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1. Abstrakt

Univerzita Karlova, Farmaceuticka fakulta v Hradci Kralové
Katedra farmaceutické chemie a farmaceutické analyzy
Kandidat: Martina Karlikova

Skolitel: prof. PharmDr. Petr Zim&ik, Ph.D.

Nazev diplomové prace: Ovlivnéni pK. rozpozndvaci casti azaftalocyaninovych
senzort II.

V ndvaznosti na predchozi ¢innost nasi vyzkumné skupiny byly v ramci této
prace syntetizovany azaftalocyaniny (AzaPc) obsahujici ve své rozpoznavaci ¢asti jednu
nebo dvé fenolické skupiny, diky kterym mohou fungovat jako fluorescenéni senzory
v zavislosti na pH prosttedi a pKa rozpoznavaci ¢asti. To mize byt modifikovano

riznymi substituenty.

Syntéza AzaPc byla zahajena syntézou jejich prekurzorti. Vychozi latkou byl
ve vétsing pripadl 4-hydroxyacetofenon, ktery byl dale vhodné modifikovan elektrofilni
substituci. Produkty byly poté oxidovany na vicinalni ketoaldehydy s pouzitim oxidu
seleni¢ittho a nasledné ihned kondenzovany s diaminomaleonitrilem na pfislusny
pyrazin-2,3-dikarbonitril. VSechny syntézy byly zakon€eny cyklotetramerizaéni reakci
takto  pfipraveného  pyrazin-2,3-dikarbonitrilu s 5,6-bis(ferc-butylsulfanyl)
pyrazin-2,3-dikarbonitrilem za pouziti butanoldtu hotfecnatého jako iniciatoru. Takto
bylo ziskdno Sest rozdilnych kongenert, ze kterych byl sloupcovou chromatografii
pozadovany kongener typu ABBB izolovan. Cast vzniklych AzaPc, které obsahovaly
centralni hofecnaty kationt byly prevedeny na bezkovové AzaPc a nasledné

na zine¢naté komplexy.

Poté¢ byla zméfena absorpéni a fluorescenéni spektra AzaPc i prekurzort
v pufrech o rizném pH. U AzaPc byla v kyselém pH pozorovana vyrazna cervena
fluorescence, kterd po 1ionizaci v bazickém prosttedi postupné mizela. Podle
fluorescence byla pro kazdou latku stanovena hodnota pK, rozpoznavaci ¢asti, ktera se
pohybovala v rozsahu od 5 do 10,5. Na rozdil od AzaPc byly pro pyrazinové prekurzory
typické zmény v absorpénich spektrech podle méniciho se pH, které se projevovaly

rozdilnym zbarvenim roztoku.



2. Abstract

Charles University, Faculty of Pharmacy in Hradec Kralové
Department of Pharmaceutical Chemistry and Pharmaceutical Analysis
Candidate: Martina Karlikova

Supervisor: prof. PharmDr. Petr Zimcik, Ph.D.

Title of diploma thesis: Modulation of pK. of the recognition moiety of
azaphthalocyanine sensors II.

Our research group recently developed the sensors based on azaphthalocyanine
(AzaPc) core containing one or two phenolic groups as recognition moiety and because
of them, the AzaPcs can be utilized as fluorescent sensors. The fluorescent state of the
molecule depends on the pH of the environment and the pK. of the recognition moiety.

The latter can be modified by altering the substituents on phenol.

The formation of AzaPcs was initiated by the synthesis of their precursors. In
most of the cases, the starting material was 4-hydroxyacetophenon that was modified by
electrophilic substitution. The products were oxidized to corresponding vicinal
ketoaldehydes using selenium dioxide and immediately condensed with
diaminomaleonitrile to substituted pyrazine-2,3-dicarbonitriles. Synthesis were
completed by the cyclotetramerization reaction of this dicarbonitrile with
5,6-bis(tert-butylsulfanyl)pyrazine-2,3-dicarbonitrile using magnesium butoxide as

initiator.

Six different congeners were obtained by this reaction from which the required
congener with one asymmetric part was isolated by the column chromatography. Some
of the synthetized AzaPcs in the form of magnesium complex were converted to
metal-free derivatives and subsequently to zinc complexes. Finally, fluorescence and
absorbance were measured. In acidic environment, AzaPcs had intensive red
fluorescence which was turned off after ionization at higher pH. Based on the
fluorescence changes, the pK, value of recognition moiety was determined for each
molecule. The values ranged from 5 to 10.5. Unlike AzaPcs, pyrazine precursors

showed intense changes in absorption spectra visible to the naked eye.



3. Seznam pouzitych zkratek

4-HA 4-hydroxyacetofenon

AcOH kyselina octova

AzaPc azaftalocyanin

BBIM 12 bisbenzoimidazoliovy katalyzator
DABCO 1,4-diazabicyklo[2,2,2]oktan
DAMN diaminomaleonitril

DBU 1,8-diazabicyklo[5,4,0]Jundecen
DCM dichlormethan

DOPC dioleoylfosfatidylcholin

DMSO dimethylsulfoxid

EtAc ethyl-acetat

FRET Forsteriv rezonan¢ni pfenos energie
HEX hexan

ICT intramolekularni pienos naboje
MeOH methanol

NaOAc octan sodny

NMR nukledrni magneticka rezonance
Pc ftalocyanin

PCR polymerazova fetézova reakce
PDT fotodynamick4 terapie

PS fotosenzitizér

PET svétlem vyvolany pfenos elektronu
TEA triethylamin

THF tetrahydrofuran

TLC tenkovrstva chromatografie

TOL toluen

VIS viditelna oblast spektra
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4. Cil prace

Cilem mé¢ diplomové prace byla syntéza nesymetrickych azaftalocyanint
(AzaPc), obsahujicich jednu, pfipadné¢ dvé fenolické skupiny, a nasledné stanoveni
jejich fotofyzikalnich vlastnosti a mozného vyuziti jako fluorescen¢nich senzort. Jak jiz
bylo zjisténo v nasi vyzkumné skupiné diive, tyto latky funguji jako fluorescencni
senzory citlivé na zmény pH, kdy ionizaci fenolu senzorické ¢asti dochazi k silnému
poklesu fluorescence.! Dé&je se tak kviili intramolekuldrnimu pienosu naboje (ICT),
protoze v bazickém prostiedi se z fenolické skupiny, kterd je pouze slabym donorem

stava fenolat, ktery je donorem silnym.

V jaké oblasti pH bude senzor citlivy je uréeno zejména hodnotou pK, jeho
senzorické (rozpoznavaci) c¢asti. Hodnotu pK. fenolické rozpoznavaci casti lze
modifikovat pomoci substituentl X a Y (Obrazek 1), kdy cilem syntéz bylo ziskani
rozmanitého spektra senzori a také posunuti k hodnotdm pKa vhodnym pro biologické
aplikace. Bylo tak navazéano na ptedchozi prace, protoze diive pfipravené senzory mély

piilis nizké,! &i vysoké? pKa, které bylo pro biologické aplikace nevhodné.

e %«L

i Im@ S

N= /N N““-

+s A +s <4

X Y
H H
Br H
Br NO:2
tBu tBu

Obrazek 1: PoZadované struktury cilovych ldatek
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5. Teoreticka Cast

5.1. Charakteristika

AzaPc, a to hlavné jejich podskupina tetrapyrazinoporfyraziny, jsou
nejprobadanéj$imi aza-analogy ftalocyaninti (Pc). Pc jsou syntetické latky, které jsou
odvozeny od piirodnich porfyrinii. Stejné jako porfyriny obsahuji Pc, resp. AzaPc
systém konjugovanych vazeb, ktery jim dodava rizné zbarveni od zelené, pies modrou
az k fialové, podle absorpce v rizné oblasti svételného spektra a stejné jako porfyriny

také mohou do centra své molekuly chelatovat kationt kovu.>

Makrocyklus Pc tvoii ctyfi molekuly isoindolti, které jsou spojeny
azomethinovymi mustky.* Oproti Pc obsahuji AzaPc v benzenovém kruhu namisto
uhliku atom dusiku (Obrazek 2) a podle uspotadani a poctu téchto dusiki se odvozuji

latky s pyridinovymi, pyrazinovymi jadry apod.?

Obrazek 2: Obecnda struktura Pc (vlevo) a AzaPc (vpravo), M znazoriiuje chelatovany

kationt kovu

Nezadouci vlastnosti téchto plandrnich makrocykli je agregace, ktera
znesnadiiuje jejich charakterizaci a také snizuje produkei singletového kysliku®
a fluorescence!, ¢imz se zhorsuji jejich fotofyzikalni vlastnosti. Agregaci se d4 zabranit
navazanim vhodnych substituentii na periferii, at’ uz objemného terc-butylu, ktery se
ukdzal jako vhodnéjsi varianta, ¢i dlouhého alkylového fetézce. Dal§i moznosti, jak
agregaci snizit je pouziti vhodného rozpoustédla, kdy se jako vhodna jevi koordinacni
rozpousStédla napt. THF, ktera jsou schopna koordinovat centralni kationt. Naopak

ve vodé dochdzi zvySovanim poméru dimer/monomer k prakticky plné agregaci. Mimo
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téchto zplisobll je mozné agregaci ovlivnit piidanim aditiv napt. DMSO. Urcity efekt
ma i centralni kationt, protoze ¢im ma centralni kov vice koordina¢nich vazeb, tim se
agregace snizuje.’ Centralni kationt ma vliv i na fotofyzikalni vlastnosti AzaPc. Latky
s chelatovanym hofe¢natym kationtem maji lepsi produkci fluorescence. Naopak
AzaPc, které jako centralni atom obsahuji zinecnaty kationt, maji vyssi produkci

singletového kysliku.

Produkci jak fluorescence, tak singletového kysliku Ize povazovat

vvvvvv

svému systému dvojnych konjugovanych vazeb absorbovat foton, ¢imz se dostanou
do excitovaného stavu. Nasleduje n¢kolik moZznosti, jak se latka mulze vratit zpatky

do stavu zakladniho, jak je vidét z Jablonského diagramu (Obréazek 3).

S 7
1 v T e o g

1 1 4‘ . F
] 1 ‘*\ 5
E E T1 1 absorpee
' .., 2 fluorescence

1|2} 3 IcT o 3 neradiativni relaxace (teplo apod.)
Vo 'r'5,'ﬁ(/_“il(__} 4 mezisystémovy pfechod
' K rrr K 2 § fosforescence
o S ]\ 6 produkce singletového kysliku
- L -5(_]2 ICT intramelekularni pfenos naboje

::'J:EEQ CSS stav oddélenych nabojl

Obrdzek 3: Jablonského diagram (pievzato z NOVAKOVA, V. Studium strukturnich
a fotofyzikalnich aspektl azaftalocyaninii se zaméfenim na jejich senzorické vlastnosti.
Habilitacni prace. Univerzita Karlova, Farmaceutickd fakulta v Hradci Kralové, Hradec

Kralové 2014.)

Jednou z moznosti je luminescence. Jedna se o zativy proces, ktery se rozdeluje
na fluorescenci a fosforescenci. Pokud se jednd o fluorescenci, ndvrat do zakladniho
stavu probihd rychlym vyzéafenim fotonu ze singletového excitovaného stavu.
Fluorescence je typickym jevem pro molekuly s aromatickym kruhem - fluorofory, jako
jsou 1 AzaPc. V ptipadé fosforescence probihd vyzafeni fotonu z tripletového stavu,
kam se molekula dostala mezisystémovym piechodem (dochazi k inverzi spinu jednoho

z vng¢jSich elektrontll) a tento navrat do zakladniho stavu je pomaly, protoze opét musi
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zahrnovat inverzi spinu.’” Z tripletového stavu se miize molekula dostat i produkci

singletového kysliku, ¢ehoz se vyuziva ve fotodynamické terapii.

Dalsi moznosti jsou nezafivé procesy, mezi které patfi uvolnéni tepelné energie
a intramolekularni pfenos naboje (intramolecular charge transfer, ICT), ktery je Casto

vyuzivan u AzaPc v navrhu fluorescenénich senzori (viz nize).’

