatography with
electrospray ionization mass spectrometry (UPLC/ESI-MS) for their
identification.

2. Experimental
2.1. Reagents

(R)-fesoterodine fumarate (99%) was obtained from IS Chemical
Technology, China. 5-hydroxymethyl tolterodine was synthesized
from (R)-fesoterodine fumarate [17]. Methanol (p.a., Lach-Ner
Czech Republic), acetonitrile (HPLC gradient grade, Sigma-Aldrich,
Czech Republic), ammonium acetate (p.a., >98.0%, Lach-Ner Czech
Republic) and ultrapure water (Merck Millipore, Darmstadt,
Germany) were used. Britton-Robinson (BR) buffers were prepared
from phosphoric acid, acetic acid and boric acid (0.04 moldm 3
each, analytical grade, Lachema, Czech Republic), pH values were
adjusted with 0.2M NaOH (analytical grade, Lach-Ner Czech
Republic). Ammonium formate buffer solutions were prepared
from 0.1 mol dm~3 formic acid (p.a., for HPLC, 50% in water, Fluka)
and ammonia (p.a, 25% in water, Lach-Ner Czech Republic).
Aqueous calibration standards Duracal, pH 4, 7 and 10 (Hamilton,
Bonaduz, Switzerland) were used for calibration of a pH-meter
inoLab720 pH with a combined glass electrode SenTix41 (all WTW,
Weilheim, Germany).

2.2. Voltammetric measurements

Voltammetric measurements were performed using Autolab
PGSTAT128N with 663 VA Stand and NOVA 110 software
(Metrohm Autolab, the Netherlands). A three-electrode system
consisted of a glassy carbon working electrode (GCE, Bioanalytical
Systems, USA, disk diameter 3.0 mm, surface area 0.077 cm?) or
rotating GCE (Metrohm, disc diameter 2.0 mm, surface area
0.033cm?), a platinum wire auxiliary electrode and a saturated
calomel reference electrode (SCE). The surface area of the working
electrodes was estimated by voltammetry of 5mmoldm—3
potassium ferrocyanide in 0.1mol dm > potassium chloride
(diffusion coefficient 0.656 x 10~>cm?s~! [18]). The working
electrodes were polished with 0.05um alumina slurry on wet
microcloth (Buehler, USA) and sonicated in distilled water for 10s
before each measurement. Linear sweep (LSV) and cyclic
voltammograms (CV) were recorded at a scan rate of 100mVs~!
or at arbitrary scan rates ranging from 5 to 500mVs~! where
appropriate. Hydrodynamic measurements were carried out with
angular velocity ranged from 52 rad s~! to 314 rad s—! and scan rate
5mV s~ All experiments were performed in supporting electro-
lytes containing BR buffer solution of desired pH and methanol
(1:1, v/v). To obtain convolution voltammograms LSV data were
processed using eL-Chem Viewer software [19].

2.3. Controlled potential electrolysis

An apparatus for controlled potential electrolysis consisted of
an OH-404 potentiostat (Radelkis, Budapest, Hungary) with a
three-electrode system: platinum gauze working electrode
(a cylinder 8 mm high and 8 mm diameter, surface area 11 cm?),
platinum auxiliary electrode placed in a separate cathode
compartment and reference SCE. The electrolysis was performed
at various values of constant potential in supporting electrolyte
containing aqueous BR buffer solutions of pH 4 or 7 and methanol
(1:1, v/v) under nitrogen atmosphere. The potential values 500,
1000 and 1150 mV were chosen for pH 4 and 200, 600 and 1000 mV
for pH 7. All samples were electrolyzed in stirred solutions
containing 0.5 mmoldm > fesoterodine fumarate (0.26 mgcm3)
in a total volume of 1.2cm> until the current decreased to its
residual value.

Controlled potential coulometry was performed on Autolab
PGSTAT128N (Metrohm Autolab) with a three-electrode system
comprising of spectral graphite rod as a working electrode (surface
area 5.42 cm?), reference SCE and Pt auxiliary electrode placed in a
cathode compartment separated from the anode part by a vycor
frit. Supporting electrolyte containing BR buffer solutions of pH
7 and methanol (1:1, v/v) was electrolyzed at potential 1000 mV
until the current reached its residual value (typically 3 pA). Then
0.05 mg of fesoterodine fumarate was added (c=0.1 mmol dm3)
and the solution was electrolyzed at 900 mV for about 2 h to reach
the residual current value.
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2.4. UPLC/MS analysis

An Acquity UPLC system (Waters, Milford, MA, USA) equipped
with a binary solvent manager, sample manager, column manager
and PDA detector was used. Separation was performed on a
chromatographic Vertex Plus Column (50 mm x 2 mm, 1.8 pm)
Blue Orchid (Knauer, Berlin, Germany). Mobile phase consisted of
0.01 mol dm~3 ammonium acetate in water (solvent A)/acetonitrile
(solvent B), gradient elution was performed (% v/v): 0-5min
(10-80% B), 5-6 min (80% B), 6-7 min (80-10% B) and 7-10 min
(10% B) with flow rate 0.4cm>min~', the temperature of the
autosampler and the column oven was 20°C and 25°C, respec-
tively. The injection volume was 0.02 cm®.

A QqTOF Premier mass spectrometer (Waters, Manchester, UK)
coupled to the UPLC system provided elemental composition to
confirm putative structures. The tuned electrospray ionization
(ESI) parameters were as follows: spray voltage 3 kV (positive
mode), source temperature 100°C, sampling cone 30V, desolva-
tion temperature 150°C, cone gas flow rate 38 dm>h~! and
desolvation gas flow rate 450 dm>h~'. Nitrogen was used as a
cone and desolvation gas, argon as a collision gas. Data were
acquired using simultaneous scanning at lower collision energy
(5eV) and at higher energy applying collision energy ramp from
15 to 35eV. Data were processed using MassLynx 4.1 software
(Waters).

2.5. EC/MS experiment

Electrochemical oxidation of FES with on-line mass spectro-
metric detection of its oxidation products (EC/MS) was performed
as follows: Potentiostat ADLC1 (Laboratorni pfistroje, Prague,
Czech Republic) with Model 5021A conditioning cell (ESA,
Chelmsford, MA, USA) containing porous glassy carbon working
electrode, Pd counter and a Pd/H, reference electrode, were used
for FES oxidation at potentials 0, 400, 600, 700, 800 and 900 mV.
Sample solutions consisting of supporting electrolyte: 0.1 mol
dm—> ammonium formate buffer solution (pH 5.5, 7.0 or 9.0)/
methanol (1:1, v/v) and 0.1 mmoldm > FES were continuously
infused into the electrochemical cell using NE-1002X syringe
pump (New Era Pump Systems, Farmingdale, NY, USA) with flow
rate 8 mm> min . The stainless steel outlet tubing of the ESA cell
was connected to the inlet of mass spectrometer via a coupler
assembly (ESA Inc.). Agilent 1100 Series LC/MSD Trap (Agilent
Technologies, Palo Alto, CA, USA) with electrospray ionization (ESI)
interface was employed. ESI-MS conditions were as follows:
positive ion mode, drying gas (N,) flow rate 5 dm>min~, drying
temperature 250°C, nebulizer pressure 12 psi, capillary voltage
—3.5kV and an end plate offset —0.5kV. Helium was used as a
collision gas. Data were processed using DataAnalysis 3.3 software
(Bruker Daltonik, Bremen, Germany).

3. Results and discussion

3.1. Electrochemical behavior of fesoterodine and its stability at
various pH values

The cyclic voltammogram of FES (Fig. 1) in supporting
electrolyte consisted of BR buffer solution pH 7.4 and methanol
(1:1, v/v) shows one anodic peak at the potential of 750 mV. No
current response was observed in reverse cathodic branch of
voltammogram even if the potential was switched just behind the
oxidation peak (at 820 mV), which indicates irreversibility of the
electrode process. The wave-shaped cathodic branch of voltammo-
gram suggests the presence of homogenous chemical reaction
following the electron transport (EC mechanism) [20].

T T T T T T T T T T T 1
0 200 400 600 800 1000 1200
Evs. SCE/ mV

Fig. 1. Cyclic voltammogram of 0.1 mmoldm > fesoterodine (solid line) and
supporting electrolyte 1:1 methanol/BR buffer pH 7.4 (dot line), scan rate
100mVs~ . The dash line represents cyclic voltammogram when the polarity
was switched behind the oxidation peak (at 820 mV).

The stability of FES was investigated in neutral and alkaline
solutions (pH 7, 9.5 and 12). Linear sweep voltammograms were
recorded in different time intervals after mixing of FES stock
solution in methanol with buffer solution. In the pH 7 the solution
of FES provided a single oxidation peak at the potential of 780 mV
(Fig. 2a) in all time intervals up to 25 h. A slight drop in the peak
current (by 9 % in the first hour) resulted most likely from
adsorption of FES on inner surface of the electrochemical cell.
Adsorbability of the drug was confirmed by the following

| | |
400 600 800
E/mV

Fig. 2. Linear sweep voltammograms of 0.1 mmol dm 3 fesoterodine and 0.2 mmol
dm~3 5-hydroxymethyl tolterodine (- - -) in BR buffers pH 7 (a), 9.5 (b) and 12 (c).
LSV of the supporting electrolyte methanol/BR buffer 1:1, v/v ( ). FES solution
was measured immediately after mixing of FES stock solution in methanol with BR

buffer (O min, ----) and after 180 min (180 min, ), scan rate 100mVs~".

|
0 200
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experiment. The polished glassy carbon electrode was left in the
0.1 mmoldm™3 FES solution for five minutes. Then the electrode
was properly washed by distilled water and transferred into pure
electrolyte where the voltammetric peak of FES was recorded
proving adsorption of the drug on the electrode surface.

In the solutions of pH 9.5 and pH 12 a new voltammetric peak at
lower potential (450 mV and 350 mV, respectively) was recorded in
addition to the FES peak at 660mV and 580 mV, respectively
(Fig. 2b and c). The new peak obtained in 180 min corresponds to
the first oxidation signal of 5-hydroxymethyl tolterodine (5-HMT;
480 mV and 320 mV for pH 9.5 and 12, respectively; Fig. 2) which is
the main metabolite of FES. Obviously, FES hydrolyzes to 5-HMT in
alkaline solutions (Scheme 1) which is in agreement with
literature [7]. The intensity of the new peak increased with time
and reached the steady state values 80 nA and 1.3 A for pH 9.5 and
pH 12 (Fig. 3), respectively. In neutral solution of pH 7 (Fig. 2a), no
peak of 5-HMT was observed on the voltammogram even after 25 h
proving the stability of FES under these conditions.

The evolution of 5-HMT peak current in time (Fig. 3) enabled to
evaluate the kinetics of alkaline hydrolysis of FES ester bond
(Scheme 1). The ester hydrolysis is generally the second order
reaction and its rate depends on concentration of both reactants
[21]. Assuming the constant concentration of hydroxide (which is
at pH 12 in hundredfold excess compared to FES concentration
0.1 mmol dm~3) the second order reaction can be simplified to the
pseudo first order reaction [21]. Under this assumption, the rate
constant of FES hydrolysis was calculated from the equation y=a
(1-e *%)+c, where y is the peak current of 5-HMT in time t,a is
the limit value of 5-HMT peak current, k; is the rate constant and ¢
is the 5-HMT peak current in time Os [22]. The rate constant was
(ke £5)=(117 £0.05) x 1035~ ' at (23 £ 1) °C. Calculated half-time
of FES hydrolysis (10 min) is in accordance with the literature data
[7] considering that the content of 50% methanol used in our
experiment can slow down the FES hydrolysis.

The influence of the scan rate on the CV response of FES was
evaluated in methanol/aqueous BR buffer solution of pH 7.4 (1:1, v/
v) (see Supplementary Information file). The anodic current peak
of FES increased linearly with the square root of scan rate in the
range 5-500mVs~. The log i, —logv (i, in nA, v in mVs™")
dependence was linear with the slope 0.49, which indicated
diffusion controlled process. The FES oxidation peak shifted to
more positive potential values with increasing scan rate. The
E, —log v dependence was linear and its slope 41 mV per log unit.
Assuming a totally irreversible system, for which Ej, is shifted in a
positive direction by 1.15RT/«F for tenfold increase in v [23] the

1500

1000

/I nA

500 +

0 1000 2000 3000
tls

Fig. 3. Time evolution of CV peak of 5-hydroxymethyl tolterodine formed by
hydrolysis of 0.1 mmol dm~> FES in methanol/aqueous BR buffer solution of pH 12

(1:1, v/v), scan rate 100mVs~".

value of charge transfer coefficient a=0.72 (at 23°C) was
calculated. Similar value a=0.71 was obtained also from the
equation

E, — Ep;o = 1.857RT/alF, 1)

where Ep; is the potential where the current is at half the peak
value [23].

The calibration dependence of FES anodic response was
measured by LSV in the range from 0.01 to 1.0mmoldm~ in
methanol/aqueous BR buffer solution pH 7.4 (1:1, v/v). The
dependence was linear up to 0.1 mmoldm—> with the slope
(8.18 £0.05) A dm> mmol !, and the intercept (0.022 +0.003) p.A
and the coefficient of determination equal to 0.9998. The linearity
in the measured range confirmed diffusion controlled electrode
process. Slight distortion of calibration curve observed at concen-
trations ranging from 0.1 to 1mmoldm— (see Supplementary
Information file) is due to adsorption of FES on the electrode
surface as it was described above.

The oxidation of FES is pH-dependent (Fig. 4). No response was
observed in strongly acidic media. A distinguishable oxidation
peak evolved at pH >4 and its current increased up to pH 7.5. For
pH > 7.5, the FES current response had not any specific trend and its
height ranged possibly due to fast hydrolysis from 2.0 to 2.5 pA.

FES peak potentials shifted to lower values with increasing pH
up to pH 10 (Fig. 4). The regression straight line fitted to the E,—-pH
dependence had the slope values (-62+3)mV pH~! in the pH
range 4-10. The slope close to the theoretical value —59 mV pH !
indicates that the number of protons and electrons are equal. In
more alkaline buffer solutions (pH > 10) peak potential was almost
constant. The break point at pH 10 could correspond to the
apparent dissociation constant of FES (pK=10.31) [2].

Investigation of FES oxidation behavior using LSV with rotating
disc electrode supported the results of CV study and yielded some
new information. Fig. 5 shows a set of voltammograms recorded
with FES solutions at different pH. As in LSV with stationary
electrode, the limiting current increased with increasing pH
reaching the maximum in alkaline solutions. Simultaneously, the
steepness of the curves increased indicating higher reversibility of
the electrochemical process. Dependence of limiting current on
square root of rotation velocity (inset of Fig. 5) shows a nonlinear
course typical for kinetically controlled process in acidic media
whereas linear course obtained in neutral and alkaline solutions
reflects diffusion character of the current. Moreover, in alkaline
media a new oxidation wave revealed at more positive potentials
which was not distinguishable on the LSV with stationary

1000
-2
800+
E =~
= B
600
T T T T T 0
4 6 8 10 12
pH

Fig. 4. Dependence of fesoterodine CV peak current (@) and potential () on pH.
Concentration of FES: 0.1 mmoldm—3, methanol/BR buffer (1:1, v/v), scan rate:
100mvs~.
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electrode. As the pH was raised, the half-wave potential of this
second wave shifted toward a less positive potential by about
—8mV pH~! and its limiting current increased. This current wave
appertained most likely to the oxidation of some product formed
on the electrode at lower potentials.

Number of electrons n involved in electrode process was
determined by constant-potential coulometry. Total charge passed
through the electrolytic cell with spectral graphite rod electrode
and 0.1 mmol dm~3 FES solution in BR buffer pH 7 and methanol
(1:1) of total volume 1cm?® was 0.0182C. That corresponds to
1.89 electrons exchanged per FES molecule indicating two-electron
oxidation.

The same number of electrons was also confirmed using
convolutive procedure [24] applied on linear sweep voltammo-
grams recorded at 10 and 50 mV s~ . For convolution, the digitized
voltammetric data were first transformed into dimensionless form
using Eq. (2) [19]

i -—9_ @)
FAC\/%FTT’

where Y(t) is the dimensionless current, I(t) is the current data in
studied voltammogram (A), F is Faraday constant (Cmol™!), A
electrode area (cm?), ¢ concentration (molcm3), D diffusion
coefficient (cms™1), v scan rate (Vs~!), R universal gas constant
(JKmol~1) and T thermodynamic temperature (K). Afterwards, the
dimensionless data were transformed into numerical semi-
integrated form using the Eq. (3) [25]:

Ljiq’(jm_%m)
v (k—j+ 3)

where W(k) is an array which contains the dimensionless current
data, k is the index of each individual reading contained in the array
Y(k), At is the time between readings of dimensionless current
and j represents any value from O up to k.

The above described convolution results in a wave-like
response, the height of which represents the number of electrons
n. The slope of linear regression function fitted to the RDE data of
iim — @'? dependence at pH 7 were used for estimation of
diffusion coefficient from the Levich Eq. (4) [26]:

J(kA) = (3)

il uA

T T T T 1
400 600 800 1000 1200 1400
ElmV

Fig. 5. Linear sweep voltamograms of 0.1 mmol dm > fesoterodine recorded with
RDE in methanol/aqueous BR buffer solution (1:1, v/v) of various pH values (denoted
as a number at respective curves, 0 - supporting electrolyte: methanol/BR buffer pH
4). Rotational velocity: 209rads™!, scan rate: 5mVs~". Inset: dependence of
fesoterodine limiting current on the square root of rotational velocity at pH 5.5 (@),
pH 7 (M) and pH 10, 15 wave (A). All voltamograms were measured immediately
after mixing of FES with the supporting electrolyte.

iy = 0.62nFAD*3v=1/5¢'/2c = Bw'/?, (4)

where v is kinematic viscosity and ¢ bulk concentration of
electroactive species. For electrode area A=0.033 cm?, kinematic
viscosity v=0.01676 cm? s~ ! for water/methanol mixture (1:1, v/v)
at 298.15K [27], bulk concentration of FES 1 x 10"’ molcm™3 and
the slope of ijjm—-w'? dependence B=(9.98 +0.30) x 108 A rad"/
2512 at pH 7, the diffusion coefficient value D =(1.45 +0.07) x 10
—6em25-1 was calculated. The convolution wave heights corre-
sponding to number of electrons obtained using this diffusion
coefficient were n=2.1 and n=2.2 for scan rates 10mVs~! and
50mV s}, respectively (see Supplementary Information file).

3.2. Controlled potential electrolysis and UPLC/MS analysis of
fesoterodine oxidation products

Series of experiments with controlled potential electrolysis of
FES were performed on a large surface Pt electrode in methanol/
aqueous BR buffer solutions of pH 4 and 7 to characterize oxidation
products. Higher pH was not used due to considerable lability of
FES in alkaline media. The potential values suitable for exhaustive
electrolysis were selected according to the current peak position in
cyclic voltammograms recorded at both pH values (1000 and
1150 mV for pH 4 and 600 and 1000 mV for pH 7). Electrolyzed
solutions of FES were directly analyzed using UPLC/ESI-MS. In
order to eliminate the influence of nonelectrolytic reaction of FES,
the chromatograms and mass spectra of electrolyzed solutions
were compared to control samples. They were obtained by
electrolysis of FES solutions at potentials of 500 and 200 mV for
pH 4 and 7, respectively. Under these conditions no electrochemi-
cal reaction of FES proceeded.

FES control samples and FES standard solution rendered a peak
with retention time (tg) of 3.0 min and an ion [M+H]" at m/z 412
(Fig. 6a) providing fragment ions at m/z 370 (loss of propene,
cleavage of bonds a or ¢), m/z 342 (loss of propene and CO, cleavage
of bonds a and b), m/z 300 (loss of two molecules of propene and
loss of CO, cleavage of bonds a, b and c), m/z 282 (loss of propene,
i.e. cleavage of bond ¢ and iso-butyric acid (or propene, CO and
H,0), i.e. cleavage of bonds d (or a, b and d), respectively), the most
intensive ion at m/z 223 (loss of diisopropylamine and iso-butyric
acid, cleavage of bonds e and d), m/z 195 (loss of diisopropylamine,
ethene and iso-butyric acid, cleavage of bonds e, f and d), m/z 167
(loss of diisopropylamine, ethene, iso-butyric acid and CO,
cleavage of bonds e, f, d and g). The fragmentation spectrum of
FES corresponds to the spectrum reported in the literature [12].
Described fragmentation pathway for FES and other compounds
represent probable but not necessary all alternative fragmenta-
tions. Detail study of the fragmentation is out of scope of this
paper.

Electrolysis of all FES samples revealed an oxidation product
OP1 with tg 3.3 min and molecular ion [M+H]" at m/z 410. The
highest amount of OP1 was found in samples electrolyzed at higher
potentials (1000 and 1150mV for pH 7 and 4, respectively).
According to molecular formula (Table 1) OP1 has two hydrogen
atoms less in comparison with FES. The most intensive fragmen-
tation peak of OP1 MS spectrum (Fig. 6b) at m/z 239 corresponds to
the loss of propene, CO (or 2-methylprop-1-ene-1-one) and
diisopropylamine. In comparison with FES there is no loss of
H,0, which could indicate different substitution in the position 5.
By analogy to tolterodine oxidation product 5-formyl tolterodine
[17], OP1 could be 5-formyl fesoterodine (Scheme 2).

The product of FES electrolysis OP2 (tg 2.7 min, [M+H]" at m/z
370) was mostly formed in neutral media at the potential of
1000 mV (Table 2). Fragment ions of OP2 MS spectrum (Fig. 6¢) are
identical to fragment ions m/z<370 of FES MS spectrum. It
suggests N-dealkylation of FES. A compound with the same



136 P. Kuterovd et al. /Electrochimica Acta 159 (2015) 131-139

100- 412.2844 F E S

a
223.1125
& HO >«
370.2383
300.1969
195.0803
167.0837 P | | | se22442
( ERaamm e s E e e e e a s L o SRR RAARS SAARE RAARE BEAES RARaS BARAE RARSE RARRS RARRE RS AARRE SRARE AaRRSRaRRR nanas 311172
100 150 200 250 300 350 400 450 500 550 600 650 700 750
223.1116
1007 239.1059 o4 1767 OP1 191 & OoP2
410.2694
by e
368.2211 -
107.0488 370.2375
l ' 211.0754 l 340.2271 167.0866 300.1958
0 ...l.,....-.;..‘...L.....l;.,..L...l...,....L....,.,..,........,...».,....,,.m/z (|} TWSSTEI Wt SN D ....,...l.,.‘..................,....,....,....,..m/z
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450

100- d 237.0926 O P 3

314.1762 426'\2 .

209.0605| 051468 384.2195
181.06401

0-44rit 1 g3 1l L 1

ANV TPUF WURE TP W I | WY e

LARRAY T T B i | Dl Rl
100 150 200 250 300 350 400 450

Fig. 6. MS spectra of fesoterodine standard (a) and its oxidation products OP1 (b), OP2 (c), OP3 (d) acquired after electrolysis with Pt-electrode at 1000 mV in the solution of
pH 7. Spectra were obtained at higher energy using collision energy ramp from 15 to 35eV with precursor ion selection.

molecular mass was found as a photodegradation product of FES
after irradiation by UV-C light (100-280 nm) [8].

An oxidation product OP3 (tg 2.5 min, [M+H]" at m/z 426) was /kfo
more polar than FES and was preferably formed during FES
electrolysis at higher potentials (1150 and 1000 mV in acidic and 0
neutral media, respectively). According to its molecular formula o O T
(Table 1) OP3 has one extra oxygen atom and two hydrogen atoms > Y
less in comparison with FES. The most intensive fragment ion of its
MS spectrum (Fig. 6d) at m/z 237 corresponds to the same bond O
cleavage as with the most intensive fragment ion of FES (the loss of )\(O X OP1
diisopropylamine and isobutyric acid). An OP3 fragment ion at m/z
153 corresponds to the loss of diisopropylamine, ethene, isobutyric 0
acid and two molecules of CO, which confirms the presence of four O Y
atoms of oxygen in the structure of OP3. The product OP3 could be HO

* ?s~
Table 1 AéO» ~CQA/’ )YO

UPLC/MS analysis of fesoterodine and its oxidation products. Jl‘éo
Compound tg/min  [M+H]" (m/z) Molecular formula  Error (ppm) 0
Fesoterodine 3.0 412.2844 Co6H3gNO3 -19 HO NH
OP1 33 410.2694 Cy6H36NO3 -0.2 \(
oP2 2.7 370.2375 C23H3,NO3 -19
oP3 2.5 426.2644 C36H36NO4 0.0 O
OP2

tg - retention time, Error - relative difference between theoretical and
experimental ion mass. Scheme 2. Proposed mechanism of electrochemical oxidation of fesoterodine.



P. Kuterovd et al./Electrochimica Acta 159 (2015) 131-139

Table 2

Peak areas of fesoterodine, its oxidation products and 5-hydroxymethyl tolterodine
in FES standard solution and FES solution electrolyzed at the potential E in
methanolic aqueous media of pH 4 and 7 after 20 min electrolysis.

Media E/mV FES 5-HMT OP1 OP2 OP3
mjz412 m(z342 m[z410 m[z370 m[z 426
FES standard - 18175 475 0 0 0
pH 4 500 6409 344 88 3 1
pH 4 1000 5066 3 1607 51 29
pH 4 1150 1285 0 2834 52 266
pH 7 200 6547 330 273 13 1
pH 7 600* 6135 9 1221 87 8
pH 7 1000° 5119 5 4159 177 164

¢ the time of electrolysis 40 min.
b the time of electrolysis 48 min.

formed by hydroxylation of OP1. The hydroxyl group could be most
likely substituted on the substituted benzene ring.

The main metabolic product of FES, 5-HMT, was present in most
samples, even in FES standard. 5-HTM was not electrochemically
formed from FES. Amount of 5-HMT was decreasing with higher
potential used for electrolysis due to its oxidative conversion to
several different products. MS signals of these products were of too
low intensity to allow reliable identification of the respective
compounds. The changes of the amount of FES, its oxidation
products and 5-HMT expressed as peak areas are summarized in
the Table 2.

On-line EC/MS experiment was performed to compare and
consolidate the results obtained using voltammetric techniques
with those of bulk electrolysis coupled with UPLC/ESI-MS
identification of oxidation products. On-line EC/MS enables to
detect unstable products that may not be found by long-term
electrolysis off-line coupled to LC/MS system. FES solution in 1:1
(v/v) mixture of methanol and ammonium formate buffer of pH
5.5, pH 7 and pH 9 was continuously pumped through flow cell

137

containing porous glassy carbon electrode. Constant potential in
the range from 0 to 900 mV (vs. Pd/H, reference electrode) was
applied on the electrode. The electrode potential of 0V vs. Pd/H,
reference electrode inbuilt into the flow-through cell corresponds
to305mV, 234 mV and 171 mV vs. SCE at pH 5.5, pH 7.0 and pH 9.0,
respectively. At the flow rate 8mm®min~! oxidation products
were detected within 2 min after their formation in the cell. Fig. 7
shows changes of signal intensity of isolated ions of parent
molecule m/z 412 and two most abundant products OP1 (m/z 410)
and OP2 (m/z 370). It is evident that both products started to form
at the same potential in acid and neutral media. In alkaline
solution, formation of OP2 was preferred and started at lower
potential.

Product OP3 (m/z 426) did not occur on MS spectra in the on-
line EC/MS experiment which supports our supposition that it is a
side-reaction product of long term electrolysis at higher potentials.

3.3. Mechanism of electrochemical oxidation of fesoterodine

Voltammetric experiments revealed that the oxidation of FES
proceeds in one irreversible two-electron and two-proton transfer
step in acidic and neutral media. The 5-formyl fesoterodine (OP1)
was found to be the most abundant oxidation product of the bulk
electrolysis of FES solution confirming benzyl alcohol group as the
oxidizable moiety of FES (Scheme 2). The oxidation of substituted
benzyl alcohols in acetonitrile provides a corresponding benzal-
dehyde via ECEC mechanism [28]. The oxidation mechanism
involves reversible one electron transfer in which a radical cation is
formed and subsequently deprotonated in a rate determining first
order chemical process [29] before the release of the second
electron and proton. Oxidation pathway of FES 5-hydroxymethyl
group could be most likely similar. Higher pH accelerates the
release of proton from the cation radical that can be observed as
the increase of voltammetric current in neutral and alkaline media
(Fig. 4).

Evs. SCE/ mV
400 800 1200 400 800 1200 400 800
| " 1 " | | L | L | L | L | n
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S
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o
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4 4 4
a b c
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Evs. Pd/H2 / mV

Fig. 7. Logarithm of signal intensity at different potentials of fesoterodine electrolysis in EC/MS system. Supporting electrolyte: methanol/aqueous ammonium formate buffer
solution of pH 5.5 (a), pH 7.0 (b) and pH 9.0 (c) (1:1, v/v), fesoterodine concentration 0.1 mmol dm>. Isolated ions m/z 412 (M), m/z 410 (O) and m/z 370 (@).
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It is known that benzyl alcohol and anisyl alcohol oxidized in
acetonitrile provide highly reactive radical cations that form
polymers [29,30]. Unlike these alcohols no formation of polymer
oxidation products of FES was observed. The 5-formyl fesoterodine
may be subject to subsequent hydroxylation (product OP3, Fig. 6d)
under conditions of long-term bulk electrolysis in aqueous media
at sufficiently high potentials.

Anodic N-dealkylation was observed as another oxidation
reaction of FES (product OP2, Scheme 2). The anodic oxidation of
tertiary amines has been studied in non-aqueous [31], mixed
acetonitrile/aqueous [32] and aqueous alkaline media [33,34]. It
proceeds via ECE mechanism involving one electron transfer from
the nitrogen atom and subsequent loss of a proton from vicinal
alkyl leading to the formation of neutral radical. Disproportion-
ation or subsequent oxidation of this radical and reaction with
water provide N-dealkylated secondary amine and aldehyde as the
final products. We have found that oxidative N-dealkylation of FES
can proceed also in acidic media. Kinetically controlled voltam-
metric current in acidic solutions, equal number of protons and
electrons involved in electrochemical process and a break point at
pH =10 corresponding to the dissociation constant of amino group
of FES could indicate that the deprotonation of the ammonium ion
precedes the oxidative N-dealkylation. Therefore, higher pH
facilitates the electron transfer reaction and more OP2 product
can be formed in neutral and alkaline solutions as it was detected
by EC/MS method.

Overall two-electron process found by coulometric as well as
voltammetric convolution analysis and simultaneous formation of
both OP1 and OP2 products suggest that oxidation of FES proceeds
either on benzyl alcohol or alkyl amino moiety. A product oxidized
at both centers with hypothetical m/z 368 was not found either in
UPLC/MS or in EC/MS spectra. Finally, a second voltammetric wave
recorded by LSV with RDE in alkaline solutions likely corresponds
to oxidative N-dealkylation of secondary amine formed in the first
oxidation step [34].

4. Conclusions

Voltammetric techniques, controlled potential electrolysis
combined with UPLC/ESI-MS and on-line EC/MS were used for
investigation of electrochemical behavior of FES and identification
of its oxidation products. In the FES molecule the hydroxymethyl
group and tertiary N-alkyl amino group were revealed as the
moieties undergoing electrochemical oxidation: dehydrogenation
and N-dealkylation, respectively. Both reaction centers are
susceptible also to the enzymatic oxidation by cytochrome P450
in vivo [5].