Zastoupeni jednotlivych relaxacnich ptechodd ovliviiuji kromé centralnich
kationtl také periferni substituce a sloZzeni makrocyklu. Pti srovnani makrocyklu AzaPc
a Pc se obecné u Pc vice objevuje produkce singletového kysliku, zatimco AzaPc mirné

preferuji fluorescenci.’

Dalsim charakteristickym znakem AzaPc je tvar jejich absorp¢niho spektra
(Obrazek 4). Toto absorpéni spektrum se sklada z vysokoenergetického B-pasu, ktery se
nachdzi v okoli 350 nm a nizkoenergetick¢ho Q-pasu, ktery je lokalizovan nad 650 nm.
Ptesnou polohu spektra ovliviiuje periferni substituce a centralni kationt. Zatimco B-pas
se prakticky neméni, poloha a tvar Q-pasu, ktery je citlivy i k drobnym zménam
molekuly, pomahé nejen k charakterizaci, ale také umoznuje predpoveédét chovani latky
9

a poukazuje tak napf. na agregaci,’ protonizaci,® tvorbu supramolekularnich Gtvart

nebo na makrocyklus neobsahujici centralni kationt.'”

Q-pas

-
o
1

o
o=
1

B-pas

o
@
1

o
NS
1

Absorbance

=
Ao
1

o
o

1 1 I 1
300 400 500 600 700
Vinova délka / nm

Obrazek 4: AbsorpCni spektrum AzaPc s vyznacenim B-pdasu a Q-pdsu

5.2. Pouziti Pc a AzaPc

Diky svym vlastnostem, hlavné chemické stabilité a rozmanitym fotofyzikalnim

a spektralnim vlastnostem maji Pc resp. AzaPc Siroké spektrum vyuziti. Jsou hojné
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vyuzivany jako primyslova barviva,'! své uplatnéni nalezly ve fotodynamické terapii,

pouzit se mohou také jako riizné senzory nebo zhasece fluorescence.’

5.2.1. Primyslové vyuziti

Pc byly jako primyslova barviva objeveny v roce 1928 ve firmé Scottish Dyes,
kdy se pii pripravé ftalimidu z kyseliny ftalové a amoniaku ve smaltované nadobé
neustale objevovala zelenomodra necistota. Jak bylo pozdé€ji zjisténo, jednalo se
o komplex Pc, ktery vznikal reakci ftalimidu s poskozenou nadobou. V navaznosti
na tento objev byly provedeny dalsi experimenty, kterymi byly ziskdny Pc s centralnim
kationtem napf. Fe, Cu a Ni. Postupné byla detailngji charakterizovana struktura Pc,
byly zlepSovany syntetické metody a popisovany jednotlivé vlastnosti napt. rozpustnost,
absorp¢ni spektra, oxida¢né-redukéni potencial apod. a v roce 1935 byl uveden na trh
prvni komeréné vyrdbény médnaty Pc (Monastral® Fast Blue),!' jehoz strukturu

ukazuje Obrazek 5.

I\
R
/N—-C|U~~N\
NN =N

Obrazek 5: Struktura méd’natého AzaPc

V dnesni dobé jsou Pc barviva celosvétové pouzivand hlavné diky poméru
kvality a ekonomické vyhodnosti oproti ostatnim barvivim. Pouzivaji se jako barvy
do tiskaren, k natértim, potiskiim na textil, barveni vldken, plastl, pro riizné umélecké
techniky nebo jako pigmenty v tetovani. VSechna barviva a pigmenty obchodovana

na trhu jsou uvedena v Colour Indexu https://colour-index.com/ [stazeno 20. 4. 2019],

kde jsou zaznamenany i jejich struktury a vlastnosti.!!

Modifikacemi Pc byla postupné z nerozpustnych pigmentl vytvorena rozpustna
barviva, stejné tak lze modifikovat i odstin a barvu. Méd’naty Pc je modry, navazanim

chloro a bromo substituentl Ize ziskat zelené organické pigmenty (Obrazek 6), a takto
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je mozné ziskat rizné odstiny od modré pies tyrkysovou az do zelené. Krystalova
f-modifikace méd’natého Pc predstavuje standardni modry odstin (cyan), ktery se

pouziva v barevnych tiskarnach.'!

Cl Cl
Cl Cl
/\
Cl NN Cl
Cl / | \ Cl
/N—'CU“-N\
Cl | Cl

Cl Cl

Obrazek 6: Struktura zeleného pigmentu Green 7 vzniklého chloraci méd’natého Pc

5.2.2. Fotodynamicka terapie

Fotodynamicka terapie (photodynamic therapy, PDT) se vyuziva k1écbé¢
rakoviny, lupénky a dal$ich koznich onemocnéni. Tato terapie vyuziva fotosenzitizér
(PS), ktery absorbuje foton a dostane se tak do excitovaného singletového stavu,
nasleduje mezisystémovy prechod do tripletového stavu, ze kterého preda fotosenzitizér
energii pifimo kysliku a vznikne tak singletovy kyslik (Obrazek 7). Vyhodou tohoto
procesu je nizki toxicita pro organismus'’ a také vysoka selektivita, jak vyplyva
z kratké Zivotnosti singletového kysliku, diky cemuZ je ni¢ena pouze tkan, ke které se

zateni dostane.’

svétlo
nador

A~ BB
) @

singletovy J/
(@]
0O S

rozpad nadorovych bunék O ')

Obrazek 7: Mechanismus PDT
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Predpoklady, kter¢ by mél vhodny PS spliiovat, je silnd absorpce fotonu
v ¢ervené oblasti spektra (okolo 660 nm), kterd je nejvhodnéjSi pro prostup
biologickymi tkdnémi, a nésledné preferovat piestup do zakladniho stavu vyzafenim
singletového kysliku na ukor ostatnich zafivych ¢i nezéfivych procest, jak uz bylo
popséano vyse. Limitujicim faktorem vSech PS je nizkd rozpustnost ve vodé a vysoka
agregace molekul, kterd zasadnim zpisobem snizuje produkci singletového kysliku.
Takto jsou syntetizovany a testovany stale nové latky, ale do klinické praxe se dostane

jen jejich zlomek.!?

Dnes se daji PS rozdélit do tii generaci. Do prvni generace se tadi smési
hematoporfyrinovych derivatd (porfimer, (Photofrin®)), druha generace zahrnuje jejich
prekurzory (kys. aminolevulova (Levulan®)) nebo analogy (temoporfin (Foscan®),
verteporfin (Visudyne®)), které maji lepsi fotofyzikalni a fotochemické vlastnosti. Treti
generaci predstavuje PS v kombinaci scilici molekulou (napf. kys. listova,
monoklonélni protilatky, steroidy), coZz zvySuje selektivitu k nadorovym buiikdm

a zlepsuje tak ¢innost PDT.!3

Ze strukturni skupiny Pc, je vsouCasné dobé v klinické praxi jediny
fotosenzitizér - smés sulfonovanych Pc s hlinitym kationtem (pfiblizny pocet
sulfonovych skupin n=3), ktery je registrovany v Rusku pod ndzvem Photosens®

k 1é¢bé rakoviny prsu,'* hlavy a krku'> (Obrazek 8).

(SO3H)

(SO3zH)

(SO3H)

Obrazek 8: Pc fotosenzitizér Photosens®
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5.2.3. Zhasece fluorescence

ZhaSeni fluorescence je jedna ze zdkladnich metod pfi zkoumani rtznych
procest v biochemii, biologii, genetice apod. Tato metoda zahrnuje kombinaci dvou
barviv, konkrétné fluoroforu a zhaseCe. Po dosazeni cile dokaze zhaSe¢ snizit intenzitu
fluorescence fluoroforu, coz je obecné mozné dvéma mechanismy. Prvnim je
dynamické zhasSeni fluorescence, kdy dochdzi k Forsterovu rezonan¢nimu pienosu
energie (FRET), ktery se objevuje pii pfiblizeni dvojice barviv a dojde minimalné
Castecné k prekryti absorpcnich spekter zhaSeCe a emisnich spekter fluoroforu.
Ve druhém piipadé dochazi ke statickému zhaSeni, pfi kterém se pfiblizenim dvojice
barviv vytvoii heterodimer (Obrdzek 9). K tomuto mechanismu neni tfeba ptrekryv

spekter, staci jejich blizké piiblizeni.'®

Y I P
7/
|
hybridizace
+ —_— =
fluorescence bez

fluorescence

Obrdzek 9: Princip zhdSeni fluorescence (pievzato z ZIMCIK, P
Azaftalocyaniny - od syntéz pies fotochemické a fotofyzikalni vlastnosti k aplikacim.

Chem. listy, 2012, 106, 275-282).

Idedlni zhase¢ by nemél mit vlastni fluorescenci, proto jsou dnes syntetizovany
tzv. ,,dark quenchers®, které vnitini fluorescenci nemaji. Ve skupiné¢ Pc a AzaPc, jsou
tyto ,,dark quenchers* vytvofeny alkylamino- a dialkylamino- substituci AzaPc, které
vnitini fluorescenci nemaji kvili ICT (viz niZe).!” AzaPc zh43ete maji ve srovnani
s komercné dostupnymi ,,dark quenchers® vyssi uc€innost diky silné absorpci a zaroven
jsou diky absorpci v Sirokém rozsahu vinovych délek vhodnymi latkami pro praktické
vyuziti, protoZe ucinné prekryvaji emisni spektra prakticky vSech rutinné pouzivanych
fluorofor. Jejich pouziti je idealni napf. v DNA hybridiza¢nich sondach, kde
navazdnim na oligodeoxynukleotid mohou byt vyuZity napf. v monitorovani

polymerazové fetézové reakce (PCR).!
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DalSim vyuzitim Pc a AzaPc jsou napfi. tekuté krystaly v LCD technologiich,

katalyzatory'® a fluorescenéni senzory kterym bude vénovana dalsi kapitola.

5.3. Fluorescencéni senzory

Fluorescen¢ni senzory jsou molekuly slozené z rozpoznavaci casti, ktera reaguje
na zmeény okolniho prostfedi (pfitomnost analytu) a signalni casti, zodpovédné
za nasledné vyzareni nebo zhaseni fluorescence. Jejich vyuziti pro praktické aplikace je
stale §irSi, a to hlavné kvuli nizké ekonomické narocnosti téchto senzorii a zaroven
vysoké citlivosti pii detekci fluorescence. Mezi obecné detekované analyty patii
piedev§im ionty napf. Na®, Ca*’, Mg?", CI', vyuzit se mohou k detekci O, CO; &i

glukodzy, ale stejné tak mohou byt senzory citlivé i na zmény pH.”

Reakce senzorti na podnét, kterd se projevi zménou fluorescence mize probihat
nc¢kolika mechanismy. Kromé zhaSeni fluorescence druhou molekulou zhaSece
(tzv. intermolekularni zhaSeni), které bylo popsano v ptredchozi kapitole, mohou byt
senzory zalozeny na ICT nebo na svétlem vyvolaném pienosu elektronu (PET),
ke kterym dochézi pti ptechodu z excitovaného do zakladniho stavu. Timto zplsobem
dochdzi ke zhaSeni v rdmci jedné molekuly, tzn. intramolekuldarné. Tyto procesy
vyzaduji pfitomnost donoru a akceptoru elektronti v jedné molekule, pfi¢emz
rozpoznavaci &ast senzorii se vétsinou koncipuje jako donor elektrond® (napf. amino

skupina,’

fenolat). Po excitaci dochdzi k pfesunu elektronu/elektronové hustoty
od donoru k akceptoru a po navratu je piijata energie uvolnéna ve formé tepla srazkami

s okolnimi molekulami.?