An enzymatic hydrolysis is the main metabolic transformation
of FES forming active metabolite 5-HMT in living organisms. This
product also arises from alkaline hydrolysis of FES and provides an
anodic peak at lower potential than the parent substance. The
evolution of 5-HMT peak current in time enabled to evaluate the
reaction kinetics and determine the hydrolysis rate constant of FES
which is a very important parameter in terms of the stability of the
drug.

As resulted from this work, the combination of electrochemical
techniques with (LC)/MS may serve as a powerful tool to detect
reactive moieties in molecules and to elucidate mechanisms of
electrochemical reactions. Generally, the approach could be usable
during drugs development for screening of prospective products of
oxidative metabolism as well as for electrosynthesis of respective
metabolites. From analytical point of view the knowledge of
principle and mechanism of reaction proceeding at the working
electrode in the electrochemical cell is also useful for development
of sensitive analytical methods for determination of electroactive

drugs and their metabolites using various electrochemical
techniques.
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Electrochemical oxidation of the isoquinoline alkaloid berberine in aqueous medium was studied by cyclic
and differential pulse voltammetry at a glassy carbon electrode (GCE). Two anodic peaks of the quaternary
form of berberine were observed at + 1.2V and + 1.4 V (vs. SCE) in acidic and neutral solutions. When the
anodic polarization exceeded the value of + 1.1 V, the redox active film is formed on the GCE surface. The for-
mation of adsorbed film was well-documented by quasireversible redox couple at +0.25 V which was stud-
ied in redox cycling experiments. In alkaline medium, a new anodic peak at +0.5V appeared due to

ggf,veorﬁi oxidation of berberine pseudobase to 8-oxoberberine. Solutions of berberine at different pH were subjected
Oxidation to controlled potential electrolysis on platinum gauze electrode and analyzed using liquid chromatography
Demethylenation (HPLC) equipped with electrospray ionization/quadrupole time-of-flight mass spectrometry. The main
Hydroxylation water soluble monomeric product of berberine oxidation under physiological-near experimental conditions,

Mass spectrometry OP1, was identified as demethyleneberberine cation (2,3-dihydroxy-9,10-dimethoxy-5,6-dihydroisoquino-

lino[3,2-a]isoquinolin-7-ium).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Berberine (Fig. 1) is an isoquinoline alkaloid from the group of
protoberberines. It is found in a large number of plants of Ranuncula-
ceae, Berberidaceae, Anonaceae, Manispermaceae, Papaveraceae,
Fumariaceae, Rutaceae and other families [1,2].

The alkaloids of the protoberberine group are the active constitu-
ents of herbal medical products widely used in traditional Chinese
medicine for treatment of gastroenteritis, diarrhoea and diabetes
mellitus [3]. Many other biological properties of the protoberberine
alkaloids and/or their metabolites, including cytotoxic, antimicrobial,
anti-inflammatory and antimalarial activity, have been reviewed re-
cently in relation to their molecular structure [4].

It is known from the pharmacokinetic studies that oxidation plays
a crucial role in the metabolism of berberine both in rats [5-8] and
humans [9-11]. The major metabolic pathways are oxidative
demethylenation and demethylation in metabolic phase I following
by glucuronidation or sulfatation in phase Il [10,11]. The reported
oral bioavailability of berberine is poor and the absorbed form is eas-
ily metabolized to more polar species [8,10,11]. This suggests that the
metabolites might be responsible for the pharmacological effect
[8,10].

* Corresponding author. Tel.: +420 585 632 303; fax: +420 585 632 302.
E-mail address: jan.vacek@upol.cz (]. Vacek).

1567-5394/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2011.09.002

Berberine naturally occurs in the form of a quaternary iminium
salt easily soluble in water. In alkaline solutions, a pseudobase is
formed (pK 11.7 [12], Fig. 1) that can undergoes formation of the
8-oxoberberine [2,13].

Chemical synthesis and biosynthesis, methods of isolation, chem-
ical reactivity and spectral characteristics of protoberberine alkaloids
have been summarized in comprehensive reviews [2,4,14]. Electro-
chemical methods have been applied for the study of redox proper-
ties, adsorption and sensitive analysis of this alkaloid group.
Polarographic reduction of berberine and other related substances
at the dropping mercury electrode has been studied in relation to
pH [15-17]. Berberine can be reduced in both acidic and neutral
media in a four-electron process providing tetrahydroberberine
[18,19], while two-electron reduction proceeds in alkaline media.
Strong adsorption of berberine and its reduction products at the mer-
cury electrodes limits the application of adsorptive stripping voltam-
metry for determination of this substance at higher concentrations
[18]. A polarographic catalytic wave of berberine that is formed in
the presence of H,0, can be used for determination of trace amounts
of berberine [20].

The electrochemical oxidation of berberine was studied using dif-
ferent voltammetric techniques with glassy carbon electrode (GCE)
over a wide pH range [21]. Benzophenanthridine alkaloids (sangui-
narine and chelerythrine) and protopine alkaloids exhibit electrooxi-
dation and adsorption behavior similar to berberine [22-25]. Strong
adsorption of sanguinarine and dihydrosanguinarine onto the surface
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Fig. 1. Chemical structure of berberine quaternary salt (left) and berberine pseudobase (right).

of pyrolytic graphite was employed for measurements using ex situ
(adsorptive transfer) voltammetric methods and applied to the
study of the interactions of these alkaloids with DNA [24]. Formation
of redox active electropolymerized films of sanguinarine and chele-
rythrine oxidation products on the surface of glassy carbon and gold
electrodes has been observed by cyclic voltammetry and quartz crys-
tal microbalance measurements [23].

The objective of the present study was to investigate the water
soluble oxidation products of berberine. Cyclic and differential pulse
voltammetry, controlled potential electrolysis and liquid chromato-
graphy with mass spectrometry were used for this purpose.

2. Material and methods
2.1. Reagents

Berberine hemisulfate salt (BHS, purity>95%, Sigma) was used
without further purification. 1,3-benzodioxole, 1,2-dimethoxybenzene
and catechol (all Sigma-Aldrich) were of 99.0% purity. 8-Oxoberberine
was prepared according to the procedure described in ref. [26]. Stock
solutions of berberine were prepared in water. 1,3-benzodioxole and
1,2-dimethoxybenzene were dissolved in supporting electrolyte using
sonication immediately before measurement. All chemicals for support-
ing electrolyte preparation (20 mmol L' Na,SO,4, 10 mmol L' NaOH,
Britton-Robinson and 0.1 mol L™! phosphate buffer) were of analytical-
reagent grade. Ultrapure water from an ELGA system (average specific
resistance 18.2 MQ cm, ie. conductivity 0.055 pScm™) was used
for all experiments. Extraction of berberine oxidation products was
performed with ethyl acetate (Lach-Ner, Czech Republic). Methanol
(for HPLC, Sigma-Aldrich) was used for HPLC mobile phase
preparation.

2.2. Voltammetric measurements

The cyclic and differential pulse voltammograms were measured
with computer controlled Eco-Tribo Polarograph (Polaro-Sensors,
Prague, Czech Republic), equipped with Polar.Pro v. 4 software. A
glassy carbon electrode - GCE (disk diameter 3.0 mm, Bioanalytical
Systems, USA) was used as a working electrode. A platinum wire
served as an auxiliary electrode and SCE (saturated calomel elec-
trode) was employed as a reference electrode. The working electrode
was polished using 0.05 um alumina slurry on wet micro cloth (Buehler,
USA) and sonicated in distilled water for 30 s before each measurement.
Oxygen was removed from solution by purging with nitrogen in case of
need.

2.3. Controlled potential electrolysis

An OH-404 potentiostat (Radelkis, Budapest, Hungary) was used
in a three-electrode system consisting of working platinum gauze
electrode, reference SCE and counter platinum electrode placed in a

separate cathode compartment. The anode compartment of the elec-
trolytic vessel was filled with Britton-Robinson or phosphate buffer
and 1 mmol L™! berberine. The cathode compartment contained only
buffer solution. Electrolysis was performed at constant potentials of
0.4V and 1.4 V in acid solution (pH 3.5); at 0.4 V and 1.3 V in solution
atpH 7.4; and at 0.1 V, 0.7 V and 1.15 V in alkaline solution (pH 11.0).
Each sample was electrolyzed for 30 min. After this time, an aliquot
(2 uL) of the electrolyzed sample was diluted with 200 pL of mobile
phase (1% acetic acid in 10% methanol aqueous solution) and sub-
jected to HPLC/MS analysis. Another aliquot (0.5 mL) was extracted
with ethyl acetate (1 mL) on a shaker (1800 rpm, 30 min) and then
centrifuged (7200 g, 5 min). The upper organic layer (0.9 mL) was
withdrawn and evaporated under nitrogen stream. The residue was
sonicated in 200 pL of mobile phase (10 min) and centrifuged
(7200 g, 5 min). An aliquot of 150 pL was diluted with 150 pL of mo-
bile phase and analyzed using HPLC/MS.

2.4. HPLC/MS analysis

An Acquity UPLC system (Waters, Milford, MA, USA) equipped
with binary solvent manager, sample manager, column manager
and PDA detector was used. The separation was performed on a chro-
matographic column (150 mmx 2.1 mm, 5 um) Eclipse XDB-CN from
Agilent (Santa Clara, USA). The mobile phase consisted of 1% acetic
acid in 10% methanol aqueous solution (solvent A)/methanol (solvent
B), gradient elution (% v/v): 0-9 min (10-55% B), 9-12 min (55-60%
B), 12-12.1 min (60-10% B), 12.1-16 min (10% B). The mobile phase
flow rate was 0.4 mLmin~!, the temperature of the autosampler
was 10 °C and the column oven was set at 30 °C. The injection volume
was 10 pL.

QqTOF Premier mass spectrometer (Waters, Milford, MA, USA)
coupled to the UPLC system was used for confirmation of putative
structures on the basis of determination of elemental composition.
Tuned electrospray ionization (ESI) parameters for the mass spec-
trometer were as follows: capillary voltage 2.2 kV (positive mode),
source temperature 120 °C, sampling cone 30 V, desolvation temper-
ature 150 °C, cone gas flow rate, 38 Lh™ ! and a desolvation gas flow
rate, 450 L h~ . Nitrogen was used as a desolvation gas and argon as a
collision gas. The data were acquired using simultaneous scanning at
lower collision energy of 5 eV and at higher energy using collision en-
ergy ramp from 10 to 40 eV. Data were processed using MassLynx 4.1
software (Waters).

3. Results and Discussion
3.1. Oxidation of berberine at a glassy carbon electrode

Cyclic voltammograms of berberine in aqueous 20 mmol L
Na,SO4 are shown in Fig. 2. Two peaks A and B can be observed at po-
tentials + 1.2 and + 1.4 V in the first anodic scan. The currents of both
peaks changed with the scan rate depending on berberine
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Fig. 2. Cyclic voltammograms of 200 umol L' berberine in 20 mmol L' Na,SO4 on
glassy carbon electrode. Initial potential —0.45 V, switching potential +-1.55V, scan
rate 0.2 Vs!. 1st, 2nd and 10th scans are shown (solid, dash dot and dot lines, respec-
tively); grey dash line: supporting electrolyte. The pH value of 20 mmol L' Na,SO,4
containing berberine was 5.6.

concentration. The dependence of peak A current (for 10 umol L™!
berberine) on scan rate, showed a linear trend and the slope of the
linear plot log i, vs. log v was 0.83 indicating considerable influence
of adsorption on the anodic currents.

The cathodic currents (marked as peaks C and D in the Fig. 2)
appeared at +0.25 V and + 0.4 V in the reverse branch of the voltam-
mograms. The corresponding anodic currents (peaks C' and D') were
observed at +0.3 V and + 0.45 V as counter-peaks to the peaks C and
D in the second anodic scan. These couples of peaks behaved quasi-
reversibly with a potential difference of 40 mV (C/C') and 50 mV
(D/D") which almost did not depend on scan rate but increased with
number of scans. If a scan was recorded from —0.45 to +1.0V, no
current response was observed in the reverse cathodic branch of the
voltammograms. On the other hand, both cathodic peaks C and D
appeared at the switching potential of 4+1.15V (a half potential of
peak A).

The currents of the peaks C/C' and D/D' increased in repeated cy-
cles (Fig. 2). After a tenth scan in the potential range from —0.45 to
+1.55V, the electrode was transferred into the berberine-free sup-
porting electrolyte and the peaks C/C' appeared on consecutive vol-
tammograms (not shown). The peaks D/D' were negligible in the
first scan and completely disappeared in following scans. The same
behavior was observed when the GCE was polarized at a constant po-
tential above + 1.15 V in berberine solution and then rinsed with dis-
tilled water and transferred into berberine-free supporting
electrolyte. The currents of peaks C/C' increased with increasing
time and potential of electro-deposition. The film of electro-deposited
oxidation products provided peaks C/C' (and also minor peaks D/D' in
first scan). These observations indicate that peaks C/C' belong to the
film of redox active o-quinoidal products formed during the oxidation
of berberine (see below). The peaks D/D' may be attributed to a redox
active oxidation product(s) dissolved in the solution and/or partly
adsorbed on the film-modified electrode surface. The oxidation prod-
uct(s) could be precursor(s) of the redox active film.

Similar formation of redox active film has been described for the
oxidation of benzophenanthridine alkaloids sanguinarine and chele-
rythrine [23]. Formation of electrodeposited redox active film from
the alkaloids on the surface of gold electrodes was confirmed by FT
Raman spectroscopy and EQCM measurements [23]. The authors of
this study suggested that the electropolymerization proceeds via for-
mation of o-benzoquinone species.

For elucidation which part of the berberine molecule is subject
to oxidation, we compared the voltammograms of berberine, 1,3-ben-
zodioxole and 1,2-dimethoxybenzene under the same experimental
conditions. Fig. 3 shows that the compounds provide anodic peaks at

60

il pA
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Fig. 3. Comparison of the linear sweep (a) and cyclic (b) voltammetric responses of
berberine, 1,3-benzodioxole and 1,2-dimethoxybenzene (solid, dash dot and dot
lines, respectively) in 20 mmol L' Na,SO, as supporting electrolyte (grey dash line).
For (b) switching potential + 1.6 V, thin solid line denotes CV of catechol. Concentra-
tions of all compounds were 200 umol L, scan rate 0.2 Vs,

potentials close to the berberine peak A and C/C' quasireversible couple
which can be attributed to the catechol/o-quinone redox system (cyclic
voltammogram of catechol itself is shown in Fig. 3b). 1,3-benzodioxole,
1,2-dimethoxybenzene as well as catechol form an electro-active film
on the GCE surface similar to berberine. When repeated scans were
applied in solutions of 1,3-benzodioxole and/or 1,2-dimethoxybenzene
and the electrode was then carefully rinsed and placed into supporting
electrolyte (without tested substances), a couple of peaks C/C'
corresponding to the redox active film was recorded. It is clear
from these experiments that the methylenedioxy as well as methoxy
group of berberine can be oxidized at potentials higher than + 1.2V
(peak A) to form o-quinoidal products adsorbed at the electrode
surface.

Voltammetric oxidation of berberine strictly depends on pH. The
electrooxidation of berberine described above is typical for acidic
and neutral media. The peak B was less distinct in slightly acidic
and neutral media and disappeared at pH above 7.5. Simultaneously,
the redox systems C/C' and D/D' behaved more irreversibly with in-
creasing pH values. No cathodic or corresponding anodic peaks C/C'
and D/D' were observed at pH>8 (Fig. 4).

A new peak E was observed in alkaline media of pH>10.5 (Fig. 4,
line 3) the height of which increased with increasing pH. The poten-
tial of the peak E shifted to less positive values (58 mV per pH unit)

il A

0.0 0.4 0.8 1.2
E/V (vs. SCE)

Fig. 4. Cyclic voltammograms of 200 umol L' berberine in phosphate buffer at pH (1)
3.5, (2) 7.4 and (3) 11.0 on glassy carbon electrode, scan rate 0.2 V s™'. Grey dash line
denotes the supporting electrolyte. In addition to the voltammogram (1), the 2nd
scan was recorded from —0.3 to +0.8 V.
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Fig. 5. Differential pulse voltammograms of berberine electrolyzed in phosphate
buffers at pH 3.5 at potential of +0.4V (0) and +1.4V (1), pH 7.4 at +1.3V (2) and
pH 11.0 at +1.15V (3). Samples contained 0.2 mL of electrolyzed solution in 1.8 mL
of supporting electrolyte (phosphate buffer pH 3.5). DPV conditions: scan rate
20 mV s™!, modulation amplitude —50 mV, pulse time 80 ms; Ei,=+0.6V, Egn=
—04V.

suggesting that number of protons equals number of electrons re-
leased in the electrode reaction. Since berberine forms a pseudobase
(8-hydroxy-7,8-dihydroberberine) in alkaline solutions (pK 11.7
[12]) it is probable that the peak E is related to oxidation of the pseu-
dobase form. About 5.6% of berberine is present in the pseudobase
form at pH 10.5 and therefore its oxidation signal can be recorded.
Similar behavior has been reported recently for the alkaloid sangui-
narine [24]. Oxidation of sanguinarine pseudobase was observed at
pH>7 in compliance with an equilibrium constant pK=238.3 [27] be-
tween quaternary cation and the pseudobase form of the alkaloid.

3.2. Constant potential electrolysis and HPLC/MS of oxidation products

In order to acquire more information about the oxidation pro-
ducts, we performed a series of experiments with exhaustive electrol-
ysis of berberine with large surface Pt electrode in Britton-Robinson
and 0.1 mol L™! phosphate buffers at pH 3.5, 7.4, and 11.0. Differential
pulse voltammograms of berberine solutions after electrolysis were
recorded (Fig. 5) providing peaks that corresponded to electro-active
products of berberine oxidation. It is evident that most of the reduc-
ible products were generated during the oxidation of berberine in
acidic medium (Fig. 5, compare line 1 with lines 2 and 3).

Further, the electrolyzed berberine solutions were analyzed using
a liquid chromatography system connected to an electrospray ioniza-
tion/quadrupole time-of-flight mass spectrometry (HPLC/MS). The
analysis was performed directly in electrolyzed aqueous solutions as
well as in organic fractions obtained by extraction of electrolyzed so-
lutions with ethyl acetate. In order to eliminate the influence of none-
lectrolytic reaction of berberine, the chromatograms and MS spectra
of electrolyzed solutions and their extracts were compared to those
of control samples. The control samples were obtained by electrolysis
at +0.4V (pH 3.5 and 7.4) and +0.1V (pH 11.0) under the same
conditions where no electrode reaction(s) of berberine proceeded
(Fig. 5, line 0).

HPLC/MS analysis of berberine standard solution resulted in a
peak with retention time (tg) of 5.3 min (Table 1) and a molecular
ion at m/z 336 was observed. Main fragment ions at m/z 321, 320
and 292 (Fig. 6a) corresponded to previously reported data [28]. In
addition, we focused on analysis of electrolyzed aqueous berberine
solutions. Almost all products found were eluted in tg shorter than
that of parent compound indicating their higher polarity. The main
water soluble oxidation product OP1 was observed at tg 4.1 min
(Table 1). The elemental composition of product OP1 was determined

Table 1
HPLC/MS analysis of berberine (BHS) and its oxidation products.

BHS and Retention  Apax (nm)  MS peak (m/z) Molecular  Error
oxidation time (min) formula (ppm)
products
BHS 531 264/347 M+ (336.1236) CooH1sNO4 0.0
OP1 410 263/340 M (324.1241) CioH1gNO4 1.6
OP2 4.49 271/358 M+ (308.0923) CygH14NO4 0.1
0P3 467 268/348 M+ (322.1074) CioH1gNOy —1.7
0OP4 345;2.79 265/346 M+ (352.1188; CyoHi1gNOs 0.9; 1.4
352.1190)
OP5 3.04 254 M™* (368.1133) CyoH1sNOg —0.3
oP6 4.82 244/318 [M+H]* (384.1087) CyoHigNO; 1.0
oP7 8.47 220/258/340 [M+H|* (352.1179) CyoH;sNOs —1.7
0oP8 7.41 225/266/308 [M+H]" (384.1082) CyoH;sNO; —0.1

on the basis of accurate mass measurement (Fig. 6b). It can be as-
sumed that OP1 is demethyleneberberine, present in the form of pos-
itively charged ion at m/z 324 (2,3-dihydroxy-9,10-dimethoxy-5,6-
dihydroisoquinolino[3,2-aisoquinolin-7-ium). The main fragment
ions at m/z 309, 308, 306, 280 and 266 corresponded to loss of 15,
16, 18, 44 and 58 Da, respectively, and were in compliance with the
fragmentation pathway of the conjugates (glucuronides and sulfates)
of demethyleneberberine [6]. OP1 revealed the highest response
(about 11% of the peak area of berberine in the control sample) in
buffered solutions (pH 3.5) electrolyzed at the constant potential of
+14V.

The product OP2 (tg 4.49 min, Table 1) with a molecular ion at m/z
308 is proposed to be a demethylenated and mono-demethylated
berberine cation with o-quinone group on the ring A (Fig. 6¢). In
the MS spectra with higher collision energy there can be seen two
major fragment ions. The first (m/z 293) refers to radical loss of meth-
yl (15 Da), the second (m/z 264) to loss of CH3-H-CO (44 Da) [28]. The
position of methoxyl/hydroxyl groups on the ring D cannot be distin-
guished on a basis of the obtained MS data. Product OP2 occurred
only in acidic solutions electrolyzed at +1.4V in a yield of about
1.5% of initial berberine content. The peak at m/z 322 presented in
the MS spectrum of OP2 corresponded to mono-demethylated ber-
berine cation (OP3, tg 4.67 min, Table 1) which partly co-eluted
with OP2. The MS spectrum of OP3 at higher collision energy
(Fig. 6d) demonstrated a fragment ion at m/z 307 (radical loss of
methyl) apart the molecular ion (m/z 322). This corresponds to pub-
lished MS data on berberrubine and thalifendine [8]. The signal of OP3
corresponded to 0.5% of total peak area of berberine.

The MS spectra of aqueous solutions electrolyzed at potentials
above + 1V revealed minor peaks of molecular ions at m/z 352, 368
and 384. These ratios of m/z pertain to oxidation products OP4, OP5
and OP6, respectively. The highest content of products OP4 and OP5
(about 1%) was found in acidic electrolyzed solutions whereas the
product OP6 was observed in highest amount (also about 1%) in alka-
line media. The increments of m/z 16, 32 and 48 Da to the parent mol-
ecule (m/z 336) indicate that the products might be mono-, di- and
tri-hydroxylated derivatives of berberine. Exact mass and calculated
elemental composition confirm this supposition (Table 1). Both, the
OP4 and OP5 are probably quaternary ammonium cations like OP1,
OP2, OP3 and berberine itself because their MS spectra did not con-
tain [M + Na]* ions. The SIM profile at m/z 352 showed two peaks
at tg 3.45 min and 2.79 min revealing two positional isomers of OP4.
The structure of the hydroxylated products OP4, OP5 and OP6, cannot
be specifically determined on the basis of their mass spectra. Howev-
er, the distribution of partial charges in berberine molecule [29] per-
mits us to estimate the probable positions of the hydroxyl groups.
Assuming the EC mechanism of oxidation, the electron is most likely
firstly removed from the carbon atom with the most negative partial
charge. Nucleophilic substitution, which can follow in the next step,
permits the hydrogen to be replaced by a hydroxyl group. The most
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Fig. 6. MS spectra of berberine (a) and putative structures of its oxidation products OP1 (b), OP2 (c), OP3 (d), OP7 (e) and OP8 (f) acquired after electrolysis (30 min at + 1.4 V for
OP1, OP2 and OP3, +0.7 V for OP7 and + 1.15 V for OP8) with Pt-electrode in phosphate buffer (pH 3.5 for OP1, OP2 and OP3 and pH 11.0 for OP7 and OP8). Spectra were acquired
at higher energy using collision energy ramp from 10 to 40 eV without precursor ion selection.

negative partial charge was calculated at C5 [29]. Hydroxylation in
this position probably leads to the product OP4. The second highest
negative partial charge is located at C12 [29] indicating the next pos-
sible hydroxylation position. Unlike the mass spectra of OP4 and OP5
an intensive ion [M + Na] ™ at m/z 406 was observed in the spectrum
of OP6. Moreover, the product OP6 was easily extracted into ethyl ac-
etate. It proves that OP6 is a neutral molecule ionized in the ion
source. Fragment ions at m/z 366, 356 and 338 in mass spectrum of
OP6 refer to loss of H,O (18 Da), CO (28 Da) and both H,0 and CO
(46 Da). As the highest content of OP6 was observed in alkaline solu-
tion, it could be supposed that this oxidation product is a dihydroxy
derivative of berberine pseudobase.

The product OP7 with tg 8.47 min and molecular ion [M + H]* at
m/z 352 (Table 1) was found only in electrolyzed alkaline solutions
(pH 11). The higher retention time and good extractability into
ethyl acetate shows lower polarity of product OP7 in comparison to
the parent berberine molecule. The main fragment ions at m/z 337
and 322 (Fig. 6e) correspond to the ions formed after loss of one
(15 Da) and two (30 Da) methyl radicals, respectively. The fragment
ion at m/z 294 (a difference of 30 and 28 Da) proves the elimination
of neutral fragment CO in addition to two methyl radicals. Further in-
formation was provided by accurate mass measurement and compar-
ison of isotopic profiles. On a basis of all these data, the product OP7
can be ascribed to 8-oxoberberine. Identity of this product was con-
firmed by the standard prepared as described [26]. The content of
OP7 in electrolyzed water solutions was, contrary to their ethyl ace-
tate extracts, very low (around 0.3% and 0.1% for electrolysis at poten-
tials of +0.7V and +1.15V, respectively), which is in accordance
with low solubility of 8-oxoberberine in water.

The ethyl acetate extract of the berberine solutions electrolyzed in
alkaline buffer at +0.7 and +1.15V contained a product OP8 (tg
7.41 min) that revealed a molecular ion at m/z 384 (Table 1). The el-
emental composition of OP8 is the same as the composition of OP6
occurring in alkaline aqueous electrolysates at tgz 4.82 min. However,

it differs significantly in retention time and also in fragmentation
pathway. In MS spectrum recorded with higher collision energy, a
very intense fragment ion m/z 193 was observed (Fig. 6f). The frag-
mentation takes place between atoms N7-C8 and C13-C14, as it is
shown in Fig. 6f. The ion at m/z 193 is formed from the ring D and a
fragment of the ring C without nitrogen. This fragmentation process
confirms the positions of hydroxyl groups on atoms C5 and C13.

4. Conclusions

The electrochemical oxidation of berberine is a complex process
accompanied by formation of redox active film onto GCE surface. It
proceeds primarily in acidic media on the methylenedioxy and to
less extent also on the methoxy groups of berberine at potentials
above + 1.1 V (vs. SCE) resulting probably in o-diols and subsequent-
ly o-quinoidal species which are strongly adsorbed on the electrode
surface. The main water soluble products are hydroxyl derivatives.
Demethylene berberine bearing two hydroxyl groups in a vicinal po-
sition on ring A was found in electrolyzed solution in the highest
yield. The identified oxidation products, especially in the conjugated
form, are known to be also among main metabolites of berberine in
rats and humans [5-11]. Thus, the electrochemical approaches pre-
sented here could be useful for the study of oxidation mechanisms
and electrosyntheses of selected metabolites involved in oxidative
biotransformation of berberine and other compounds with structural
similarity.
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Abstract Electrochemically assisted oxidation off-line
combined with UPLC/ESI-MS and ion mobility mass
spectrometry enabled us to gain insight into the oxidation
mechanisms of xanthohumol. Several types of monomeric
oxidation products were identified, i.e., monohydroxy-
lated and dehydrogenated derivatives and related quinones.
Besides, high contents of dimers were observed. The struc-
tures of four main oxidative condensation products of two
xanthohumol molecules were proposed based on combina-
tion of retention time, exact mass measurement, fragmenta-
tion pattern, data from on-line ion mobility mass spectro-
metric experiments and with the support of independent
electrochemical experiments. To the best of our knowl-
edge, this is the first evidence on formation of xanthohumol
dimers. The effect of the pH on the generation of oxida-
tion products was further investigated. The monomeric and
dimeric oxidation products are favored at pH of 5.5 and
4.5, respectively.
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Introduction

Xanthohumol (2/,4’,4-trihydroxy-6’-methoxy-3’-prenylchal
cone; XN, Fig. 1) is a prenylflavonoid, categorized as a
member of the chalcones family of the polyphenols, that
has been found in hops (Humulus lupulus L.) and in the
Chinese medical plant Sophora flavescens [1]. The female
inflorescences of hops (“hop cones”) are used as a raw
material in beer production, contributing to beer bitterness
and aroma. During wort boiling, XN is largely converted
into its isomeric flavanone, isoxanthohumol (IXN), a rea-
son why very low content of XN can be found in beer [2,
3]. In the past few years, the brewing industry has been
interested in producing XN-enriched beers, mainly due
to the recognized health benefits. XN possesses a large
spectrum of chemopreventive mechanisms in a wide vari-
ety of cancers, such as breast [4], colon [5], colorectal
[6], brain [7], ovarian [8], leukemia [9, 10] and prostate
[11-13] cancer, with no effects on major organ functions
after oral administration [14]. A recent study reported that
XN-supplemented beer helps reducing inflammation, oxi-
dative stress and angiogenesis, ameliorating the wound
healing process [15]. The bioavailability of XN is known to
be dose-dependent and approximately 33, 13, and 11 % in
rats, for the low-, medium-, and high-dose groups, respec-
tively, were reported [16].

Several studies have been conducted aimed at iden-
tifying the metabolites formed during the oxidative bio-
transformation of xanthohumol and related prenylfla-
vonoids. Metabolites were identified by using liquid
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Fig. 1 Structure of xanthohumol

chromatography-tandem mass spectrometry as well as by
comparison with authentic standards. Yilmazer et al. [17]
were the first who studied the rat liver metabolism of xan-
thohumol. They determined by liquid chromatography/
mass spectrometry and 1-H NMR analyses, three major
polar microsomal metabolites of XN as 5”-isopropyl-5”-
hydroxydihydrofurano[2”,3":3,4/]-2/,4-dihydroxy-6'-
methoxychalcone, 5”-(2"”'-hydroxyisopropyl)-dihydrofurano
[2"3":3/,4"]-2 4-dihydroxy-6'-methoxychalcone  and a
derivative of XN with an additional hydroxyl function at
the B-ring. A nonpolar XN metabolite was identified as
dehydrocycloxanthohumol [17]. The same research group
identified C-4’ and C-4 monoglucuronides as two major
in vitro XN glucuronidation products found with either rat
or human liver microsomes [18]. Later, Nikolic et al. [19,
20] during in vitro studies of XN and IXN metabolism,
identified hydroxylation of the prenyl moiety as the pri-
mary route of oxidative metabolism forming either cis or
trans hydroxylated metabolites of IXN but only the trans
isomer of XN. The double bond on the prenyl group of
both compounds formed an epoxide which was opened by
an intramolecular reaction with the neighboring hydroxyl
group. Since XN can be converted into IXN through acid-
catalyzed cyclization in the stomach, XN might contrib-
ute to the in vivo levels of the estrogenic §-PN following
consumption of hops extracts [20]. Colgate et al. [11] sug-
gested that XN and its oxidation product, auroxanthohu-
mol, may be potentially useful as a chemopreventive agent
during prostate hyperplasia and prostate carcinogenesis,
acting via induction of apoptosis and down-regulation of
NF kappa B activation in BPH-1 cells. By using hybrid
quadrupole-time-of-flight (QqTOF) analyzer, Jirasko et al.
[21] identified new phase II metabolites of XN and related
prenylflavonoids in in vivo studies with rats. In total, two
phase I metabolites and five phase II metabolites were
identified, namely through mechanisms of oxidation, dem-
ethylation, hydration and sulfatation.