5.3.1. ICT a PET

ICT nebo PET (Obrazek 10) jsou kompetitivni mechanismy relaxace
excitovaného stavu k fluorescenci (Obrazek 3). Pokud se v molekule PET nebo ICT
odehrava, maji diky své rychlosti pfednost pfed vSemi ostatnimi procesy (napf.
fluorescenci).> Aby mohl ICT probéhnout, musi byt splnény podminky, které zavisi
na slozeni molekuly — je nutna pfitomnost volného elektronového paru, ktery funguje
jako donor a také elektrondeficitni ¢ast, ktera funguje jako akceptor tohoto volného

elektronového paru po excitaci. Tento proces je mozné riznymi zpisoby blokovat, ¢imz

19



je umoznéno prepinani mezi ON-OFF stavem. Blokovani je mozné naptiklad koordinaci

k citlivym kationtim nebo protonizaci.'8

@ ekceptor elekironova hustota

® doror mmm konjugovany systém vazeb

Obrdzek 10: Zjednoduseny mechanismus ICT a PET (pievzato z NOVAKOVA, V.
Ptiprava a studium vlastnosti azaanalogi ftalocyanini. Hradec Kralové, 2011.
Disertacni prace. Univerzita Karlova v Praze, Farmaceuticka fakulta v Hradci Kréalové)

PET je také mechanismem, kterym se muze elektron vratit zpét do zakladniho
stavu, na rozdil od ICT ale nejsou donor a akceptor v konjugaci. Po excitaci tak dochazi
k ,,preskoku® elektronu na riznou omezenou vzdalenost. Disledkem tohoto procesu je
stejn€ jako u ICT zhaSeni fluorescence a stejné jako u ICT miiZe dochéazet k prepinani

mezi ON-OFF stavem protonizaci nebo koordinaci. 1

5.3.2. VWyuiiti fluorescencnich senzor(

Fluorescencni senzory pro kationty nalezly své uplatnéni v biologickych
analyzach napt. ke zjisténi hladin lithia v krvi, coz je dilezit¢ u pacientl
s maniodepresivni psychézou, testovani hladiny t&7kych kovii v ramci toxicity,?

zkoumani transportu iontovych kanalt nebo ke stanoveni elektrolyti v krvi.?!

Ze senzorl zalozenych na detekci aniontd jsou pro biologické aplikace
kolizniho zhaSeni, coz znamend, ze ¢im je zhaSeni fluorescence silnéjsi, tim vétsi je
piitomnost zhaSece.” Prvnim senzorem, ktery byl pouzit ke sledovani transportu
chloridovych anionti byl 6-methoxy-N-(3-sulfopropyl)chinolinium (SPQ), nejvétsi

citlivost k chloridovym iontim vsak vykazuje lucigenin
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(N, N-dimethyl-9,9-bisakridinium) a nejlepsi optické vlastnosti ma
N-sulfopropylakridium (MACA),?? jak ukazuje (Obrazek 11).

& CHy0
lucigenin m
5 e * e
gl § o CHgCOCHCHy
4 - TMAMC : o
S % AT P A MQAE
u® i
2 j Moy~
. _;.".:,\ r_-_
136 @ et -
o I 1 1 1
o 5 10 15 20 25 Lucigenin
[crr], (mM)

Obrazek 11: Grafické porovnani jednotlivpch sloucenin odvozenych od chininu
(ptevzato z LAKOWICZ, J. R.; Principles of fluorescence spectroscopy. Vol. 3., New
York: Springer, 2006, 953, ISBN 978-0-387-31278-1.

Mimo senzory zalozené na detekci iontl existuji senzory, které snizovdnim a
zvySovanim intenzity fluorescence reaguji na zmeény pH. Tyto senzory jsou vyuzivany
v medicing, biotechnologiich nebo k monitorovani Zzivotniho prostfedi. Dilezitymi
zkoumanymi analyty jsou COz a O: a jejich pfitomnost v arteridlni krvi, ktera je méfena
u pfedcasné narozenych déti nebo u pacientli na jednotce intenzivni péce. U téchto
pacientii dochazi k rychlym zménam stavu, proto je potieba rychla a piesna interpretace
vysledkd. Dosavadni metody vSak nebyly idedlni, protoze byly ¢asové naro¢né, a i pro

personal predstavovaly uréita rizika napf. riziko infekce virem HIV.’

Jednim z prvnich senzort citlivych na zmény pH byl fluorescein, ktery byl také
vyuzit ke zjisténi obsahu CO; méfenim hydrogenuhli¢itant. Fluorescein vytvaii rizné
formy, které jsou zéavislé na pH a z nichZ pouze dvé aniontové formy jsou schopny
fluorescence. Jeho nevyhodou vsak byl rychly unik z bunék a jeho absorpce a emise
v nizkych vlnovych délkach okolo 450 nm, proto byly zkoumany jeho derivaty a dalsi

senzory s vhodn&j$imi vlastnostmi.’
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5.3.3. AzaPc jako fluorescenéni senzory

Vzhledem ke svym vlastnostem, nalezly AzaPc wuplatnéni 1 v oblasti
fluorescencnich senzori, kde jakozto fluorofory mohou reagovat zménami fluorescence
na zmény okolniho prostiedi, nebo na ptitomnost latky, ke které jsou vnimavé.’” Zatimco
Pc nebyly pro senzorické pouziti nejvhodnéjsi, vzhledem k malo elektrondeficitnimu
jadru, které neumoznuje ucinny ICT nebo PET, jejich aza-analogy mély potencial
daleko vétsi. Diky své schopnosti absorbovat foton v ¢ervené oblasti viditelného spektra
okolo vlnovych délek 630 nm a nasledné emisi jsou pro aplikace in vivo vhodné.
Vyhodou absorpce a emise v ¢ervené oblasti VIS je vysoka prostupnost svétla tkdnémi,

omezeni svételného rozptylu a také se zlepsil pomér signal/sum.?!

AzaPc substituované vhodnymi donory (napf. aminy,! fenolickd skupina?)
podstupuji ICT, protoze vtomto piipadé je -elektron-donorova skupina piimo
v konjugaci s makrocyklem, ktery slouzi jako akceptor a po excitaci dojde
k pterozdéleni nédboje ve prospéch akceptoru a poté k rychlému navratu do zdkladniho
stavu bez vyzafeni fluorescence.’ Vzhledem k silné elektrondeficitnimu jadru, se AzaPc
pii konstrukeci senzorti uplatiiuji jako akceptory elektronti. Makrocyklus, ktery je
v excitovaném stavu, se muze ovSem v ptipad¢ PET chovat také jako donor. Takto jsou
vyuzivany napiiklad konjugaty Pc-fullerenli, diky schopnosti fullerenii pifijmout
elektron. Tyto systémy se pak uplatiuji ve vyzkumu konverze solarni energie
na elektrickou. Stejn€ zajimavé elektronové vlastnosti se objevuji u konjugatti Pc-flavin

nebo Pc-porfyrin.??

Vlastnosti senzori ovliviiuji také chelatované centralni kationty. Pro
fluorescen¢ni senzory je nejvyhodnéjs$i hotfecnaty kationt, protoze ptevlada prechod

z excitovaného stavu fluorescenci na ukor singletového kysliku.°

5.3.4. Vyuziti AzaPc fluorescencnich senzort

Senzory zaloZené na AzaPc, které byly v ramci nasi skupiny diive syntetizovany

a zkoumany byly zaloZené na detekci kationtii nebo na zménach pH prostiedi.

K detekci kationtli byly syntetizovany AzaPc senzory, které mély navazanou
l1-aza-15-crown-5 skupinu (Obrazek 12), jako rozpoznavaci Cast, ktera je schopna

koordinovat kationt kovu. Po navazani kationtu je senzor v aktivnim ON stavu, jinak
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podstupuje ICT, kdy potiebny volny elektronovy par je vétSinou navazan na dusiku
azacrownu. Témto senzorim byly na periferii navazany ferc-butylsulfanylové
substituenty k omezeni agregace. Byl studovan také vliv substituentl v ortho-poloze
k azacrownu, protoze se ukdzalo, ze tyto substituenty maji vliv na kvantové vytézky

fluorescence. Jako nejvhodnéjsi se ukazala navazana butoxy- skupina.?!

terc-butvlsulfanvlové zbytky zabranujici

s S
:}—-{ agregaci planarnich AzaPc
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Obrazek 12: Struktura AzaPc senzoru s navazanym azacrownem

Testovani téchto senzorti probihalo jak v organickych rozpoustédlech, tak
i ve vodé po inkorporovani do kiemicitych nanocastic.’! Bylo zjisténo, Ze stabilita
celého makrocyklického komplexu se zvySuje navdzanim dvou molekul

v 7

l-aza-15-crown-5 v rozpoznavaci Casti. ZvySit se da takeé selektivita k jednotlivym
analytim zvolenim rozpoznavaci &asti.>* V piipadé azacrownu se zvysuje selektivita
k Na®, K a Ca*". Tyto kationty jsou dileZité v riiznych biologickych procesech napt.
pfi svalové kontrakci nebo pii pfenosu nervového vzruchu, hladina drasliku je dilezita

u pacientli s hypertenzi.?’

V piipadé senzort reagujicich na zmény pH prostiedi, obsahovaly AzaPc
v rozpoznavaci &asti jako donorovou skupinu aminy' (Obrazek 13), které piepinaly
fluorescenci do aktivntho ON stavu v kyselém pH. Pii pouziti fenolické skupiny
(Obrazek 13) vrozpoznavaci cCasti (tyto senzory byly vramci prace testovany),
probihalo piepindni mezi ON-OFF stavy ve vice bazickém prostiedi.” Vyhodou AzaPc
jako senzorl jsou Siroké moznosti, jak zménit vlastnosti navazanim specifickych
substituentli, ¢imz je umoznéno posouvani prepinani mezi ON a OFF stavem mohou byt

syntetizovany senzory pro kyselé i bazické pH.>
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Jejich nevyhodou je hlavné agregace, kterd vede mimo jiné k poklesu
fluorescence a muze vést k chybné interpretaci vysledkti. Druhd nevyhoda je
nerozpustnost ve vod¢, kterd se da také ovlivnit substituci hydrofilnimi substituenty

nebo inkorporaci do transportnich systémi (liposomy,® mikroemulze').
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Obrazek 13: Zakladni struktury senzorii s vyznacenymi rozpozndvacimi centry

Rozmezi pH, na které bude senzor citlivy, zavisi na vlastnostech jeho
rozpoznavaciho centra, jehoz zménami lze vytvofit senzory vhodné pro rizné aplikace.
Senzory citlivé v oblastech pH > 10 jsou vhodné pro detekci CO..°> Senzory
k monitorovani intracelularniho pH v organeléch a v cytoplasmé je vhodné mit citlivé
od hodnoty 4,5 v lysozomech do 8,0 v mitochondriich. Sledovéani téchto zmén je
dilezité, protoze zménami hodnot pH se mohou odhalit patologické procesy, které
souvisi s chybnou bunécnou funkcei, zahrnujici rust, proliferaci nebo apoptdézu a mohou
tak odhalit napf. rakovinu. Abnormalni hodnoty pH mohou poukazovat i na ovlivnéni
nervového systému zménami signalnich kaskad nebo pfenosu vzruchu a poukazovat tak
napf. na Alzheimerovu nemoc.??’ Vzhledem ke vSem témto vyhodnym vlastnostem,

mayji fluorescencni AzaPc senzory velky potencial vyuziti 1 v budoucnu.
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6. Experimentalni ¢ast

Vychozi latky a rozpoustédla potfebna k provedeni reakci byly zakoupeny
od firem Sigma-Aldrich, Acros, Penta, TCI Chemicals. Ke zmeéfeni teploty tani
sloucenin byl pouzit digitalni pfistroj ELECTROTHERMAL IA9200. Reakce byly
monitorovany tenkovrstvou chromatografii (TLC) na deskdch Merck Kieselgel 60
F254. K vyhodnocovani desek byla vyuzivana UV lampa pifi vlnovych délkach 254
a 366 nm. Sloupcova chromatografie na stacionarni fazi Merck Kieselgel 60 (0,040-
0,063 mm) byla pouzivana k ¢isténi produktd. Slozeni jednotlivych mobilnich fazi
vyuzivanych pfi sloupcové chromatografii jsou uvedeny nize. Spektra UV/VIS byla
meéfena pristrojem Shimadzu UV-2600PC spectrophotometer. Infracervend spektra byla
métena IC spektrofotometrem Nicolet 6700 v ATR médu. "H NMR a '3C NMR spektra
byla méfena na pristroji VNMR S500. Elementarni analyza byla provedena pomoci
ptistroje Vario Micro Cube Elemental Analyzer. Méfeni fluorescencnich spekter
probihalo na spektrofluorimetru FS5 (Edinburgh Instruments) s fotondsobi¢em R928P.
Hmotnostni spektrometrie (MALDI-TOF) byla stanovena na pftistroji AB Sciex 4800
MALDI TOF/TOF spectrometer. Ke kalibraci pfistroje bylo uzito pétibodové kalibra¢ni
metody pomoci Peptide Calibration Mix1 (LaserBioLabs, Sophia-Antipolis, France).
Hmotnostni spektrometrie s vysokym rozliSenim (HR MS) byla zaznamendna pomoci
UHPLC systému Acquilty UPLC I (Waters, Milford, USA), spojenym s hmotnostnim
spektrometrem s vysokym rozliSenim Synapt G2Si (Waters, Manchester, UK)
zalozeném na Q-TOF. Chromatografie pro toto HR MS meéfeni byla provedena
za pouziti Acquity UPLC BEH300 C4 (2,1 x 50 mm, 1,7 um) kolony s gradientovou
eluci mobilni fazi sloZenou z acetonitrilu a 0,1% kyseliny mravenci. Rychlost pritoku
byla 0,4 ml/min. Ionizace elektrosprejem (ESI) byla provedena v pozitivnim modu. ESI
spektra byla zaznamenana v rozmezi 50-2000 m/z za pouZziti leucin-enkefalinu jako

referencniho vzorku a jodidu sodného pro kalibraci.
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6.1. Pfiprava 1-(3-brom-4-hydroxyfenyl)ethan-1-onu (1)
0

Br
OH

Ptiprava latky 1 byla provedena nékolika zptisoby s cilem najit nejselektivnéjsi

reakci. Vysledky reakci jsou diskutovany v ¢asti Diskuze.

6.1.1. Reakce 4-hydroxyacetofenonu s kyselinou bromovodikovou a
peroxidem vodiku

Dle literatury®® byla do prostiedi dioxanu (50 ml) pfidana kyselina
bromovodikova (8,8 ml, 75 mmol), peroxid vodiku (5,61 ml, 55 mmol) a vychozi latka
4-hydroxyacetofenon (4-HA, 6,8 g, 50 mmol). Smé&s byla michéana pti pokojové teploté
po dobu 24 hodin. Prib¢h reakce byl kontrolovan pomoci TLC pii pouziti mobilni faze
toluen (TOL)/ethyl-acetait (EtAc)/kyselina octova (AcOH) vpoméru 10:1:0,2.
Po 24 hodinach se na TLC stale objevovala skvrna nezreagované vychozi latky, proto
byl pfidan dalsi dil peroxidu vodiku (0,5 ml) a kys. bromovodikové (1,17 ml). Byla

ziskéana smé&s produkti 1 a 2.

6.1.2. Reakce 4-hydroxyacetofenonu s bromem a triethylaminem

Vychozi latka 4-HA (0,3 g, 2 mmol) byla rozpusténa v dichlormethanu (DCM,
10 ml). Poté byl po kapkéch piikapavan brom (0,06 ml, 1,1 mmol) s triethylaminem
(TEA, 0,3 ml, 2,2 mmol) v DCM (0,8 ml). Reakce probihala 1 hodinu pfti -5 °C. Vznikla
oranzova smés byla vyhodnocena pomoci TLC se stejnou mobilni fazi jako v ptipadé

vyse. Vznikala smées produktd 1 a 2, spolu s nezndmou skvrnou na TLC.
6.1.3. Reakce 4-hydroxyacetofenonu s bromem a octanem sodnym v

DCM

4-HA (0,3 g, 2 mmol) byl navazen do banky, rozpustétn v DCM (10 ml)
a po kapkéach byl ptikapavan brom (0,06 ml, 1,1 mmol) s AcOH (0,8 ml) a rozpuSténym
bezvodym octanem sodnym (NaOAc, 0,2 g, 2,2 mmol). Reakce probihala 1 hodinu pfi
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-5 °C a vzniklo bil¢ zbarveni smési. Podle TLC s mobilni fazi jako vyse, vznikala smés

produktti 1 a 2.

6.1.4. Reakce 4-hydroxyacetofenonu s bromem a 1,4-
diazabicyklo[2,2,2]oktanem

Dle literatury? byl k ptipravé bromaéniho &inidla pouZit roztok bromu (1,1 ml,
20,8 mmol) v chloroformu (6,6 ml) a =za stdlého michdni byl pfikapavan
1,4-diazabicyklo[2,2,2]oktan (DABCO, 1,1 g, 10 mmol) rozpustény v CHCI3 (16,7 ml).
Po 60-ti minutach michani vznikla hustd zlutd suspenze, ktera byla zfiltrovana na frité
za vzniku zlutého prasku a tento prasek byl poté smichan se silikagelem v hmotnostnim

poméru 1:1 a zhomogenizovan.

Bromac¢ni ¢inidlo (0,5 g, 0,25 mmol) bylo nasledné pouzito do reakce s 4-HA
(0,1 g, 1 mmol) rozpustéenym v DCM (10 ml). Reakce probihala hodinu na magnetické
michaéce za chlazeni pii -5 °C. TLC se stejnou mobilni fazi jako vyse ukdzalo smés

produktii 1 a 2.

6.1.5. Reakce 4-hydroxyacetofenonu s bromem a octanem sodnym

v prostredi kyseliny octové
Vychozi latka 4-HA (0,3 g, 2 mmol) byla rozpusténa v AcOH (5 ml). Poté byl
ptikapavan brom (0,1 ml, 2,4 mmol) v AcOH (1 ml) a rozpustény NaOAc (0,2 g,
2,2 mmol) v AcOH (1 ml). Reakce probihala 60 minut na magnetické michacce pfti

pokojové teploté za vzniku produkti 1, 2 a neznamé latky, jak ukdzalo TLC se stejnou

mobilni soustavou jako vyse.

6.1.6. Reakce 4-hydroxyacetofenonu s bromem a methenaminem

Piiprava bromovaného methenaminu byla dle literatury’® zahajena piipravou
roztoku bromu (1,1 ml, 20,8 mmol) v CHCI3(16,5 ml), ke kterému byl za stalého
michéni pfikapavan roztok methenaminu (1,4 g, 10 mmol) v CHCl3 (16,4 ml). Vznikla
zlutd srazenina byla zfiltrovdna za vzniku zluto-oranzového prasSku, ktery byl pouzit

jako bromac¢ni ¢inidlo.

Nasledné byla zahajena reakce s 4-HA (0,1 g, 1 mmol), ktery byl rozpustén
v DCM (10 ml) s pfidanim bromacniho ¢inidla (0,23 g, 0,5 mmol). Reakce probihala
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hodinu za stdlého michani na magnetické michacce pii teploté¢ -5 °C. Monitorovani

reakce pomoci TLC se stejnou mobilni fazi jako vyse ukazalo smés produkti 1 a 2.

Protoze pfi této reakci nevznikal zadny dalsi produkt kromé smési produkti 1
a 2, byla tato reakce provedena ve vétSim mnoZzstvi a pouzita pro pfipravu pozadované

latky 1.

Nejprve bylo piipraveno bromacni c¢inidlo, kdy byl methenamin (2,8 g,
20 mmol) rozpustén v CHCl; (30 ml) za stalého michani na magnetické michacce pfi
pokojové teploté. Brom (2,1 ml, 41,7 mmol) v CHCI3 30 ml) byl ke smési piikapavan
a vznikla Zluta srazenina, ktera byla zfiltrovana a vysusena za vzniku Zluto-oranzového

prasku latky 3 s vytézkem 8,91 g (97 %).

Nésledné byla zahdjena bromace 4-HA (4 g, 29 mmol), ktery byl rozpustén
v DCM (50 ml). Za stadlého michani pfi teploté -5 °C za chlazeni ledovou l4zni s NaCl
bylo pfidano bromacni ¢inidlo (8 g, 17,4 mmol) a reakce probihala 24 hodin za vzniku
zluté suspenze. Reakce byla monitorovana pomoci TLC s mobilni soustavou
TOL/EtAc/AcOH v poméru 10:1:0,2. Po ukonceni reakce byla smés zfiltrovana na frité
za vylouceni Zluté sraZeniny. SraZenina byla promyta DCM a filtrat byl nasledné
vytfepan vodou s pfidavkem thiosiranu sodného. Poté byl produkt v DCM vysusen
bezvodym siranem sodnym a zfiltrovan. Rozpoustédlo bylo odpatfeno na vakuové
odparce za vzniku bilé pevné latky. Po provedeni TLC se ukézala nutnost odseparovani
produktl 1 a 2. K tomu byla vyuZita sloupcova chromatografie s mobilni soustavou
TOL/EtAc/AcOH v poméru 10:1:0,2. Po provedeni sloupcové chromatografie bylo
ziskano 2,46 g (29 %) bilych krystald produktu 2 a 1,51 g (24 %) bilého prasku
produktu 1.

Latka 1: T.t.: 102-104 °C (lit.>' 112-117 °C); '"H NMR (500 MHz, CDCls, 25 °C,
TMS): 0=8,14 (d, J = 2,1 Hz, 1H, ArH), 7.86 (dd, J = 8,5, 2,1 Hz, 1H, ArH), 7,08 (d,
J= 8,5 Hz, 1H, ArH), 6,43 (bs, 1H, OH), 2,57 (s, 3H, CH3); '3C NMR (125 MHz,
CDCl3, 25 °C, TMS): 6=195,80, 156,52, 133,02, 131,39, 129,98, 115,89, 110,57,
26,27 ppm; IR (ATR): v = 3124 (OH), 1650 (s, CO) cm.

Latka 2: T.t.: 184—186 °C (lit.3! 185-187 °C); "H NMR (500 MHz, CD3COCD3, 25 °C,
TMS): 6=9,38 (s, 1H, OH), 8,15 (s, 2H, ArH), 2,58 (s, 3H, CH3); '°C NMR (125 MHz,
CD;COCD3, 25 °C, TMS): d= 194,59, 155,44, 133,55, 132,62, 111,35, 26,36 ppm; IR
(ATR): v=3176 (OH), 1661 (s, CO) cm".
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6.2. Pfiprava 4-hydroxy-3-nitroacetofenonu (4)

NO,
HO

4-HA (2,7 g, 20 mmol) byl za chlazeni ledovou lazni s NaCl pii -5 °C po ¢astech
rozpoustén v 96% kyseliné sirové (30 ml). Poté byl po malych castech ptidavan
dusi¢nan draselny (2,2 g, 21,4 mmol). Pied kazdym piidavkem se pockalo na rozpusténi
pfedchoziho mnozstvi tak, aby nedochédzelo k exotermni reakci. Reakce probihala
1 hodinu za stalého michéni na magnetick¢ michacce stale pfi chlazeni ledovou lazni
s NaCl pfi -5 °C. Po hodin¢ byla reakce ukoncena nalitim na led a po rozpusténi ledu
byl produkt zfiltrovan na frit€. Podle TLC, kde byla mobilni faze slozena z hexanu
(HEX)/EtAc/AcOH v poméru 20:10:3 vznikal reakci produkt 4, ktery byl dostatecné
¢isty do dalsi reakce. Vytézek byl 3,2 g (89 %) zluté, praskovité latky 4.

T.t.:131,3-132,4 °C (lit.* 131-132.6 °C); 'H NMR (500 MHz, CD;COCDs, 25 °C,
TMS): 6=10,82 (s, 1H, OH), 8,69 (d, J = 2,2 Hz, 1H, ArH), 8,27 (dd, J = 8,8, 2,2 Hz,
1H, ArH), 7,32 (d, J = 8,8 Hz, 1H, ArH), 2,64 (s, 3H, CHs); 3*C NMR (125 MHz,
CD;COCD;3, 25 °C, TMS): d= 195,18, 158,19, 136,98, 134,96, 130,59, 126,65, 120,99,
26,41 ppm; IR (ATR): v =3277 (OH), 3112 (CH), 1678 (s, CO) cm’!