Electrochemistry off-line or on-line coupled with mass
spectrometry (EC-MS) and its combination with a liquid

@ Springer

chromatographic separation of either the input material
or the reaction products has appeared to be an excellent
tool for investigating the redox transformations of various
groups of compounds. On-line arrangement is a modern
approach allowing the study of the electrochemical conver-
sions even of short-lived species. On the other hand, off-
line arrangement can be realized using a common (static)
electrochemical vessel with consequent transfer of oxi-
dized material to mass spectrometer [22]. This approach
has been also useful in those applications when the effect
of time of electrochemical conversion is important or must
be studied. Separation step is necessary when a complex
mixture of product is formed during electrolysis. Although
on-line arrangement of EC-LC-MS is usable for this pur-
pose in principle, the off-line approach is usually beneficial
for more quantitative electrochemical conversion to obtain
higher response of reaction products which is helpful for
easier interpretation of resulting mass spectra. Insertion of
separation method between electrochemical cell and mass
spectrometer is necessary when isomeric products arise
or the electrolytes used for electrolysis are not compatible
with mass detection. Electrospray ionization (ESI) is the
most common technique used in EC—(LC)-MS enabling
transfer of the sample from liquid into gas phase and ioni-
zation of the analytes. Up-to-now published EC-MS modes
and applications including utilization of liquid chromatog-
raphy as a separation step during EC-MS experiments are
thoroughly discussed in an excellent review of Jahn and
Karst [23] and citations given herein.

This work aims at elucidating the oxidation mecha-
nisms of XN. Electrochemically assisted oxidation off-
line combined with UPLC/ESI-MS and ion mobility mass
spectrometry (IMS-MS) enabled us to study the processes
occurring during xanthohumol oxidation in details. Several
types of products were identified. Formation of XN dimers
during electrochemical oxidation is described for the first
time. Chromatographic separation of four main isomers
was achieved. The role of the pH on the generation of oxi-
dation products of XN was described as well.

Materials and Methods
Reagents

Xanthohumol (>95 % purity) was provided by Sigma-
Aldrich (St. Louis, USA). A stock standard solution
(10,000 mg L~') was prepared by rigorous dissolution
of 10 mg of the compound in 1 mL of absolute ethanol
(HPLC grade, Sigma-Aldrich). The standard solution was
stored at 4 °C and used for further dilutions. Isoxanthohu-
mol (>98 % purity) was purchased from Alexis Biochemi-
cals (Lausen, Switzerland). Phloroglucinol (=99 % purity),
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p-coumaric acid (>98 %), geraniol (98 %) and farnesol
(95 %) were obtained from Sigma-Aldrich. Support-
ing electrolyte for cyclic voltammetry was composed of
aqueous acetate buffer (50 mmol L") and ethanol (50:50,
v/v). Acetate buffer solution was prepared by mixing ace-
tic acid and ammonium acetate (all Lachema, Neratovice,
Czech Republic, p.a.). To obtain appropriate pH, necessary
amount of sodium hydroxide (Lachema, p.a.) was added
to buffer solutions. Formic acid, water and acetonitrile (all
Sigma-Aldrich, gradient grade) were used for the prepara-
tion of mobile phases. Leucine-enkephalin (Sigma-Aldrich,
HPLC grade) was used for lock mass correction (solution
of 50 pg wL~! in 50:50 acetonitrile:water with addition of
0.1 % formic acid, v/v/v).

Electrochemical Studies
Cyclic Voltammetry

Modular potentiostat/galvanostat Autolab PGSTAT128N
(Metrohm, Switzerland) with a three-electrode system
composed of a glassy carbon working electrode (GCE, disk
diameter 3.0 mm, Bioanalytical Systems, USA), a platinum
auxiliary and a saturated calomel reference electrode was
used. GCE was polished using 0.05 um alumina slurry on
wet micro cloth (Buehler, USA) and sonicated in distilled
water for 30 s prior to each experiment. Measurements
were performed at three different pH (3.5, 4.5 and 5.5), dif-
ferent scan rates over the range 10-1000 mV s~! and differ-
ent potential windows. Working solutions of XN as well as
other tested compounds (phloroglucinol, p-coumaric acid,
geraniol and farnesol) at final concentration 10~* mol L™!
were used.

Electrolysis Experiments

A potentiostat 100 mA (L-Chem, Horka nad Moravou,
Czech Republic) was used in the three-electrode system
that consisted of a working platinum gauze electrode, a
saturated calomel electrode (SCE) and an auxiliary plati-
num electrode. The working and reference electrodes were
placed in an anodic compartment of the electrolytic cell. A
cathodic compartment containing the auxiliary electrode
was separated from the anodic one by a porous ceramic
frit. The working solution in the anodic compartment con-
tained 750 pL of acetate buffer, 690 uL of pure ethanol and
60 uL of XN stock solution at 1 mmol L~! final concentra-
tion. The potentials 400, 750 and 900 mV were set up for
pH 3.5; 350, 700 and 900 mV for pH 4.5; 300, 650 and
850 mV for pH 5.5. Samples were electrolyzed for 30 min.
200 pL of each sample was then diluted in 80 puL of mobile
phase B and 120 pL. of mobile phase A (for mobile phases
composition see the next section).

Ultra-Performance Liquid Chromatography/Tandem
Mass Spectrometry

Waters Acquity UPLC equipped with PDA detector was
used as a chromatographic system. It was coupled with
electrospray ionization high-resolution tandem mass spec-
trometer Q-TOF Premier. Synapt G2-S high-resolution
tandem mass spectrometer equipped with ion mobility cell
was further used for elucidation of XN dimers structures.
All the systems were provided by Waters (Milford, USA).
A BEH CI18 column (100 x 2.1 mm, dp 1.7 pm, Waters)
was used for chromatographic separation.

Binary gradient elution with 0.1 % (v/v) formic acid
(mobile phase A) and acetonitrile (mobile phase B) was
used with the following profile of gradient: 0—8 min
100-10 % A, 8-9 min 10 % A and consequent re-equili-
bration to initial conditions: 9-9.1 min 10-100 % A, 9.1—
10 min 100 % A. All separations were done at a flow rate
0.3 mL min~!. Optimized parameters for Q-TOF Premier
mass spectrometer were: spray voltage +2.7 kV, sampling
cone 30 V, source temperature 120 °C, desolvation tem-
perature 250 °C, cone gas flow 30 L h™!, desolvation gas
flow 250 L h™!, collision energy 5.0 eV for precursor ion
scanning [MS(1) scan] and a collision energy ramp 10.0—
50.0 eV for study of fragmentation [MS(2) scan or MS/
MS scan]. Nitrogen was used as a desolvation gas and
argon as a collision one. Optimized parameters for Syn-
apt G2-S mass spectrometer were as follows: capillary
voltage +2.5 kV, source temperature 100 °C, sampling
cone 30 V, source gas flow 0 mL min~!, desolvation tem-
perature 250 °C, cone gas flow 50 L h™!, desolvation gas
flow 800 L h™!, trap and transfer collision energy 2 eV for
precursor ion scanning [MS(1) scan] and 25 eV for study
of fragmentation [MS(2) scan or MS/MS scan], respec-
tively. Data interpretation was done on the basis of accurate
mass measurements, fragmentation patterns, comparison
of retention times, and ion mobility data. All experiments
were done using MSE mode data recording without dis-
crimination of ions or their pre-selection [alternation of
MS scans with low and high collision energy, i.e., MS(1)
and MS(2) scans]. Whenever required, the targeted MS/MS
scans were recorded in consequent experiments (precursor
isolation width 1 Da).

Results

Electrochemical-Assisted Oxidation of XN

The samples for the UPLC/MS study were prepared by
electrochemical oxidation. Besides, some electrochemi-

cal data appeared to support structural elucidation of XN
oxidation products based on chromatographic and mass
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spectrometric data. Those experiments are briefly discussed
in this chapter.

The voltammetric studies were performed in the electro-
chemical cell containing 1 mmol L' XN in ethanol/acetate
buffer solution (50:50, v/v). Three buffer solutions with
pH 3.5, 4.5 and 5.5 were selected considering the acid/
base equilibrium throughout the brewing process. The pH
of beer is largely dependent on the fermentation stage, as
yeast acts to lower the pH of wort from 5.2-5.5 to 3.8-4.5
[24]. The pH range chosen herein (between 3.5 and 5.5)
includes the extreme limits of the brewing process. The
given pH values were adjusted during preparation of aque-
ous buffer solutions prior to mixing with ethanol.

Cyclic voltammograms of XN (Fig. 2) show two anodic
current waves appertaining to successive oxidation of XN.
No current signals were observed in the cathodic branch of
the voltammograms proving irreversibility of the electrode
processes on the time scale of the experiments.

The changes of buffer solutions acidity from pH 3.5
to pH 5.5 caused a shift in XN peak potential by —57 and
—55 mV/pH for the first and the second peak, respectively,
indicating equal number of protons and electrons involved
in the electrode reactions.

Voltammograms were recorded at different scan rates in
the range 10-1000 mV s~'. Logarithmic dependences of
peak current on scan rate were linear with slope values 0.52
and 0.60 for the first and second peak, respectively, reflect-
ing that the electrode processes are predominantly diffu-
sion controlled. However, the value slightly higher than 0.5
shows partial influence of adsorption, which is more pro-
nounced at the second oxidation step.

The number of electrons transferred in the first step of
the electrochemical oxidation of XN was estimated from

Current

Potential (V)

Fig. 2 Background subtracted cyclic voltammograms of xanthohu-
mol in buffer solutions of pH 3.5 (/), 4.5 (2) and 5.5 (3). Scan rate
100 mV/s. Arrows denote potential values selected for bulk electroly-
sis of xanthohumol solutions
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logarithmic analysis of the voltammetric curves recorded
at a scan rate 100 mV s~!. Assuming irreversible character
of the electrode reaction, obtained value oz = 0.7 (where
« is a charge transfer coefficient and z is the number of
transferred electrons) suggests one-electron oxidation of
XN in the first step. Moreover, shift of the half potential
of the first wave was 20 mV per decade change in scan
rate, which is typical for dimerization reaction following
one-electron transfer [25]. From all the above-mentioned
results, it can be summarized that electrochemical oxida-
tion of XN seems to proceed through a two-step irreversi-
ble process started by one-electron transfer and cleavage of
one proton. Accordingly, the dimerization reaction of XN
can be expected.

In order to identify products of electrochemical oxida-
tion, bulk electrolysis of XN solution was performed in the
same media as used for voltammetric study.

The electrochemical cell was operated at three selected
voltages for each studied pH (400, 750 and 900 mV for pH
3.5; 350, 750 and 900 mV for pH 4.5; 300, 650 and 850 mV
for pH 5.5). The potential values were selected from the
course of voltammograms (Fig. 2). As no electrode reaction
supposedly proceed at the lowest potential values, sam-
ples obtained under these conditions served as control. The
medium and the highest potential values corresponded to
the limiting currents of the first and the second oxidation
wave, respectively, at which the electrode reactions proceed
the most efficiently. The structures of products arising from
the electrochemical conversion under the above-mentioned
conditions are elucidated in the following sections (Sects.
“UPLC/MS/MS Study of Xanthohumol Oxidation” and
“UPLC/MS/MS Study of Oxidative Condensation Products
of XN”). The effect of pH on the electrochemical-assisted
oxidation of XN is discussed in the Sect. “Effect of the pH
on the Generation of Oxidation Products”.

UPLC/MS/MS Study of Xanthohumol Oxidation

The electrochemically assisted oxidation of XN was stud-
ied by ultra-performance liquid chromatography/tandem
mass spectrometry. Several oxidation products were found,
whose concentration is greatly dependent on the working
potential and selected pH, as discussed later. Several peaks
can be observed in the chromatogram reconstructed for
m/z 371.15 (Fig. 3a). The structure of the dominant peak
(tg 4.33 min, m/z 371.1512) corresponds to a gain of one
oxygen atom compared to the XN molecule (elemental
composition C,;H,;04", mass difference from theoretical
value, dtm, corresponds to 5 ppm). The MS/MS spectrum
of this ion is shown in Fig. 3b. Among characteristic frag-
mentation processes the cleavage of vinylphenol group can
be seen (formation of fragment at m/z 251.0999; elemen-
tal composition C;3H;505", dtm, 34 ppm), which excludes
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Fig. 3 Identification of hydroxylated derivatives of xanthohumol. a
Reconstructed chromatogram at m/z 371.15. b MS/MS spectrum of
the most abundant peak

hydroxylation of the B-ring. Subsequent elimination of
water from the A-ring and/or from the prenyl chain would
explain the ion observed at m/z 233.1004. This ion further
cleaves the prenyl chain to form the dominant fragment
at m/z 179.0394 (elemental composition CyH,0,", dtm
28 ppm). These processes suggest that the site of oxida-
tion is located either at A-ring or at prenyl chain but not at
the side phenol group (i.e., at the B-ring, Fig. 1). (E)-(3-(4-
hydroxyphenyl)allylidyne)oxonium (m/z 147.0447, ele-
mental composition CoH,0,%, dtm 1 ppm) is the key frag-
ment confirming that hydroxylation does not occur at the
B-ring. Although m/z error of some of the above discussed
low mass fragments is higher, which is mainly due to their
low intensity in collision spectra, the selectivity of MS/MS
experiment ensures proper identification in those cases. In
order to localize independently the position of hydroxyla-
tion, an electrochemical oxidation of four molecules mim-
icking particular parts of XN molecule, i.e., p-coumaric
acid, phloroglucinol as phenolic systems and geraniol and
farnesol as a prenyl chain containing terpenoids, was per-
formed besides XN. It is evident from the data presented in
Fig. 4 that phenolic compounds are oxidized approximately
at the same potential as XN in the first step, meaning that
the formation of phenoxy radicals (and its resonance forms)
can be expected for XN. Ortho and para positions to the
oxidized phenol groups are the most reactive and thus tend

10+

Current (pA)

Current (pA)

0.0 0.2 0.4 0.6 0.8 1.0 12
Potential (V)

Fig. 4 Cyclic voltammograms of xanthohumol (a), phloroglucinol
(b), p-coumaric acid (c), geraniol (d) and farnesol (e), pH = 3.5, scan
rate 100 mV/s
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Fig. 5 Identification of quinone forms of oxidized xanthohumol. a
Reconstructed chromatogram at m/z 369.13 (insert proposed structure
of one isomer). b MS spectra of the most abundant peak measured at
low and elevated collision energy (MSE)
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to hydroxylation (somewhat higher peak was observed for
phloroglucinol compared to the p-coumaric acid in the vol-
tammograms shown in Fig. 4). On the other hand, no oxi-
dation of prenyl chains could be observed in the voltammo-
grams of studied terpenoids. These electrochemical results
point out that hydroxylation of XN occur rather at A-ring,
although MS/MS experiments did not excluded hydroxyla-
tion at prenyl chain. In the previous investigation of Yilma-
zer et al. [17], who studied the biotransformation of XN by
rat liver microsomes, the hydroxylation of A-ring was not
reported. This fact corroborate the differences often found
between in vitro metabolism and (electro)chemical pro-
cesses involving phenolic compounds. Note, that the other
chromatographically well-separated peaks observed in the
reconstructed chromatogram at m/z 371.14, i.e., compounds
eluted at #; 3.17, 3.23 and 4.91 min (Fig. 3a) can also be
tentatively ascribed to monohydroxylated XN derivatives
(m/z 371.1523, dtm = 8 ppm; m/z 371.1574, dtm = 11 ppm
and 371.1510, dtm = 4 ppm, respectively). However, very
low yield of fragments obtained during UPLC/MS/MS
experiments did not allow the determination of the position
of hydroxylation.