6.3. Priprava 3-brom-4-hydroxy-5-nitroacetofenonu (5)
NO,
HO

Br

Vychozi latka 4 (3 g, 16,6 mmol) byla rozpusténa v AcOH (100 ml). Nasledné
byl pfisypan bezvody NaOAc (2 g, 24,8 mmol) a postupné ptikapavan brom (0,8 ml,
16,6 mmol) v AcOH (10 ml). Reakce probihala na magnetické michacce pii pokojoveé

teplot¢ 2 hodiny. Poté bylo provedeno TLC s mobilni soustavou HEX/EtAc/AcOH
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v poméru 20:6:1. Podle TLC byla kromé¢ produktu pfitomna i vychozi latka, proto byl
pfidan nadbytek bromu (0,2 ml, 3,9 mmol) a reakce byla ponechiana michat pii
pokojové teploté dalSich 24 hodin. Po provedeni TLC byla reakce ukoncena, produkt
byl zbaven rozpoustédla na vakuové odparce a zbylé krystaly byly pievedeny do délici
nalevky. Nasledné¢ bylo provedeno vytfepani mezi EtAc a vodu s pridavkem
1% kyseliny chlorovodikové do kyselé reakce a thiosiranu sodného. Organickd faze
byla poté vysusena bezvodym siranem sodnym a produkt byl zfilrovan a zbaven
rozpoustédel. K docisténi byla provedena rekrystalizace z ethanolu s vodou, krystalky
ponechany 24 hodin v lednici a poté zfiltrovany na frit¢ za vzniku 3,7 g (87 %) zluté

krystalické latky 5.

T.t.: 134,5-135,2 °C (lit.>* 136 °C); '"H NMR (500 MHz, CD3SOCD3, 25 °C, TMS):
0=8.41 (d, J = 2,2 Hz, 1H, ArH), 8,38 (d, J = 2,2 Hz, 1H, ArH), 2,58 (s, 3H, CH3).
BCNMR (125 MHz, CD;SOCD;, 25 °C, TMS): o= 194,63, 152,83, 137,72, 137,49,
128,80, 125,08, 114,48, 26,66 ppm; IR (ATR): v = 3226 (OH), 3103 (CH), 1694 (s, CO)

cm’!

6.4. Pfiprava 5-(4-hydroxyfenyl)pyrazin-2,3-dikarbonitrilu (6)

/N ICN
/@J:\N CN
HO 6

4-HA byl navazen do baiky (3 g, 22 mmol) a spolecné s oxidem seleni¢itym
(7,3 g, 66,1 mmol) rozpustén ve smeési dioxan/H,O 9:1 (40 ml). Smés byla michdna
a zahfivana pii teplot¢ varu rozpoustédla po dobu 20 hodin. Doslo ke vzniku
cerveno-oranzové smesi, ktera byla in situ bez izolace ihned kondenzovéana
s diaminomaleonitrilem (DAMN, 3 g, 27,7 mmol) za pfidavku konc. HCI (2 ml). Smés
byla ponechana pii teploté varu rozpoustédla 1,5 hodiny. Reakce byly monitorovany
pomoci TLC s mobilni soustavou HEX/EtAc/AcOH v poméru 20:6:1. Po ukonceni
reakce byla rozpoustédla odpatena, produkt byl extrahovéan tetrahydrofuranem (THF)

a nasledné zfiltrovan. Po odpatfeni THF byla provedena sloupcova chromatografie se

stejnou mobilni fazi jako u kontrolniho TLC. Byl ziskdn Zluty produkt, ktery byl
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nasledné prekrystalizovan z ethanolu za vzniku 2,9 g Zlutého, praskovitého produktu 6

(59 %). Reakce byla provedena dle postupu jiz publikovaného.>

T. t.: 159,2-160,1 °C; '"H NMR (500 MHz, CD3SOCD3, 25 °C, TMS): 6=10,48 (s, 1H,
OH), 9,56 (s, 1H, ArH), 8,14 (d, J = 8,9 Hz, 1H, ArH), 6,95 (d, J = 8,9 Hz, 1H, ArH);
3C NMR (125 MHz, CD3;SOCDs, 25 °C, TMS): 6=158,43, 152,37, 144,68, 133,06,
132,92, 130,05, 129,28, 125,28, 117,22, 114,72, 114,34, 110,84 ppm; IR (ATR):
v=23460 (OH), 2236 (CN) cm!; elementarni analyza (%) vypo¢itino proCi2He¢N4O:
C 64,86, H 2,72, N 25,21; nalezeno: C 65,02, H 2,67, N 24,92.

6.5. Pfiprava 5-(3-brom-4-hydroxyfenyl)pyrazin-
2,3-dikarbonitrilu (7)

N CN
|
Br X I
HO
7
Ptiprava latky 7 byla provedena analogickym zpiisobem jako u latky 6.

Vychozi latka 1 (1,2 g, 5,6 mmol) byla spolecné s oxidem seleniitym (1,9 g,
16,7 mmol) rozpusténa ve smési dioxanu s vodou 9:1 (40 ml) a poté byla smés
zahfivana po dobu 20 hodin pod zpétnym chladicem pii teploté varu rozpoustédla.
Vznikla smé&s byla in situ bez izolace pouzita do kondenzac¢ni reakce s DAMN (1,2 g,
11,1 mmol) za ptidavku konc. HCI (1 ml). Smés byla dale zahtivana za teploty varu
rozpoustédla 1,5 hodiny. Reakce byla monitorovdna pomoci TLC s mobilni soustavou
TOL/EtAc/AcOH v poméru 8:1:0,2. Po ukonceni reakce byla rozpoustédla odparena
a produkt extrahovéan acetonem. Poté byl produkt ptefiltrovan a zbaven rozpoustédel
na vakuové odparce. Precisténim sloupcovou chromatografii s mobilni fazi

TOL/EtAc/AcOH v poméru 8:1:0,2 a naslednou rekrystalizaci z ethanolu s vodou
a pfidavkem aktivniho uhli bylo ziskéno 0,8 g (46 %) hnédo-oranzového produktu 7.

T. t.: 189,1-190,0 °C; 'H NMR (500 MHz, CD3SOCD3, 25 °C, TMS): 6=11,37 (s, 1H,
OH), 9,63 (s, 1H, ArH), 8,43 (d, J = 2,2 Hz, 1H, ArH), 8,14 (dd, J = 8,6, 2,3 Hz, 1H,
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ArH), 7,13 (d, J = 8,7 Hz, 1H, ArH); >*C NMR (125 MHz, CD3SOCDs, 25 °C, TMS):
0=162,06, 153,67, 144,40, 133,09, 130,36, 129,35, 123,72, 116,65, 114,82, 114,41 ppm,;
IR (ATR): v = 3373 (OH), 2248 (CN) cm™'; elementarni analyza (%) vypo&itano pro
C12HsBrN4O: C 47,87, H 1,67, N 18,61; nalezeno: C 47,96, H 1,56, N 18,67.

6.6. Pfiprava 5-(3-brom-4-hydroxy-5-nitrofenyl)pyrazin-
2,3-dikarbonitrilu (8)

N CN
]
Br N I
N CN
HO

Ptiprava latky 8 byla provedena analogickym zptsobem jako u latek 6 a 7.

Vychozi substituovany keton 5 (3 g, 11,6 mmol) byl spolecné s oxidem
seleni¢itym (3,9 g, 34,7 mmol) navazen a rozpusStén ve smési dioxanu s vodou 9:1
(40 ml). Cihlové cervena smés byla zahfivdna po dobu 20 hodin pod zpétnym
chladi¢em pfi teploté varu rozpoustédla a vznikla smés byla in situ bez izolace pouzita
do kondenzaéni reakce s DAMN (3 g, 27,7 mmol) za piidavku konc. HCI (2 ml). Smés
byla zahtivana za teploty varu rozpoustédla 1,5 hodiny, poté byla reakce ukoncena
arozpoustédla odparena. Déle byla provedena extrakce do THF, produkt zfiltrovan
a rozpoustédlo odpareno na vakuové odparce. Po provedeni kontrolniho TLC s mobilni
fazi HEX/EtAc/AcOH v poméru 20:6:1 byla provedena krystalizace z ethanolu
s aktivnim uhlim, kterou byly ziskany cisté krystalky. Mate¢ny louh byl pfecistén
sloupcovou chromatografii s mobilni fazi HEX/EtAc/AcOH v poméru 20:6:1. Celkovy
vytézek Zluto-oranzovych krystalil latky 8 byl 2,5 g (63 %).

T. t.: 215,2-215,9 °C; 'TH NMR (500 MHz, CD3SOCDs, 25 °C, TMS): 6=9,75 (s, 1H,
ArH), 8,77 (s, 2H, ArH); '*C NMR (125 MHz, CD;SOCD3, 25 °C, TMS): 6=152,66,
150,66, 145,15, 138,47, 136,89, 133,01, 131,05, 124,62, 124,33, 115,81, 114,53,
114,18 ppm; IR (ATR): v = 3216 (OH), 3081 (CH), 2251 (CN) cm’'; elementarni
analyza (%) vypocitano pro Ci2H4BrNsOs;: C 41,64, H 1,16, N 20,24; nalezeno:
C41,16,H 1,01, N 20,10.
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6.7. Pfiprava 5-(3,5-di-terc-butyl-4-hydroxyfenyl)pyrazin-2,3-
dikarbonitrilu (9)

N._CN
e
LK
N° CN
HO
9

Reakce byla zahajena navazenim latek 10 (1,5 g, 9 mmol), ktera byla piipravena
v laboratofi jiz diive dle literatury®® a 11 (4,9 g, 24 mmol), které byly nasledné
rozpustény v bezvodém acetonitrilu (30 ml) pod argonem. Poté byl piidan bezvody
uhli¢itan draselny (6,6 g, 48 mmol) za vzniku fialového zbarveni. Reakce probihala
v bezvodém prostiedi pod argonem za stdlého michdni, pti laboratorni teploté po dobu

3 dnu.

Po skonceni reakce byla smés prevedena do kadinky a okyselena 1% HCI
s vodou. Dochézelo k zesvétlovani fialového zbarveni az do zlutohnédého zbarveni
smési. Poté byla smés extrahovana do EtAc a nésledn¢ vytfepana s vodou (vodna faze
byla vzdy mirné€ okyselena HCI). Organické faze byly spojeny, vysuSeny bezvodym
siranem sodnym, zfiltrovany a zbaveny rozpoustédel. Nasledné bylo provedeno
kontrolni TLC s mobilni soustavou TOL/HEX v poméru 2:1. Produkt byl vyciStén
sloupcovou chromatografii se stejnou mobilni soustavou jako u TLC. Celkovy vytézek
svétle Zlutého, krystalického produktu 9 byl 1,28 g (42 %). Latka byla pfipravena, dle

jiz publikovaného postupu.*®

T. t.: 238,3-239,0 °C; '"H NMR (500 MHz, CDCls, 25 °C, TMS): 6=9,18 (s, 1H, ArH),
7,95 (s, 2H, ArH), 5,85 (s, 1H, OH), 1,51 (s, 18H, CHs); 3C NMR (125 MHz, CDCls,
25 °C, TMS): 0=158,65, 155,42, 143,51, 137,56, 133,15, 129,16, 125,53, 123,82,
113,53, 113,26, 34,61, 30,11 ppm; IR (ATR): v = 3627 (OH), 2237 (CN) cm’;
elementarni analyza (%) vypocitano pro CyoH22N4O: C 71,83, H 6,63, N 16,75;
nalezeno: C 70,34, H 6,54, N 16,85.
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6.8. Pfiprava 1,2-bis(4-methoxyfenyl)ethan-1,2-dionu (12)

)

p-Anisaldehyd (4,5 g, 33 mmol) byl navaZzen do barnky, do které byla nasledné
pfiddna destilovand voda (33 ml), 1,8-diazabicyklo[5,4,0]lundecen (DBU, 1 ml,
6,5 mmol) a bisbenzoimidazoliovy katalyzator (BBIM 12, 1g, 1,6 mmol). BBIM 12 byl
jiz v laboratofi pfipraven dle publikovaného postupu®’. Reakéni smés byla michana
na magnetick¢é michacce pti laboratorni teplot¢ po dobu 24 hodin. Reakce byla
monitorovana smési HEX/EtAc v poméru 3:1. Vznikla hustd zlutd smés, ve které se
odd¢lovala olejovita faze. Smés byla poté nékolikrat extrahovana pomoci EtAc,
organicka faze vysuSena bezvodym siranem sodnym a po zfiltrovani byl EtAc odpafen.
Vznikala latka 13, ktera nebyla izolovana a byla ihned prekurzorem pro naslednou

oxidaci.

Vsechen acyloin 13 byl rozpustén v kyseliné octové (150 ml) a nésledné byl
pfiddn dusi¢nan amonny (3,3 g, 41,2 mmol) soctanem médnatym (72,6 mg,
363,6 umol). Reakce probihala pfi teploté varu rozpoustédla za stadlého michani po dobu
2 hodin. Po jejim ukonceni byla kyselina octova odpafena a smés byla extrahovéna
THF, extrakt byl ptefiltrovan a poté odpatfen na vakuové odparce do sucha. Provedenim
TLC byla zjisténa smés produkt, ze které bylo tfeba produkt odseparovat sloupcovou
chromatografii za pouziti mobilni soustavy HEX/EtAc v poméru 3:1. Bylo ziskano
1,8 g (40 %) zlutého prasku latky 12. Reakce byla provedena, dle jiz publikované¢ho

postupu.*

T. t.: 129,7-131,6 °C (lit.3¥ 130-134 °C) ;'H NMR (500 MHz, CDCls, 25 °C, TMS):
0=7,95 (4H, d, J=8,9 Hz, ArH), 6,97 (4H, d, J=8,9 Hz, ArH), 3,89 (6H, s, OCHs);
I3C NMR (125 MHz, CDCls, 25 °C, TMS): 6=193,5, 164,8, 132,3, 126,3, 1143,
55,6 ppm; IR (ATR): v = 3064 3031 (CH), 1655 (s, CO), 1596 (s), 1572 cm’.
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6.9. Ptiprava 1,2-bis(4-hydroxyfenyl)ethan-1,2-dionu (14)

Diketon 12 (1,8 g, 6,6 mmol) byl spole¢né s kyselinou bromovodikovou (3,6 ml)
a kyselinou octovou (3,6 ml) zahfivan pii teplot¢ varu rozpoustédla pod zpétnym
chladicem po dobu 24 hodin za stalého michani. Po ukonceni reakce a vychladnuti
smési byla rozpoustédla odparena do sucha. Pevna latka byla extrahovana pomoci THF,
roztok vysuSen bezvodym siranem sodnym a nasledné zfiltrovan a odpafen do sucha.
Provedenim sloupcové chromatografie s mobilni soustavou HEX/EtAc/AcOH v poméru
20:10:1 bylo ziskano 1,18 g (73 %) zlutého prasku latky 14. Reakce byla provedena dle

publikovaného postupu.>*

T. t. 248,9-249.6 °C (lit*® 250-252°C); 'H NMR (500 MHz, CD;SOCDs, 25 °C,
TMS): 6= 10,88 (2H, bs, OH), 7,73 (4H, d, J=8,7 Hz, ArH), 6,91 (4H, d, J=8,7 Hz,
ArH); 3C NMR (125 MHz, CD3;SOCD3, 25 °C, TMS): 5=193,8, 164,3, 132,4, 124,3,
116,3 ppm; IR (ATR): v =3396 (OH), 1641 (CO), 1597 (s), 1567 cm".

6.10. Priprava 5,6-bis(4-hydroxyfenyl)pyrazin-2,3-
dikarbonitrilu (15)

OH
NC_ _N O
N
1
NC” N O
OH
15
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Do banky navéazena latka 14 (1,18 g, 4,8 mmol) byla za zahfivani rozpusténa
v koncentrované kyseliné¢ octové (100 ml). Po rozpusténi byl pfidan DAMN (1 g,
9,7 mmol) a smés byla zahfivana pfi teplot¢ varu rozpoustédla pod zpétnym chladicem
po 3 dny. Poté byla reakce ukoncena a rozpoustédlo odpafeno. Smés byla extrahovana
THF, extrakt prefiltrovan a THF odpafen za vzniku smési produkti cervenohnédé
olejovité konzistence. Celd reakce byla monitorovana pomoci TLC a po provedeni
sloupcové chromatografie s mobilni soustavou HEX/EtAc/AcOH (20:10:2) a nasledné
krystalizaci z MeOH s aktivnim uhlim bylo ziskéno 0,54 g (36 %) Zlutého praSkovitého
produktu 15. Reakce byla provedena, dle jiz publikovaného postupu.**

T.t. : 245 °C (dec); 'H NMR (500 MHz, CD3SOCDs, 25 °C, TMS): 6=10,14 (s, 1H,
OH), 7,38 (d, J = 8,7 Hz, 1H, ArH), 6,77 (d, J = 8,8 Hz, 1H, ArH); 3*C NMR
(125 MHz, CD3SOCD;3, 25 °C, TMS): 6=160,10, 154,08, 131,52, 128,70, 126,56,
115,75, 114,58 ppm; IR (ATR): v = 3407 (OH), 2252 (CN) cm’'; elementarni analyza
(%) vypocitano pro CigHioN4O2: C 68,79, H 3,21, N 17,83; nalezeno: C 68,55, H 3,53,
N 16,62.

6.11.  Priprava 2-(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-

(oktaaza)ftalocyaninato horecnatého komplexu (16)
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Do 100 ml banky byl navdzen hoic¢ik (2,3 g, 94,5 mmol), pfidan cCerstve
predestilovany bezvody butanol (50 ml) a pfisypano par zrnek jodu. Reakce byla
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ponechana pfi teploté varu butanolu pod zpétnym chladi¢em za stalého michani po dobu
3 hodin za vzniku butanolatu hotecnatého. Poté byly pfidany vychozi pyraziny 6
(750 mg, 3,4 mmol) a 17 (3 g, 10,1 mmol) a reakce opét ponechana pii teploté varu
rozpoustédla za stdlého michani pod zpétnym chladicem 24 hodin. Reakéni smés
vykazovala nejprve oranzovo-Cervené zbarveni, které prechazelo do zeleno-Cerné
srazeniny. Po ukonceni reakce bylo rozpoustédlo odpateno, k reakéni smési byl prilit
roztok MeOH/H>O/AcOH (5:5:1, 200 ml) a smés michdna na magnetické michacce,
dokud piebytecny butanolat hoifecnaty nezreagoval. Poté byla smés zfiltrovana,
srazenina promyta vodou a produkt na filtru byl ponechan k vysuSeni na vzduchu.
Nasledné byl produkt vymyt z filtru pomoci roztoku CHCI3,THF a MeOH (9:1:0,4),
rozpoustédla odpafena a provedena sloupcova chromatografie nejprve s pouzitim
mobilni  soustavy CHCI3/THF  (10:1) a nasledné¢ srychlej$i  soustavou
CHCI3/THF/MeOH (9:1:0,4), ve které dochdzelo i klepSimu rozdé€leni skvrn.
Sloupcovou chromatografii bylo ziskano 372 mg (9,5 %) tmavé zeleného praskovitého

produktu 16, ktery byl promyt hexanem.

'H NMR (500 MHz, CDCl;:[Ds]pyridine, 25 °C, TMS): & 12,07 (s, 1H), 9,98 (s, 1H),
8,75 (d, J = 8,2 Hz, 2H), 7,38 (d, J = 8,2 Hz, 2H), 2,32 — 2,25 (m, 36H), 2,23 (s, 18H);
3C NMR (126 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 161,32, 159,18, 159,01,
158,37, 158,33, 158,03, 157,84, 153,65, 151,70, 151,51, 151,30, 151,17, 150,94,
150,62, 150,47, 150,24, 147,97, 145,36, 145,25, 14521, 145,10, 142,82, 129,97,
128,08, 125,68, 117,01, 51,48, 51,44, 51,38, 51,34, 31,14, 30,91, 30,71, 30,60, 30,23,
30,20 ppm; IR (ATR): v = 2961, 2921 (CH), 1609, 1519, 1233, 1142 (s) cm™'; UV/Vis
(THF): Amax (€)= 652 (181 000), 592 (24 000), 381 nm (104 000 mol' dm® cm™); m/z
(HR MS, EI) 1165,3395 [M+H]", po&itino pro CssHeoMgN160Ss+H": 1165,3383.
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6.12.  Pfiprava 2-(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-
(oktaaza)ftalocyaninu (18)

S S
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Latka 16 (215 mg, 0,2 mmol) byla navazena do baiky a rozpusténa v CHCl3
(10 ml), poté byla pridana kys. p-toluensulfonova (0,350 g, 1,8 mmol) rozpusténa
v THF (10 ml). Smés michana na magnetické michacce pii pokojové teploté 30 minut
za monitorovani TLC se soustavou CHCI3/THF (10:1). Po ukonceni reakce bylo
rozpoustédlo odpateno, produkt promyt vodou, zfiltrovin a ponechdn na filtru

do 2. dne. Po vyschnuti byla latka 18 ihned pouzita do dalsi reakce.
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6.13.  Pfiprava 2-(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-

(oktaaza)ftalocyaninato zine¢natého komplexu (19)

19

V pyridinu (30 ml) byla rozpusténa vychozi latka 18 (199,2 mg, 0,2 mmol)
s bezvodym octanem zine¢natym (319,6 mg, 1,7 mmol) a reakéni smés byla
po 1 hodinu za stidlého michani pod zpétnym chladicem zahtivana pfi teploté varu
rozpoustédla. Po ukonceni reakce a zchladnuti bylo rozpoustédlo odpafeno na vakuové
odparce, produkt byl promyt vodou, zfiltrovan a po provedeni sloupcové
chromatografie s mobilni soustavou CHCI;/THF/MeOH (9:0,5:0,2) bylo ziskano
96,2 mg (48 %, pocitano na Mg komplex) zelenocerného produktu 19, ktery byl promyt

hexanem.

"H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 12,15 (s, 1H), 9,99 (s, 1H),
8,77 (d, J = 8,4 Hz, 2H), 7,38 (d, J = 8,4 Hz, 2H), 2,30 — 2,20 (m, 54H); '3*C NMR
(126 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 161,41, 159,46, 159,35, 158,78,
158,75, 158,52, 158,37, 153,93, 152,08, 151,91, 151,71, 151,60, 151,40, 150,92,
150,72, 150,36, 147,57, 144,86, 144,76, 144,71, 144,67, 143,06, 130,04, 129,99,
127,98, 117,03, 51,51, 51,43, 51,39, 31,04, 30,83, 30,63 ppm; IR (ATR): v = 2963,
2925 (CH), 1520, 1233, 1143 (s) cm’; UV/Vis (THF): Amax (g)=650 (244 000), 590
(33 000), 376 nm (128 000 mol! dm’cm’'; m/z (HR MS, EI) 1205,2826 [M+H]",
poc¢itano pro CssHeoN160SeZn+H': 1205,2824.
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6.14. Pfiprava 2-(3-brom-4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-

(oktaaza)ftalocyaninato hofecnatého komplexu (20)
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Ptiprava latky 20 probihala obdobnym zptisobem jako u latky 16.

Hot¢ik (1,37 g, 57 mmol) byl navdzen do 100 ml bainiky a k nému byl ptidan
destilovany bezvody butanol (50 ml). Do bariky se pfidalo par zrnek jodu a smés byla
ponechana reakci pfi teploté varu butanolu, za stalého michani pod zpétnym chladicem
3 hodiny za vytvoreni Sedé, husté hmoty butanolatu hofecnatého. Poté byly pfisypany
vychozi pyraziny 7 (0,62 g, 2,04 mmol) a 17 (1,88 g, 6,13 mmol) a reakce byla

za stejnych podminek ponechdna 24 hodin za vzniku ¢ernozelené sraZeniny.