Figure 5a shows the chromatogram reconstructed for
the m/z 369.13. Three well-separated major peaks were
observed at fy 3.38, 3.73 and 4.20 min and m/z values of
369.1365, 369.1346 and 369.1335, respectively. These oxi-
dation products resulted from the net addition of one oxy-
gen atom to XN and loss of two hydrogen atoms, with for-
mation of an appropriate quinone (C,;H,,0", dtm 7.3, 2.2
and —0.8 ppm, respectively). Fragmentation of the ion with
the highest intensity (#; 3.73 min) can be evaluated from the
MS spectra with low-energy CID (Fig. 5b, upper spectrum)
and high-energy CID (Fig. 5b, bottom spectrum; MS(1) and
MS(2) scans in MS® mode, chromatographic peak profiles
of parent and fragment ions are identical). The fragment
at m/z 313.0714 corresponds unambiguously to the loss of
(intact) prenyl group (C;,H,;04", dtm 0.6 ppm). Fragments
at m/z 298.0443 and 270.0399 arise through a cleavage of a
methyl radical and a consequent loss of carbon monoxide
(CH;(O0g" and C,sH,,O5", dtm —11.4 and —47.8 ppm).
At elevated collision energies, the prenyl group of the qui-
nones eluting at fz 3.38 and 4.20 min is cleaved as well
(see Electronic Supplementary Material Fig. S1). Based on
those data, the formation of the quinone group would occur
preferentially at A- or B-ring. The lack of the base peak at
m/z 179, which represents the common retro- Diels—Alder
fragment, points to the quinone group linked at the A-ring.
Its structure is given in the insert of Fig. 5a. Note that due
to the low concentration of the quinone the MS/MS spectra
do not provide utilizable signal of fragments.

Another set of oxidation products with nominal mass
of parent ions at m/z 353 was observed as well. The two
most intense peaks (fz 5.55 and 6.01 min, see Electronic
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Supplementary Material Fig. S2a) provided exact masses
of parent ions at 353.1385 and 353.1390, respectively. For-
mation of such products can be explained by loss of two
hydrogens with respect to XN or hydroxylation and sub-
sequent dehydration of XN. Those ions correspond with
elemental composition C,;H,,05% (dtm —1.1 and 0.3 ppm,
respectively). Fragmentation (MS/MS) of these ions gives
rise to a weak signal of a common fragment at m/z 233.09
(see Electronic Supplementary Material Fig. S2b for the
MS/MS spectrum of the most abundant peak). This frag-
ment can be explained by the cleavage of (intact, non-
dehydrogenated) 4-vinylphenol (cleavage of B-ring and
a—pf ethylene group). The presence of intact B-ring and the
aforementioned easier electrooxidation of phenolics com-
pared to terpenoids indicate that the oxidation based on the
loss of two hydrogens proceeds particularly on the A-ring.
However, an action of the prenyl group in this process is
not excluded by the available mass spectrometric data. The
presence of at least six chromatographically well-separated
isomers exhibiting the consistent exact mass and providing
the above discussed fragment can be explained by a differ-
ent location of an extra double bond in the A-ring and/or
prenyl chain, i.e., formation of different quinones.

UPLC/MS/MS Study of Oxidative Condensation
Products of XN

In the previous section, simple oxidative processes for XN
have been described. During the following electrochemi-
cal studies, a more complicated process based on mutual
condensation of two molecules of XN has been observed
as well. Combination of data from chromatography, exact
mass measurement, detailed interpretation of collision
spectra (low- and high-energy CID) as well as additional
information taken from ion mobility mass spectrometry
allowed an in-depth investigation of the structure of the
formed dimers.

The chromatogram reconstructed at m/z 707.28, which
corresponds to the mass of the parent ion of the formed
dimers, i.e., [2 x XN — 2 x H + H]™, is shown in Fig. 6a.
The most abundant dimers, i.e., those with fz 6.53, 7.60,
7.68 and 8.73 min, have been studied in greater detail. The
exact masses of parent ions correspond with 707.2842,
707.2860, 707.2847 and 707.2852, respectively, exhib-
iting a very good agreement with the theoretical mass of
the XN dimers (dtm corresponds with —2.0, 0.6, —1.3 and
—0.6 ppm). MS/MS spectra averaged over those chroma-
tographic peaks are shown in the Fig. 6b—e. Several simi-
lar pathways can be observed in all the spectra confirming
some common features of the formed dimers, i.e., loss of
isobutylene from prenyl chain ([M+H-(CH;),CCH,]™, for-
mation of fragment at m/z 651.2244, 651.2217, 651.2224,
651.2233, respectively; dtm 2.1, —2.0, —0.9 and 0.5 ppm,
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respectively), loss of prenyl chain, A-ring and carbonyl
group  ([M+H-(CH,;),CCHCH,C¢H(OH),(OCH;)CO]",
formation of the fragment ion at m/z 473.1964, 473.1958,
473.1961, 473.1965, respectively; dtm 0.0, —1.3, —0.6 and
0.2 ppm, respectively). The dominant ion in all the colli-
sion spectra corresponds with the (3-hydroxy-5-methoxy-
2H-benzo[b]oxet-4-yl)(oxo)methylium and/or (2-hydroxy-
6-methoxy-3-methylene-4-oxocyclohexa-1,5-dienyl)
(oxo)methylium ion (formation of the fragment ion at m/z
179.0351, 179.0353, 179.0351, 179.0352, respectively; dtm
3.9, 5.0, —3.9 and 4.5 ppm, respectively). The previously
described behavior during collision experiments suggests
that a linkage of two A-rings is not preferred and it is not
included in major condensation processes. Although with
low intensity, a signal corresponding to two consequent
losses of prenyl chains can be found in zoom of all spectra
(i.e., formation of a fragment with nominal m/z value 595,
data not shown) supporting the hypothesis that XN units
are not linked via prenyl chains.

On the other hand, the spectra ¢ and d differ from b
and e in markedly higher content of fragments with nomi-
nal mass 353 and 354. The presence of those ions can be
explained by a symmetric fission of the dimers and forma-
tion of [XN — 2 x H]" and [XN-H] ™ ions (in the ¢ and
d spectra the exact masses 353.1387, 354.1452; 353.1404
and 354.1462 are observed corresponding to dtm —0.6,

100 200 300 400 500 600 700m/z

4.2; 42 and —1.4 ppm.). Based on chemical sense, one
can suggest, that higher yield of the above-mentioned sym-
metric fragments would be caused by a higher tension in
the bond(s) connecting both XN units present in dimer.
This higher tension can be explained by a steric hindrance
expectable in dimers linked by means of one A-ring (via
C-5' atom, Fig. 1). This suggestion is also in accordance
with lower signal (lower stability) of the dimers eluted at #,
7.60 and 7.68 min compared to those eluted at fz 6.53 and
8.73 min (Fig. 6a). The occurrence of ions at m/z 311.0927,
311.0916 and 297.0763, 297.0762, respectively, is related
to the cleavage of propylene and isobutylene from the pre-
nyl chain. The fragmentation proceeds probably via cleav-
age of B-ring (mechanism of the consequent fragmentation
of ion at m/z 353 is proposed in Electronic Supplementary
Material Fig. S3a). Absence of a fragment at m/z 371.15
(i.e., fragment consisted of one XN unit and one additional
oxygen) in the ¢ and d spectrum would suggest that XN
units in corresponding dimers are not linked via oxygen at
A-ring(s) but rather via unsubstituted carbon C-5' of XN
(or a linkage via oxygen(s) represents a minor process).
Based on the above data we suggest that those two peaks
(tg 7.60 and 7.68 min) belong to two isomers of XN dimers
linked via C-5' in the A-ring and C-3 or C-2 of the B-ring
(C-6 and C-5 are equal with C-3; C-2). Structures of dimers
linked via C-5'- C-3 and C-5’- C-2 are suggested in the
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Fig. 7 Proposed structures

of prepared dimers of xantho-
humol (numbers and Greek
letter denote particular carbons
involved in linkage of two XN
units in accordance with the
labelling given in Fig. 1)
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Fig. 7 (structures a and b). Figure 8a shows the ion mobil-
ity separations of fragments at m/z 353.1 and 354.1 (plot
of the fragment intensity versus drift time) arising from the
above discussed dimers (spectra ¢ and d in Fig. 6). This
record was obtained by a complex experiment including
on-line chromatographic separation of dimers, isolation of
each eluted parent ion of dimers in quadrupole, subsequent
fragmentation in trap cell, separation in accordance with
collisional cross-section of ions in mobility cell and further
partial fragmentation of separated fragments in transfer
cell. Two isomeric fragments, separated according to their
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different cross sections (due to different shapes of frag-
ments) are formed from both dimers. Figure 8b shows the
structures of fragments proposed for C’5-C-3 linked dimer
(for the C’5-C-2 linked dimer analogous structures are
expected). Fragments III and IV retain the linkage between
A-ring and B-ring, confirming the suggested structures of
dimers a and b

Collision spectra of the first and the last major peaks
(tg 6.53 and 8.73 min, Fig. 6) differ from the previ-
ously discussed by a higher intensity of the fragment at
m/z 235.0972 (and its ratio to parent ion). This fragment
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corresponds to the elemental composition Cy3H,50, (dtm
0.9 ppm). Such composition unambiguously belong to acy-
lium cation derived from 2,4-dihydroxy-6-methoxy-3-(3-
methylbut-2-enyl)benzoic acid or a related resonance struc-
ture. The ion at m/z 257.0816 (and 257.0817) is another
abundant fragment in the spectrum b and e (Fig. 6). Its
mass fits well with elemental composition C,;sH;;0,™ (two
carbons more and two hydrogens less compared to the pre-
viously discussed fragment, dtm 0.8 ppm). Although the
process is not straightforward, we suggest that the frag-
ment is also formed by a non-symmetrical fission of the
C-3—C-p or C-3—C-3 bond in XN dimer skeleton (see Elec-
tronic Supplementary Material Fig. S3b, c). Higher inten-
sities of both fragments correspond with their possible
cleavage from both sides of the dimer which could occur
in dimers not linked via A-ring (suggested structures are
given in Fig. 7c, d). The spectrum of the first major peak is
very similar to the last one. Differences between those two
spectra lie in a higher relative abundance of fragments at
m/z 179.0352 and 417.1336 and, on the other hand, a lower
intensity of signal at m/z 455.1860 (Fig. 6e). However, per-
haps more interesting variations are hidden in minor frag-
ments as revealed in the three cuts of both spectra set on the
same intensity scale (Fig. 9). Fragments at m/z 613.2352
and 595.2273 occur in the spectrum of the first peak (fz
6.53 min) but not in the last one (fz 8.73 min). Those frag-
ments can be readily explained by a cleavage of one phenol
from dimer linked via C-f atom of one XN unit and a C-3
or C-2 atom of a B-ring of the other one. Linkage to C-3
is more probable since this carbon atom is located in ortho
position to hydroxyl group (see discussion in Chapter 3.2).
Structure of the fragment at m/z 613.2352 is displayed in

Fig.9 Zoom of MS/MS spectra

of first (a) and last (b) eluted
dimer (spectra are divided in
three cuts displayed for the
same intensity in order to
compare minor characteristic
fragments), insert characteristic
fragment rising by cleavage of
phenol from the first eluted XN
dimer

Fig. 9. Consequent loss of water is apparent in the upper
spectrum a. related to first eluted major dimer. Note that a
fragment corresponding to the loss of two phenol units was
not found in both spectra. Two additional fragments, i.e.,
m/z 375.1224 and 387.1445, exhibit significantly higher
intensity in the MS/MS spectrum of the peak at #z 8.73 min
(Fig. 9). Signal at m/z 375.1224 can be explained by a
combined loss of A-ring, two molecules of carbon monox-
ide and 2-methyl-2-butene (dtm —2.1 ppm). Signal at m/z
387.1445 may correspond to the losses of A-ring, two car-
bon monoxides and isobutylene (dtm 55.0 ppm).

Ion mobility separation of the fragment at m/z 239,
obtained by the same experiment as described above (for
data see Electronic Supplementary Material Fig. S4a, b),
provided several isobaric fragments with different drift
times that are formed from both the first and the last major
dimers. Fragments at m/z 239.1069 and 239.1097, respec-
tively, were found in collision spectra reconstructed for the
second mobility peak (i.e., at drift time range 142—154 bins)
of both dimers (see Electronic Supplementary Material Fig.
S4c, d). Although occurring with relatively low intensity,
those fragments correspond acceptably with the elemental
composition of protonated 2-(1-(4-hydroxyphenyl)vinyl)-
4-vinylphenol (or alternatively 3-(1-(4-hydroxyphenyl)
vinyl)-4-vinylphenol) in the case of the first eluted dimer
(dtm —1.3 ppm) and 5,5'-divinylbiphenyl-2,2’-diol (or
alternatively its isomer regarding mutual linkage of rings in
both 4-vinylphenol units) in the case of the fourth one (dtm
—10.5 ppm, internal lock mass correction using fragment
at m/z 473.1964 was used). The suggested structures of the
above mentioned fragments (see Electronic Supplemen-
tary Material Fig. S3b, c) bear information about linkage
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between XN molecules through carbon Cf and B-ring (e.g.
C-3 or C-2 position, first dimer) as well as through the
B-rings (linkage of C-3 and/or C-2 atoms) of both XN units.
The proposed structures of dimers linked via C-f—C-3 and
C-3—C-3 are given in the Fig. 7c and d, respectively.

Effect of the pH on the Generation of Oxidation
Products

The effect of the pH on the oxidation products formation in
ethanolic solutions was investigated. The electrochemical-
assisted oxidation assays were conducted at three different
pH (3.5, 4.5 and 5.5), which comprise the pH range of the
brewing process. The areas of chromatographic peaks cor-
responding to the found oxidation products were inspected
for each pH at three selected cell potentials and the results
are depicted in the Fig. 10. The obtained data demon-
strate that the highest yield of XN quinones (m/z 369.1) is
achieved at the highest studied pH (pH 5.5) and moderate
potential (650 mV). In the case of monohydroxylated XN
(m/z 371.1) the highest yield was observed in more acidic
solution (pH 3.5) and highest potential (900 mV). How-
ever, the monohydroxylated oxidation product of XN is
also generated at pH 5.5. Higher pH (5.5) also favors the

2] mm/z369.1

0Om/z371.1
@Em/z353.1

sum of peak areas

400 mV|750 mV|900 mV|350 mV|750 mV|900 mV(300 mV|650 mV|850 mV

pH 3.5

451 mm/z2707.3

sum of peak areas

Fig. 10 Comparison of yield of the studied oxidation products (sum
of peak areas of particular products in relative, reconstructed chroma-
tograms)
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formation of XN-2H products (m/z 353.1) with optimum
at the highest potential (850 mV). In brief, higher pH and
moderate-higher potentials are favorable for formation of
those XN oxidation products. Regarding the fact that the
pH is approximately 5.5 in the wort boiling step, it is plau-
sible that one considerable fraction of XN might be lost,
not only due to the isomerization into IXN, but also due to
oxidation. In fact, 24 % of the XN initially present in the
wort was reported to be lost without apparent reason [26].
Concerning the formation of XN dimers, significantly
higher yield is achieved at moderate conditions (i.e., pH
4.5 and 750 mV). The fact is in accordance with the results
of voltammetric experiments showing that at moderate
conditions (at the potential of limiting current of the first
voltammetric signal), a radical is formed in the one-elec-
tron process which is susceptible to dimer formation. Note
that the sum of peak areas of dimers is roughly 6—12 times
higher compared to the other oxidation products at optimal
conditions for each kind of product (Fig. 10). The signifi-
cance of the dimer formation during XN oxidation is thus
evident. Taking into account that the pH of beer is usually
between 3.8 and 4.6 [24], our results suggest that the for-
mation of XN dimers through beer oxidation is therefore
highly likely. Accordingly, the results reported herein must
be regarded as a further contribution towards the elucida-
tion of the mechanisms underlying the significant XN loss
observed during the wort boiling of the brewing process.