Dalsi zpracovani bylo stejné jako zpracovani latky 16 a pieciSténim sloupcovou
chromatografii s mobilni soustavou CHCIl3/THF/MeOH (40:1:0,5) a poté rychlejsi
CHCI3/THF/MeOH (20:1:0,5) bylo ziskdno 0,268 g (10,6 %) zelenocerného
praskovitého produktu 20. Produkt byl znovu pieciStén pro dalsi analyzy rozpusténim
v CHCl3 (0,5 ml) a nakapanim do MeOH. Smés byla ponechéna 14 dni v mrazaku, poté
byla zfiltrovana a cerny, jemny prasek extrahovan CHCIs;, znovu pfefiltrovan
arozpoustédlo odpafeno. Néasledné¢ byl produkt seskrdban do MeOH a odfiltrovan

na frit¢ za vzniku ¢ernych praskovych ¢astecek.

'H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 9,94 (s, 1H), 9,35 (d,
J=2,2Hz, 1H), 8,49 (dd, J= 8,4, 2,2 Hz, 1H), 7,37 (d, J = 8,4 Hz, 1H), 2,30 — 2,24 (m,
45H), 2,21 (s, 9H);'*C NMR (126 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): 6 159,02,
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158,97, 158,28, 158,26, 157,94, 157,90, 157,87, 151,85, 151,80, 151,75, 151,60,
151,45, 151,23, 151,01, 150,34, 150,13, 148,16, 145,31, 145,28, 145,24, 14521,
145,09, 142,24, 133,73, 129,37, 127,92, 117,17, 112,45, 51,64, 51,46, 51,45, 51,34,
31,15, 31,11, 30,87 ppm; IR (ATR): v = 2961, 2919 (CH), 1518, 1477, 1363, 1234,
1142 cm’!; UV/Vis (THF): Amax (£)=652 (290 000), 591 (38 000), 382 nm (151 000 mol
' dm’cm™); m/~z (HR MS, EI) 12432457 [M+H], pocitino pro
CssHsoBrMgN60Se+H™: 1243,2489.

6.15.  Pfiprava 2-(3-brom-4-hydroxyfenyl-5-nitro)-
9,10,16,17,23,24-hexakis(terc-butylsulfanyl)-
1,4,8,11,15,18,22,25-(oktaaza)ftalocyaninato hofe¢natého
komplexu (21)
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Ptiprava latky 21 probihala obdobnym zpiisobem jako u latek 16 a 20.

K navazenému hoiciku (2,52 g, 105,17 mmol) byl pfidan cerstvé destilovany
bezvody butanol a spolecné s par zrnky jodu byla smés ponechéna reakci pfi teplote
varu rozpoustédla za stdlého michani pod zpétnym chladicem po dobu 3 hodin.
Po 3 hodindch byly k reak¢éni smési pridany latky 8 (1,3 g, 3,76 mmol) a 17 (3,45 g,

11,27 mmol) a smés ponechédna za stejnych podminek 24 hodin.

Dalsi zpracovani bylo stejné jako u latek 16 a 20 a sloupcovou chromatografii se
soustavou CHCIl3/THF/MeOH (40:1:0,5) a poté rychlejsi CHCI;/THF/MeOH (20:1:0,5)
bylo ziskano 0,48 g (9,9 %) produktu 21, ktery byl stejné jako latka 20 docistén pro
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dalsi analyzy rozpusténim v CHCl3 (0,5 ml) a nakapanim do MeOH. Poté byla smés
ponechana 14 dni v mrazadku, zfiltrovana a cerny prasek extrahovan CHCls, znovu
prefiltrovan a rozpoustédlo odpafeno. Na zavér byl produkt seSkraban do methanolu,

a odfiltrovan na frité za vzniku cernych lesklych krystalkii.

'H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 10.00 (s, 1H), 9.80 (s, 1H),
8,88 (s, 1H), 7,54 (d, J = 8.9 Hz, 1H), 2,32 — 2,24 (m, 45H), 2,22 (s, 9H); '*C NMR
(126 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 159,04, 159,01, 158,45, 158,27,
158,09, 156,40, 152,13, 152,09, 151,79, 151,75, 151,12, 150,96, 14531, 145,25,
145,15, 141,99, 129,07, 125,29, 121,22, 51,77, 51,50, 51,38, 31,09, 31,05, 30,85 ppm;
IR (ATR): v = 2961, 2920 (CH), 1627, 1363, 1234, 1142 (s) cm’; UV/Vis (THF): Amax
(£)=652 (235 000), 592 (31 000), 382 nm (132 000 mol”! dm3cm’'; m/z (HR MS, EI)
1210,3224 [M+H]", poéitano pro CssHsoMgN1703Se+H*: 1210,3234.

6.16.  Pfiprava 2-[3,5-di(terc-butyl)-4-hydroxyfenyl]-
9,10,16,17,23,24-hexakis(terc-butylsulfanyl)-
1,4,8,11,15,18,22,25-(oktaaza)ftalocyaninu (22)

Hot¢ik (2 g, 83,7 mmol) byl navaZzen do 100 ml baiky. K nému byl ptidan
Cerstve predestilovany butanol (50 ml) s par zrnky jodu. Reakce ponechéna pfti teplote
varu rozpoustédla pod zpétnym chladicem 3 hodiny. Po tfech hodindch byl pfidan dalsi
butanol (20 ml), byly pfisypany latky 9 (1 g, 2,99 mmol) a 17 (2,75 g, 8,97 mmol)
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areakce probihala za stejnych podminek 24 hodin za vzniku nejprve oranzového,

pozd¢ji zelenocerného zbarveni.

Po ukonceni reakce a po zchladnuti bylo rozpoustédlo odpatfeno, ke smési byl
pfidan roztok MeOH/H>O/AcOH (10:10:1) a vSe bylo michano, dokud nedoslo
ke zreagovani ptebyte¢ného butanolatu hotfe¢natého. Poté byl produkt zfiltrovan,

nekolikrat promyt vodou a ponechén na filtru k vyschnuti na vzduchu.

ZelenoCerna latka byla poté rozpusténa ve smési CHCI;/THF 1:1 (80 ml) a smés
michdna na magnetické michacce pti laboratorni teploté. Poté byla piidana kyselina
p-toluensulfonova (5,71 g, 30 mmol) a smés byla hodinu michana za stejnych
podminek. Po ukonceni reakce bylo rozpoustédlo odpareno, ke smési byla pridana voda,
smeés zfiltrovana ptes skladany filtr a latka na filtru ponechana k vyschnuti. Vysledny
produkt byl né€kolikrat ptecistén sloupcovou chromatografii s mobilni soustavou
TOL/CHCI3 (2:1) a bylo ziskdno 200 mg (5,3 %) Cistého zelenocerného produktu 22

Latka nebyla charakterizovana, ale pouzita ptimo dale do dalsi reakce.

6.17.  Pfiprava 2-[3,5-di(terc-butyl)-4-hydroxyfenyl]-
9,10,16,17,23,24-hexakis(terc-butylsulfanyl)-
1,4,8,11,15,18,22,25-(oktaaza)ftalocyaninato horecnatého
komplexu (23)

Bezkovovy AzaPc 22 (200 mg, 0,159 mmol) byl rozpustén v pyridinu (30 ml).

K nému byl pfidan bezvody octan hotfecnaty (200 mg, 1,4 mmol) a reakce byla pii
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teploté varu rozpoustédla zahiivana pod zpétnym chladicem 30 minut. Po zchladnuti
smési byl pyridin odpaten, smés promyta vodou, a zfiltrovana. Nasledn¢ bylo n¢kolikrat
provedeno docisténi sloupcovou chromatografii s mobilni soustavou CHCI3/THF (15:1).
Vytézek cistého zelenocerného produktu 23 byl 128,7 mg (63 %) a dal$im docisténim
promytim MeOH byly ziskany ¢isté krystalky k dalSim analyzam.

'"H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): 8 10,13 (s, 1H,), 8,90 (s, 2H),
2,48 — 2,11 (m, 54H), 1,84 (s, 18H); °C NMR (126 MHz, CDCls:[Ds]pyridine, 25 °C,
TMS): 6 158,92, 158,73, 158,37, 158,35, 158,12, 158,10, 157,50, 153,96, 151,57,
151,40, 151,23, 151,13, 150,96, 150,85, 150,52, 150,39, 148,04, 145,35, 145,28,
145,24, 145,21, 142,60, 138,36, 127,90, 125,21, 51,48, 51,44, 51,40, 51,26, 35,23,
31,15, 30,90, 30,74 ppm; IR (ATR): v = 2960, 2918 (CH),1558, 1250, 1143 (s) cm™;
UV/Vis (THF): imax (£)=652 (311 000), 591 (40 000), 383 nm (160 000 mol"' dm’cm’
1; m/z (HR MS, EI) 1277,4653 [M+H]", Cs2H76MgN160S¢+H": 1277,4635.

6.18.  Priprava 2,3-bis(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-

(oktaaza)ftalocyaninato horecnatého komplexu (24)
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Do 100 ml banky byl navazen hoicik (838 mg, 34,9 mmol) a byl ptfidan Cerstvé
predestilovany bezvody butanol (50 ml). Pfi teploté varu rozpoustédla byla reakce
ponechana pod zpétnym chladi¢em 3 hodiny. Po 3 hodinach byly pfidany latky 15
(392 mg, 1,25 mmol) a 17 (1,15 g, 3,74 mmol) a reakce ponechana za stejnych
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podminek 24 hodin. Po ukonceni reakce bylo zpracovani stejné jako u latky 16
zakoncené docisténim sloupcovou chromatografii s mobilni soustavou CHCls/THF
(10:1) a poté¢ CHCI3/THF/MeOH (9:1:0,4). Ziskéno bylo 121 mg (7,7 %) zelenocerného
produktu 24. Finalni dociSténi bylo promyti hexanem za vzniku dostatecné cistého

produktu pro analyzy.

'"H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): 8 11,74 (s, 2H), 8,15 (s, 4H),
7,19 (s, 4H), 2,27 (s, 36H), 2,18 (s, 18H); 3C NMR (126 MHz, CDCls:[Ds]pyridine,
25 °C, TMS): § '3C NMR (126 MHz, CDCls) § 159,54, 159,07, 158,27, 157,82, 154,33,
151,24, 151,13, 151,04, 150,84, 148,08, 145,42, 145,18, 132,46, 125,67, 116,03, 51,45,
51,40, 51,31, 31,11, 30,92, 30,88 ppm; IR (ATR): v =2961, 2923 (CH), 1609, 1518,
1248, 1142 (s) em™'; UV/Vis (THF): Amax (£)=653 (192 000), 593 (26 000), 384 nm
(111 000 mol' dm’cm™); m/z (HR MS, EI) 1257,3656 [M+H]’, pocitdno pro
CooHeaMgN1602S6+H™: 1257,3646.

6.19. Priprava 2,3-bis(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-
(oktaaza)ftalocyaninu (25)

%:Hz%

Zelenocerny AzaPc komplex 24 (54,3 mg, 0,043 mmol) byl rozpustén v CHCI3
(10 ml) a smé&s michdna na magnetické michacce pii pokojové teploté. Ke smési byla
pfidana kyselina p-toluensulfonovéa (82 mg, 0,43 mmol) rozpusténd v THF (10 ml) a

smés byla za stejnych podminek michdana 1 hodinu. Naésledné¢ byla rozpoustédla
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odpatena, produkt byl promyt vodou, zfiltrovan a sraZenina na filtru byla vysuSena.

Vznikla latka 25 byla ihned pouzita do dalsi reakce.
6.20. Priprava 2,3-bis(4-hydroxyfenyl)-9,10,16,17,23,24-
hexakis(terc-butylsulfanyl)-1,4,8,11,15,18,22,25-

(oktaaza)ftalocyaninato zine¢natého komplexu (26)
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Bezkovovy komplex 25 byl rozpustén v pyridinu (10 ml). Nasledné byl ptidan
octan zine¢naty (137 mg, 0,749 mmol) a smés byla zahtivana pii teploté varu
rozpoustédla 1 hodinu. Po ukon¢eni reakce byl pyridin odpaten, produkt promyt vodou,
zfiltrovan a ponechdn na vzduchu k vyschnuti. K ¢isténi byla dale pouzita sloupcova
chromatografie s mobilni soustavou CHCI3/THF/MeOH (9:1:0,4), kterou bylo ziskano
29,8 mg (53 % pocitano na vychozi hotfecnaty komplex) latky 26. Produkt byl dale

promyt hexanem pro docisténi.