Conclusions

Electrochemically assisted oxidation off-line combined with
UPLC/ESI-MS enabled us to gain insight into the oxida-
tion mechanisms of xanthohumol. Several types of mono-
meric oxidation products (i.e., monohydroxylated and dehy-
drogenated derivatives and related quinones) were found
and chromatographic separation of major present isomers
was achieved. High contents of xanthohumol dimers were
observed. This is the first evidence of their formation. Struc-
tures of the formed dimers were proposed based on low- and
high-energy fragmentation experiments, ion mobility mass
spectrometry and comparative voltammetric experiments.
The chemical structures of four main oxidative condensa-
tion products of two xanthohumol molecules are presented.
They result from the linkage between C3 and C2 atoms of
one unit and C3, C2, CB and C'5 atoms of the other. As the
monomeric and dimeric oxidation products are favored at pH
of wort and beer, respectively, xanthohumol oxidation pro-
cesses should be taken into account by the brewing industry.
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ARTICLE INFO ABSTRACT
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Ion transfer voltammetry at a polarized ionic liquid membrane and LC/MS technique were used to investigate the
oxidative time-resolved degradation of the frequently (mis)used opioid fentanyl and some of its structural
analogs.

The degradation is based on the reaction of opioids with hydroxyl radicals produced by the catalytic
decomposition of hydrogen peroxide. Using the voltammetric technique, it was confirmed that the presence of
Fe?*ions and hydrogen peroxide is essential in the degradation process of fentanyl(s). An increasing concen-
tration of ferrous ions accelerates the described reactions, while the reaction rate is much less affected by the
concentration of fentanyl.

In an excess of ferrous ions, the course of the reaction can be approximated by a pseudo-first-order reaction
with a half-time of 3.85 min. The generation of HO® radicals was proved to be the rate-determining step.
Oxidative degradation processes of all investigated fentanyl-related drugs exhibit similar kinetics. A wide variety
of fentanyl degradation products were detected and characterized using LC/MS analysis. Mono-, di- and trihy-
droxylated derivatives in several isomeric forms were observed most abundantly in a relatively short reaction

time (5-30 min). The formation of norfentanyl has also been demonstrated.

1. Introduction

Fentanyl and a large number of its structural analogs belong to the
group of novel synthetic opioids [1], which are frequently used as
painkillers and anesthetics during surgery [2], and as antidepressants for
symptomatic treatment of many psychiatric problems [3,4]. Apart from
these undoubtedly important applications, all these drugs are often
being misused by drug dealers and by patients themselves [5].
Furthermore, these substances can be misused also as chemical warfare
agents (especially incapacitating agents) [6,7].

At present, fentanyl-based research substances focused mainly on
their metabolic pathways, pharmacokinetics, and other pharmacolog-
ical characteristics [1,8-10]. These studies have a highly interdisci-
plinary character with contributions from the fields of biochemistry,
toxicology, and practically all areas of analytical chemistry. Many

* Corresponding authors.

sophisticated analytical methods and approaches have been so far
introduced to quantify fentanyls and their metabolic products in
complicated biological matrices. Applied analytical procedures usually
involve separation steps (capillary electrophoresis, high-performance
liquid chromatography) coupled with mass spectrometry [9-11]. Elec-
trochemical techniques offer rather simple and relatively inexpensive
alternatives to the sensitive detection of fentanyl-related opioids
[12-17]. However, the classical electrochemical approaches often
include the destructive irreversible oxidation of fentanyls at high po-
tentials [14,15] imposing thereby a limit on their use in the analysis of
complicated samples of biological origin. On the other hand, electro-
chemistry at the interface between two immiscible electrolyte solutions
(ITIES) realized at a thin layer of an ionic liquid (IL) separating two
aqueous electrolyte solutions offers a non-destructive detection scheme
[18-20]. Investigated ions are transferred across the polarized interface
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from the aqueous phase into IL giving rise to the electric current, which
is used to monitor the changes in the ion concentration in the aqueous
phase. This experimental approach enables the application of various
electrochemical methods, including cyclic voltammetry, square-wave,
differential pulse voltammetry, and impedance spectroscopy [21,22]
to obtain analytical data and kinetic or thermodynamic parameters
important for the practical and theoretical considerations [23,24]. We
have recently reported the study of several synthetic opioids including
fentanyl and its structural analogs by ion transfer voltammetry (ITV)
[25]. The method offered the possibility of the voltammetric detection
of the protonated fentanyls. The analysis of the voltammetric data
provided the values of the partition coefficients of the ionic and neutral
fentanyl forms reflecting their analgesic potency.

Some synthetic opioids exhibit high pharmacological potency and
can be therefore classified as hazardous materials. Owing to their
negative impact, increasing attention has been paid to the methods of
their removal from contaminated work or public places. Several studies
[26-29] and a review [30] dealing with the degradation of fentanyl, and
with the identification of the degradation products have been published.
Acid, base, thermal, and photo-treatments, or oxidative degradation
have been tested as the prospective approaches to the removal of fen-
tanyls from the environment. On the one hand, after the exposure of
fentanyl to UV light for 7 days, or after its treatment with 5 M NaOH at
elevated temperature, the opioid remained almost intact [26]. On the
other hand, the acid treatment of fentanyl led to the formation of some
hydrolytic products, while the oxidation using 0.3% (0.088 mol dm™2)
H50, led to the formation of several of its N-oxide diastereomers. A
study of the oxidative degradation of fentanyl in the 0.2 M aqueous
solutions by peroxides and hypochlorites revealed that tri-
chloroisocyanuric acid and a mixture of sodium percarbonate with N,N,
N’,N’-tetraacetylethylene diamine represent the most efficient oxidizing
agents, which have completely decomposed the drug within one hour
[27]. A similar approach, i.e., the oxidative treatment of fentanyl com-
pounds dissolved in water by 1 M sodium bromate mixed with 1 M so-
dium sulfite at pH = 0.5, reached almost 100% degradation within 30
minutes [28]. A commercial preparation OxiClean™ containing sodium
percarbonate has been developed and recommended for cleaning sur-
faces contaminated by fentanyl and acetylfentanyl, without disclosing
any information on their possible degradation products [29]. A
comprehensive review has summarized the recent progress in the area of
the acid, base, thermal, photo- and oxidative degradation of fentanyls
including the list of the reaction products formed [30]. Fluidized-bed
Fenton technologies for industrial wastewater treatment, which rely
on the oxidative power of the Fenton’s reagent [31-33], have received
increasing attention [34] and should be considered as alternatives to the
procedures listed above.

This study aimed to examine the possibility of using Fenton’s reagent
[31] for efficient degradation of the novel synthetic fentanyl-based
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opioids in an aqueous solution. The chemical structures of the drugs
examined in this study are shown in Fig. 1.

Fenton’s reagent consists of a mixture of HyO, in excess and Fe?t
ions and is frequently used to oxidize contaminants in wastewater [31]
through the generation of reactive oxygen radicals [32,33]. The changes
in the concentration of the fentanyl-based opioids in their protonated
forms were monitored by cyclic voltammetry at a polarized ionic liquid
(IL) membrane [25] and, in the case of fentanyl alone, also by LC/MS
analysis. Both components of the Fenton’s reagent do not represent an
obstacle to the ion transfer voltammetry since H,O3 is a neutral mole-
cule and the Fe?* cation is sufficiently hydrophilic and cannot interfere
with the transfer of the fentanyl cation inside the polarized potential
window. We shall show that the presence of the Fenton’s reagent con-
taining 44 mM H05 and 0.2 mM FeZ" results in complete degradation of
0.1 mM fentanyl within 300 min, while no change in the fentanyl con-
centration takes place when the reagent contained only H205, or Fe?t
alone. An analysis of the effects of the fentanyl and Fe?* concentrations
allowed us to propose a mechanism of fentanyl degradation and to
identify its rate-determining step. We shall also present preliminary
results indicating that the degradation of fentanyl-related opioids fol-
lows similar kinetics. It is noteworthy that the use of Fenton’s reagent
poses much less environmental threat compared to the concentrated and
relatively dangerous agents used for the destruction of fentanyl in the
studies referred to above. Another advantage of the present approach is
the use of significantly lower concentrations of the active agents, while
the degradation rates remain comparable with those reported.

2. Experimental
2.1. Chemicals

Fentanyl, furanylfentanyl, sufentanil, carfentanil and norfentanyl
were obtained from Chromservis (Chromservis s.r.o., Czech Republic).
Unstabilized 30% hydrogen peroxide, ammonium iron(II) sulfate hexa-
hydrate, and LiCl were purchased as analytical grade chemicals from
Lachema (Czech Republic), Sigma-Aldrich, and Fluka, respectively.
Ionic liquid tridodecylmethylammonium tetrakis[3,5-bis
(trifluoromethyl)phenyl]borate (IL) was prepared from the corre-
sponding sodium and chloride salts by metathesis and purified by the
procedure described elsewhere [19]. Aqueous solutions for all mea-
surements were prepared from deionized water with a resistivity of 18.2
MQ cm (Millipore). All electrochemical experiments were carried out at
the ambient temperature of 25 + 2 °C.

Acetonitrile (for HPLC, Sigma-Aldrich), chloroform (analytical
grade, Lach-Ner, Czech Republic), and formic acid (>99%, Sigma-
Aldrich) were used as received. Sodium formate used for time of flight
analyzer (TOF) calibration was prepared by mixing 0.1 cm® of 0.1 M
NaOH with 0.2 cm® of 10% formic acid and 20 cm® of mixture
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Fig. 1. Chemical structures of the studied fentanyl-based opioids.
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acetonitrile/water, 80:20, (v/v).
2.2. Voltammetric measurements

An electrochemical cell with the IL. membrane used in voltammetric
measurements can be characterized by Scheme 1:

Ag’| AgCl|1 mM LiCl (w’) | IL (o) | 1 mM LiCl, x mM RCl, y mM Fe?t,
2z mM Hy02 (w) |AgCl|Ag (Scheme 1) where 1 mM LiCl is the supporting
electrolyte (pH ~ 7) for both aqueous phases (w’, w), RCl is the chloride
salt of the protonated fentanyl or fentanyl derivative in the aqueous
phase (w), x =0-0.2, Fe?" and Hy0, represent components of Fenton’s
reagent, y = 0 — 0.2 and z = 0 or 44, respectively. The IL membrane
phase is denoted as (0). Both reference Ag|AgCl electrodes were con-
nected to aqueous phases (w’) and (w) employing the Luggin capillaries,
whose end was filled with the aqueous agar gel containing 100 mM LiCl.
The supported IL membrane was prepared by impregnating a poly-
vinylidene fluoride microporous filter (type GVHP 1300, thickness of
~112 pm, pore size of 0.22 pm, Millipore, USA) with IL [19]. The
membrane disk (diameter of 0.9 cm) was cut out from the impregnated
filter and mounted in a homemade four-electrode cell [35]. The area of
the supported IL membrane exposed to the aqueous electrolyte solution
was 0.07 cm?. The cell potential E is described by Eq. (1):

E=g(Ag) —p(Ag) = Alp — AY ¢ — Ent )

where A} ¢ and A;”/ ¢ represent the Galvani potential differences at one
or the other membrane side, and E,s involves all remaining contribu-
tions to the cell potential E. The CHI potentiostat (Model 920C, CH In-
struments, USA) controlled the cell potential and served also for the
measurement of its complex impedance to estimate the solution resis-
tance (typically 65 - 115 kQ) for an adjustment of the ohmic potential
drop automatic compensation.

Cyclic voltammograms (CVs) of the single charged ion transfers are
characterized by the midpoint potential Ey, = (E,+ Ep_)/2, where Ej,
and E, are the positive and negative voltammetric peak potentials,
respectively, and by the positive peak current I, ;. The transfer of a single
charged ion represented here by the mono-protonated form of fentanyl
(or some of its derivatives) should be controlled by linear diffusion.
Consequently, the peak current Iy, (in A) can be described by Eq. (2)
[19],

I, = (231 x 10°)A(Dyv) P @

where DY is the ion diffusion coefficient in the aqueous phase in em?s,
A is the interfacial area in cmz, v is the sweep rate in V s‘l, and ¢V is the
bulk ion concentration in mol cm™ in the aqueous phase.
Voltammetric measurements were carried out first in the absence
and then in the presence of the selected protonated opioid in the right
compartment of the cell with a volume of 5 cm?® (Scheme 1). Subsequent
CVs were recorded after the addition of Fe?" to the right compartment (a
reference CV), and then periodically at time intervals, as indicated in
Figs. 2-5, after the injection of HyO5 into the right compartment (start of
the reaction). Additions of Fe** and H>0- were made in the microliter
volumes from their concentrated stock solutions so that changes in the
original concentration of opioids were negligible. The decreasing peak
current was taken as a measure of the decreasing concentration of the
opioid due to its degradation by the reaction with Fenton’s reagent.

2.3. LC/ESI-MS conditions and parameters

LC/MS analysis of reaction products of fentanyl with Fenton’s re-
agent was performed as follows. A 10 cm® reaction mixture containing 1
mM LiCl, 0.1 mM fentanyl, and 0.2 mM (NHy4)2Fe(SO4)2 was prepared in
a screw cap glass vial. Samples of the reaction mixture (1 cm®) were
taken at 5, 15, 30, 60, 90, 120, 180, 240 and 300 min after 44 mM H50,
addition. A sample corresponding to time O min was taken from the

Electrochimica Acta 441 (2023) 141848
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Fig. 2. CVs of the protonated fentanyl in the presence of Fenton’s reagent
recorded after 0 min (1), 5 min (2), 30 min (3), 60 min (4), or 300 min (5) from
the start of the fentanyl degradation (injection of H,0,). The initial composition
of the aqueous phase (w): 1 mM LiCl, 0.1 mM fentanyl in the protonated form,
0.2 mM (NH,4)2Fe(SO4)2, and 44 mM H,0,. The dashed line shows the CV of the
background electrolyte. The corresponding values of the degradation ratio
derived from the current peak are inserted in the inset.
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Fig. 3. The plot of the positive peak current I,(t) of the protonated fentanyl
normalized to the initial current I,(0) vs. time t. Initial composition of the
aqueous phase (w): 1 mM LiCl, 0.1 mM fentanyl in its protonated form, 44 mM
H,0, and 0 mM ([7), 0.05 mM (@), 0.1 mM (a) or 0.2 mM (v) (NH4),Fe(SO4),.
Curve [ is the plot of the relative peak current vs. time t in the absence of H,O5,
i.e., for the initial composition of 1 mM LiCl, 0.1 mM fentanyl in its protonated
form, and 0.2 mM (NH,4),Fe(SO4),. Lines show a non-linear fit to the bi-
exponential decay function of time (see text), dotted vertical lines mark the
values at 30 and 60 min to make them comparable with studies [27 and 28].

mixture before the addition of HyO. In each sample, the reaction was
quenched by the addition of 0.2 M NaOH (alkalization to pH 11), and 1
cm? of chloroform was added immediately. The sample was shaken for
10 min at 1300 rpm and then 0.75 cm® of the chloroform phase was
collected in a 2 cm? vial. The solvent was evaporated to dryness with a
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Fig. 4. The plot of the positive peak current I,(t) of the protonated fentanyl
normalized to the initial current I,(0) vs. time t at various initial concentrations
cgm of the protonated fentanyl: 0.05 mM ([]), 0.1 mM (o), 0.15 mM (A) and 0.2
mM (a). Initial concentrations of other components of the aqueous phase (w): 1
mM LiCl, 44 mM H,0,, and 0.2 mM (NH4),Fe(SO4),. Dotted vertical lines mark
the values at 30 and 60 min to make them comparable with studies [27 and 28].
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Fig. 5. The plot of the positive peak current I,(t) of the protonated fentanyl-
related opioids normalized to the initial current I,(0) vs. time t for fentanyl
(WD, norfentanyl (), sufentanil (@), carfentanil (o) and furanylfentanyl (+).
Initial composition of the aqueous phase (w): 1 mM LiCl, 44 mM H;0,, 0.1 mM
protonated opioid and 0.2 mM (NH,4),Fe(SO4),. Dotted vertical lines mark the
values at 30 and 60 min to make them comparable with studies [27 and 28].

stream of nitrogen. The residue was dissolved in 0.75 cm® of mobile
phase (0.1% HCOOH in H,0/0.1% HCOOH in CH3CN, 7/3, v/v) before
LC/MS analysis. Simultaneously with the reaction mixture containing
fentanyl, a control without fentanyl was prepared, from which 1 cm®
samples were taken at 0, 5, 60, and 300 min and treated in the same way.

Collected samples were filtered by membrane PTFE filter (0.45 pm
pore size), transferred to HPLC vials, and injected into LC/ESI-MS in-
strument (Acquity UPLC system coupled to high-resolution mass spec-
trometer Synapt G2-S, both from Waters). LC/MS separation of fentanyl
oxidation products was performed on Raptor ARC-18 LC Column (100 x
2.1 mm, 2.7 um particle size, C18 stationary phase, from Restek). A
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sample volume of 5 mm® was injected by autosampler and the chro-
matographic separation was carried out using 0.1% HCOOH in H0 as
mobile phase A and 0.1% HCOOH in CH3CN as mobile phase B with the
following gradient: 0 — 2 min: 70% A, 2 min — 10 min: 70% - 0% A, 10 —
11.5 min: 0% A, 11.5 — 13 min: 0 —70% A. The flow rate set at 0.4 mm?
min~! for a run time of 13 min was used. ESI-MS conditions were set as
follows: electrospray ionization was performed in positive mode;
capillary voltage set at 2.0 kV, source temperature at 120 °C, desolvation
temperature at 200 °C, cone gas flow at 50 dm®h!, desolvation gas flow
at 400 dm® h™! and nebulizer gas pressure at 6 bar were used.

MS spectra were acquired in the m/z range from 50 to 1200 Da with
TOF settings in Res-mode and a scan time of 0.5 s. MS/MS experiments
were performed with the transfer collision energy of 20 eV. All samples
were measured in 2 repetitions.

3. Results and discussion
3.1. Voltammetric analysis

Fig. 2 shows the CVs of the protonated fentanyl measured at the
beginning (full black line) and in the course of the fentanyl degradation
by Fenton’s reagent. The reaction proceeds fast and already the next CV
measured 5 min after the start of the degradation points to a significant
decrease in the fentanyl concentration. A positive current enhancement
observed at potentials more positive than the peak potential can be
ascribed to the ionic products of the degradation, which are more hy-
drophilic than the protonated fentanyl itself, e.g., norfentanyl [25].
Some of these reaction products are quite stable because even after 300
min from the start of the degradation, when the current corresponding to
the protonated fentanyl decays to zero, their current signal remains
apparent as a slight current enhancement at far positive potentials, cf.
curve 5 in Fig. 2.

For the voltammetric measurements of the kinetics of the fentanyl
degradation, the concentrations of HyO5, Fe?>* and fentanyls were cho-
sen as a compromise concerning the degradation rate and the time scale
of the voltammetric measurement, which at the applied potential sweep
rate of 10 mV s ! and the potential limits, enabled to repeat reliably the
sweep in time intervals not shorter than 5 min. Faster reactions occur-
ring at higher Fe?>" concentrations could not be therefore monitored
voltammetrically, while slower reactions occurring at lower fentanyl
concentrations would take too much time with a possible violation of the
constant experimental conditions. Therefore, these experiments were
performed with the aqueous phase (w) containing 1 mM LiCl as the
background electrolyte, 0.05-0.20 mM fentanyl, 44 mM Hy0, and
0.05-0.20 mM (NH4)2Fe(SO4)2.

Fig. 3 demonstrates the effect of the concentration of Fe?" in the
reaction mixture on the decay of the peak current of the protonated
fentanyl-related to the initial peak current with time ¢, which can be
considered as a measure of the time profile of the degradation of the
protonated fentanyl by the Fenton’s reagent. These data indicate that
the degradation of fentanyl (a) does not occur in the absence of Fe®t
(curve [0), (b) it is accelerated by increasing the Fe?! concentration
(curves @, 4 and v), and (c) does not occur in the absence of H,O5 (curve
W). It is also worth noting that in the absence of Fe?* even substantially
higher concentrations of HyO5 alone do not lead to fentanyl degradation.
The plots shown in Fig. 3 represent the decay of the fentanyl concen-
tration with time and characterize the kinetics of the fentanyl degra-
dation. A plausible description of these plots was possible by using a
two-phase exponential decay function with time constant parameters
t; and to:

x(r) = Alexp<7£> + Ajexp (75) 3)

where x(t) is the dimensionless concentration of fentanyl represented in
Fig. 3 by the ratio of the peak currents I(t)/I,(0) at a time t and the
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beginning of the degradation, i.e., at t = 0. The non-linear fit of the
experimental plots to the function x(t) is shown by the lines in Fig. 3. The
initial rate of degradation is described by Eq. (4):

(7[1)(/[11‘)0 :Al/fl +A2/[2 (4)

Results of the fit indicated that both the decay function and the initial
rate are controlled by the first term, which makes more than 95% of the
total value, and which represents a fast phase of the decay characterized
by the time constant f; = 1.7 — 3.5 min depending on the Fe?* con-
centration. In contrast, the second (slow) phase is characterized by the
time constant t, = 40 — 250 min. The initial rate of fentanyl degradation
—(dx/dt)o is proportional to the concentration of Fe" in Fenton’s re-
agent with a regression line slope of 1.8 mM ™! min™! = 30 M! 57!
(Appendix, Fig. S1).

The effect of the fentanyl concentration on the degradation rate can
be seen in Fig. 4, which depicts the plots of the positive peak current I(t)
of the protonated fentanyl related to the initial current I,(0) vs. time t at
various initial fentanyl concentrations c2,,. In agreement with the pre-
vious study, the initial peak current I,(0) is proportional to c¢¥.,, cf.
Fig. S2 (panel A), while the effect of c2,, on the initial reaction rate is
much less pronounced, cf. Fig. S2 (panel B).

The general mechanism of the oxidation of an organic compound R
by Fenton’s reagent can be described by the following reactions
involving the HO® radical [31,34],

Fe** + H,0, %5 Fe’* + HO® + OH- 5)
R+HO" 5 P+ P+ Pyt ©)

eventually accompanied by the following reactions involving the HOO*
radical,

Fe** + H,0, % Fe** + HOO® + H* )
R+HOO* % P + P, + Py + - ®)

The nature of the P, products of the oxidative degradation of fen-
tanyl will be considered later. The linear effect of the Fe?* concentration
on the degradation of fentanyl, and the absence of an analogous effect of
the fentanyl concentration suggest that the rate-determining step of the
degradation could be the generation of the HO® radical according to Eq.
(5). On applying the steady-state approach to the first two steps
described by Eq. (5) and Eq. (6), the reaction rate can be expressed by
Eq. (9):

dcpe+

dCFen _ _ .
— = - T = e ®

where the pseudo-first-order rate constant k; comprises the excess
concentration of Hy0,. The slope of 30 M™! s7! of the linear plot
—(dcpen/dt)g vs. the concentration cg.: (Fig. S1) then corresponds to the
value of k; = 3 x 1072 5! and the reaction half-time of 231 s or 3.85
min.

Fig. 5 displays the preliminary results of the voltammetric study of
the degradation of other fentanyl-related opioids including norfentanyl,
sufentanil, carfentanil, and furanylfentanyl, using the Fenton’s reagent.
These results indicate that the degradation of fentanyl-related opioids
follows similar kinetics to fentanyl, which is characterized by the half-
time of 2-8 min.

To facilitate a comparison of the rates of the degradation of the
fentanyl compounds in the present and the reported [27,28] studies, the
vertical dotted lines at 30 and 60 min were added to Figs. 3, 4, and 5. The
I,(t)/1,(0) values on the y-axis can actually be easily converted to per-
centages because the values 1 and 0 correspond to 100% and 0% of the
corresponding fentanyl.
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3.2. LC/MS analysis

Samples of the reaction mixture initially containing 0.1 mM fentanyl,
0.2 mM (NH4)2Fe(SO4)2, 1 mM LiCl, and 44 mM H,0-, were collected at
reaction times 0, 15, 30, 60, 120, 180, 240, and 300 min, and analyzed
by LC/ESI-MS after extraction into chloroform. The total ion chro-
matograms of the samples are shown in the Appendix, Fig. S3. Identified
reaction intermediates and products are summarized in Table 1 together
with their LC retention times, the values of m/z, and the differences
between the observed and theoretical value of m/z for the indicated
elemental composition (dtm). Apart from fentanyl, a large number of
hydroxylated derivatives in various isomeric forms were identified in
the reaction mixture. MS/MS analysis indicates that the hydroxylation
takes place mainly on the phenethyl part of the fentanyl molecule and
the piperidine ring. The terminal methyl of the ester-linked propionyl
group also undergoes hydroxylation to a lesser extent. The aniline
moiety of fentanyl appears to be relatively intact for hydroxylation. In
addition to mono-, di- and trihydroxylated derivatives, the formation of
norfentanyl (P9) has been proved by comparing the retention times and
fragmentation pattern with the standard. Norfentanyl is reported to be a
major metabolite of cytochrome P450-catalysed enzymatic reactions of
fentanyl [1] and a product of other degradation processes [30].

The other degradation products observed (P8, P10, and P11) most
likely correspond to the products reported being formed during the
oxidative degradation of fentanyl in hydrogen peroxide or peracetic acid
solutions [27]. After 5 h of reaction, the only product extractable into
chloroform, ionizable in positive mode of electrospray, and providing an
ion with an m/z value higher than 50 was observed in the reaction
mixture. This product (P12) with a protonated molecule at m/z 162 was
identified most probably as 1-phenylpiperidine and its concentration
was about 300 times less than the starting concentration of fentanyl. The
change in the concentration of fentanyl and its degradation products
with time can be seen from the plots of the area under the chromato-
graphic peaks vs. time such as those shown in Fig. 6. In the course of the
degradation, the fentanyl concentration decays in the same time scale as
the positive peak current I(t) of the protonated fentanyl, cf. Fig. 4, while
the concentration of the degradation products, e.g., norfentanyl, first
increases from zero to a maximum, which is followed by an analogous

Table 1
List of the products or groups of the products P1-P12 of the degradation of
fentanyl using Fenton’s reagents, which were identified by LC/MS analysis.

Reaction products tr m/z [M + dtm Elemental
(min) H]" (mDa) composition
fentanyl 1.51 337.2362 8.2 Ca2Ha9N>O
P1 (hydroxyfentanyl) 0.87 353.2292 6.3 CooHagN,0o
0.96 353.2292 6.3 Ca2H29N202
1.04 353.2292 6.3 Ca2HgN20o
1.21 353.2292 6.3 Ca2H29N202
1.9 353.2292 6.3 Ca2H29N202
P2 (dihydroxyfentanyl) 0.69 369.2235 5.7 Ca2HagN203
0.79 369.2235 5.7 Ca2H9N203
0.85 369.2235 5.7 Ca2H29N503
1.14 369.2235 5.7 CyHagN2O3
P3 (dehydrogenated 0.78 351.2057 -1.6 Ca2Ho7N504
hydroxyfentanyl) 1.3 351.2057 -1.6 CooHyyN,0o
P4 (dehydrogenated 0.86 367.2049 2.7 CooHoyN20O3
dihydroxyfentanyl) 1.04 367.2049 2.7 Ca2Ha7N203
P5 (trihydroxyfentanyl) 0.65 385.2121 -0.6 CooHagN20y
P6 0.61 387.2281 -0.3 Ca2H31N204
P7 0.65 305.1862 -0.3 Cy7H25N203
P8 0.62 261.2033 6.6 C16HasN,0
P9 (norfentanyl) 0.62 233.1658 0.4 C14H21N20
P10 0.54 249.1617 1.4 C14H21N202
(hydroxynorfentanyl)
P11 (N- 1.58 150.0936 1.7 CoH12NO
phenylpropanamide)
P12 0.63 162.1339 5.6 Cy1Hy 6N

tg — retention time, dtm — difference from the theoretical mass.
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Fig. 6. Plots of the peak areas of fentanyl (A) and norfentanyl (B) taken from appropriately extracted ion chromatograms vs. time t of the degradation of fentanyl

with Fenton’s reagent.

decrease due to the subsequent product decomposition. Plots of peak
areas vs. reaction time for the other degradation products can be found
in the Appendix, Fig. S4.

4. Conclusion

Ion transfer voltammetry of the protonated fentanyl and the
fentanyl-related opioids at a polarized ionic liquid membrane can be
used to study the kinetics of their oxidative degradation using Fenton’s
reagent. Voltammetric data indicate that the degradation of fentanyl
itself follows the pseudo-first-order rate law characterized by the reac-
tion half-time of about 4 min. The rate-determining step of the process is
the reaction of Fe*™ with HyO, generating the HO® radical, which is
followed by the fast reaction of this radical with fentanyl and its prod-
ucts in the subsequent steps. The oxidative degradation of fentanyl-
related opioids is apparently subject to similar kinetics. LC/MS anal-
ysis shows that the reaction of fentanyl with Fenton’s reagent provides a
wide range of reaction products in a relatively short reaction time (5-30
min), and supports the conclusions drawn from the voltammetric mea-
surements in regards to the reaction time. Hydroxylated derivatives in
some isomeric forms are the most abundant products in the reaction
mixture. In addition to mono-, di- and trihydroxylated derivatives, the
formation of norfentanyl has been proved. After 5 h of reaction, only one
product with m/z higher than 50 was found in the reaction mixture. The
results of this study show that the Fenton reaction leads to the rapid and
efficient degradation of fentanyl and its structural analogs. Fenton’s
reagent, consisting of cheap and nontoxic components, is effective even
at low concentrations of ferrous salt and HoO5 (less than 1 mmol dm ™)
and can be easily applied in solution, also by spraying. In this respect, it
appears to be promising for the fast cleaning and decontamination of
wastewater and surfaces (e.g., in clandestine manufacturing facilities)
contaminated with hazardous fentanyl-based drugs. It can further be
noted that the technique of ion transfer voltammetry coupled to LC/MS
as utilized in the present study can also find application in other areas of
analytical and physical chemistry to study ionic products of degradation
and their kinetics (e.g., in postmortem analysis of batteries) or to follow
ionic species involved in liquid electrolytes (e.g. fuel cells, electro-
catalytic systems, ionic liquids, etc.).
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