'"H NMR (500 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): § 11,76 (s, 2H), 8,14 (d,
J=28,2Hz, 4H), 7,19 (d, J = 8,2 Hz, 4H), 2,26 (s, 36H), 2,20 (s, 18H); '3*C NMR
(126 MHz, CDCls:[Ds]pyridine, 25 °C, TMS): & 159,63, 159,44, 158,67, 158,28,
154,65, 151,70, 151,59, 151,52, 151,32, 147,67, 144,92, 144,68, 144,63, 13243,
131,10, 116,06, 51,49, 51,37, 31,04, 30,85, 30,82 ppm; IR (ATR): v = 2959, 2918,
(CH), 1609, 1518, 1249, 1142 (s) cm™; UV/Vis (THF): Amax (£)=653 (122 000), 596
(23 000), 379 (93 000 mol! dm*cm™); m/z (HR MS, EI) 1297,3085 [M+H]", po¢itano
pro CeoHeaN1602S6Zn+H": 1297,3087.
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6.21. Pfiprava mikroemulzi

Mikroemulze byly pfipravovany dle jiz dfive publikovaného postupu.’
Cremophor EL (BASF, 72 mg) a triglyceridy se stfedni délkou fetézce (MCT, Ecogreen
Oleochemicals, 29 mg) byly rozpustény v CHCI3 (3 ml). Do banky bylo pfidano 2,5 ml
zasobniho roztoku o koncentraci 100 uM pro AzaPc (16, 19, 20, 21, 23, 24, 26) a 1 mM
koncentraci pro prekurzory (6, 7, 8, 9, 15). Zasobni roztoky byly diive pfipraveny
rozpusténim v THF. Smés po pfidani zasobniho roztoku byla promichana
a rozpoustédla odpafena na vakuové odparce pii hlubokém vakuu za odstranéni vSech
rezidui rozpoustédel. Nasledné byly pfidany 4 ml Britton-Robinsonova pufru o rizném
pH (Tabulka 1), které bylo vybrano podle o¢ekavaného pK, jednotlivych latek. Dale
byla kazdd emulze homogenizovana na vortexové michaéce a poté kvantitativné
pfevedena do 5ml odmérné bainky a doplnéna po rysku pufrem o piislusSném pH.
Stejnym zplsobem byla pfipravena i kontrolni mikroemulze bez zasobniho roztoku.
Timto zpisobem byly pfipraveny zasobni roztoky vzorkli v mikroemulzi o koncentraci

50 uM pro AzaPc a 500 uM pro prekurzory.

Britton-Robinsontv pufr je smés kyselin: 0,04M H3;POs4, 0,04M CH;COOH
a 0,04M H3zBOs, jejichz pH je upravovano ptidavanim urcitého mnozstvi baze: 0,2M

NaOH na pozadované pH. Takto lze ptipravovat rozmezi pH od 2 do 12.

Tabulka 1:Priprava mikroemulzi s Britton-Robinsonovym pufirem

AzaPc  pufr (pH)
16 10 6 9
19 10 7 7,5
20 8,5 8 4,5
21 5,5 9 11
23 11,5 15 9,5
24 10,5
26 10,5
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6.22.  Pfiprava liposomu

Do 100 ml kulaté banky byl navazen dioleoylfosfatidylcholin (DOPC, 19,7 mg),
ktery byl nasledné rozpustén v CHCI; (3 ml). Bylo ptidano 250 pl zasobniho roztoku
AzaPc v THF o koncentraci 100 uM a rozpoustédlo odpateno na vakuové odparce pfi
37 °C. Pro odstranéni rezidui vSech rozpoustédel byla doba odpafovani 30 minut pii
tlaku 5 mbar. Nésledné byl pfidan 1 ml Britton-Robinsonova pufru o pH (Tabulka 2)
a lipidy jemné smyty krouzivymi pohyby ze stén bainiky za vzniku multilamelarnich
vezikul. Smés byla poté zhomogenizovana na vortexové michacce a ponechana
k bobtnani po dobu 3 hodiny. Poté byly liposomy extrudovdny na stejnou velikost
pomoci ru¢niho extrudéru, ve kterém byly protlaCovany tam a zpét pies dva
polykarbonatové filtry s velikosti pord 100 um piesn¢ 21krat. Takto byly ziskany
suspenze liposomil, ve kterych byly inkorporovany jednotlivé latky o koncentraci

25 uM.
Tabulka 2: Priprava liposomii s Britton-Robinsonovym pufrem

AzaPc pufr (pH)

16 11,5
19 11,5
20 9

21 8,5
23 12,1
24 11,5
26 11,5

6.23. Testovani pfipravenych latek
Urcity Britton-Robinsontv pufr (pH 1,7-11,7), ptfipadné Batesiv a Bowerlv
pufr (pH 11,8-13,0) byl napipetovan do kyvety (2,5 ml) a knému byla pfidana
testovand latka v mikroemulzi (50 pl), ¢i v liposomech (25 pl) nebo v pripadé

prekurzori také 125 pl zasobniho roztoku prekurzoru v DMSO (finalni konc. 5%).
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Batestiv a Bowertv pufr se sklada z 0,2M KCl a pfidavanim 0,2M NaOH lze

upravovat pH v rozmezi 12—13.

Nasledn¢ byla zmétfena absorpéni spektra a fluorescence. Excitace pro méteni
fluorescence byla provadéna v izosbestickém bod¢ zjisténém z absorpcnich spekter
(u AzaPc vétSinou kolem 590-600 nm). Po zméfeni byly vyneseny zavislosti maxima
fluorescence (AzaPc) ¢i absorbance (prekurzory) na pH pufru. Takto ziskané titracni
kiivky odpovidaly Henderson-Hasselbalchové rovnici a umoznili vypocitat pKa
testovanych latek nelinearni regresi v programu Prism 8.0 for Windows (GraphPad

Inc.).
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7. Diskuze

V prib¢hu své prace jsem se zabyvala syntézou nesymetrickych AzaPc, které
nesou na periferii jednu, nebo dvé fenolické skupiny s rozdilnymi substituenty,
anasledn¢ jsem meétila fotofyzikalni vlastnosti téchto molekul v mikroemulzich c¢i
liposomech, které mély simulovat jednoduchy model biologické membrany. Pokud jsou
tyto AzaPc v neionizovaném stavu, jsou schopny vyzafovat fluorescenci, s jejich
ionizaci tato schopnost klesa (Obrazek 14). U molekul AzaPc s fenolickou skupinou
intramolekularnim ptfenosem (ICT), kdy se ionizovana periferni fenoladtova skupina
stdva donorem pro elektrondeficitni makrocyklus AzaPc a dojde tak k poklesu
fluorescence. Tento stav je reverzibilni. V jakém stavu se latka nachdzi je ovlivnéno
jednak pH prostiedi, ale také pKa. rozpoznavaci ¢asti molekuly, které se miize modulovat

ptitomnosti jednotlivych substituentt.

Syntézou rGzné substituovanych AzaPc citlivych k okolnimu pH se jiz
v minulosti nase skupina zabyvala, ale pH, pii kterém se tyto latky nachazely
v aktivnim stavu bylo piili§ nizké! nebo pfili§ vysoké.? Cilem moji diplomové prace tak
bylo najit vhodnou substituci rozpoznéavaci ¢asti AzaPc, pii které by bylo mozné
detekovat zmény fluorescence piihodnotaich pH blizkych fyziologickému.
Modifikacemi na periferii AzaPc (substituenty X a Y, Obrazek 14) jsme chtéli ziskat
pestrou Skalu latek, u kterych dochazelo ke zméndm intenzity fluorescence podle
méniciho se pH prostiedi. Centralni kavita AzaPc mize komplexovat fadu riiznych
kationtli kovli nebo polokovil. Z hlediska fotofyzikalnich parametrii jsou ovsem pro nasi
aplikaci nejvhodn&jsi hofe¢naté komplexy, které vykazuji nejsilngjsi fluorescenci.®
V ramci prace bylo pfipraveno 1 nckolik komplexi zine€natych pro studium vlivu

centralniho kationtu na pK. senzorické ¢asti.
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Obrazek 14: Schéma prepinani fluorescence u pripravenych AzaPc

Syntéza probihala obecné v n¢kolika krocich, kdy bylo tieba z vychozi latky,
kterou byl v pfipadé AzaPc s jednou fenolickou skupinou 4-HA, a v pfipadé AzaPc se
dvéma fenoly p-anisaldehyd, pfipravit substituovany pyrazin-2,3-dikarbonitril. Ten byl

poté cyklotetramerizacni reakci pfeménén v pozadovany AzaPc (Schéma 1, Schéma 2).
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Schéma 1: Navrh syntézy AzaPc s jednou fenolickou skupinou
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Schéma 2: Navrh syntézy AzaPc se dvéma fenolickymi skupinami

7.1. Ptiprava prekurzor(

Ptiprava pyrazin-2,3-dikarbonitrila probihala kondenzaci DAMN
s ketoaldehydem nebo diketonem (Schéma 1, Schéma 2). PfisluSny ketoaldehyd byl
vzdy pfipraven oxidaci substituovanych 4-hydroxyacetofenonti. S vyjimkou prekurzoru
6, kdy do oxida¢ni a néasledné kondenzacni reakce vstupoval nesubstituovany 4-HA,

bylo tfeba na 4-HA nejprve navazat pozadované substituenty.

0] ] 0]

OH OH OH

Schéma 3: Navrh syntézy mono a dibromovaného produktu

Pro ptipravu prekurzoru 7 byla snaha najit selektivni bromacni reakci, ve které
by reagoval 4-HA za vzniku pouze/pfevazné monobromovaného produktu 1. To se vSak
ukézalo jako pomérné€ obtizné, prestoze publikované postupy prezentovaly rizné

podminky (Tabulka 3) jako selektivni, navic s vysokymi vytézky. V laboratofi jsme
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vyzkouseli fadu reakénich podminek a reakci zprvu monitorovali pouze na TLC
k vybrani téch nejvhodnéjSich. Pii syntéze vzdy vznikala smés vychozi latky,
monobromovaného produktu 1 a dibromovaného produktu 2 (Schéma 3) u nékterych
reakci navic vznikal dal$i produkt (nebyl izolovan). Dle TLC analyzy byla nakonec
vybréna reakce s methenaminovym bromacnim ¢inidlem, které bylo nejprve piipraveno
reakci methenaminu s bromem. Také v tomto piipadé vznikala smés dvou produkti,
kterd musela byt pfecisténa sloupcovou chromatografii, i proto byl vytézek hodné nizky

oproti publikovanému postupu.

Tabulka 3: Podminky bromacnich reakci

Publikovany
Reaktanty Rozpoustédlo Podminky Skutecny vytéZek
vytézek
DABCO-Br; DCM -5°C 92 %?° smés, neizolovano
Methenamin-Br, DCM -5°C 88 %30 24 %
HBr, H,0» dioxan laboratorni teplota 90 % smés, neizolovano
Br;, TEA DCM -5°C - smeés, neizolovano
Br, NaOAc AcOH laboratorni teplota - sm¢s, neizolovano

Po potizich se syntézou prekurzoru 7 bylo pro syntézu prekurzoru 8 vyuzito
opacného postupu, kde jsme s vyhodou vyuzili latky 4 (také vhodna pro tuto studii) jako
meziproduktu (Schéma 4).

Nejprve tak byla navazana nitroskupina elektrofilni substituci 4-HA pomoci
KNO3 v prosttedi 96% H2SOs za vzniku latky 4 ve velmi dobrém vytézku 89 %.
Nasledné byla provedena bromacni reakce tohoto produktu sbromem v kyselém
prostiedi. V tomto ptipadé se brom vazal jen do jedné polohy i diky zapornému
mezomernimu efektu nitroskupiny a bylo tak dosaZzeno vytézku 87 % latky 5

1 s precisténim sloupcovou chromatografii.
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NO, NO,

HO HO HO

(89 %) (87 %)
Schéma 4: Navrh syntézy substituovaného 4-HA

Ptislusné substituované 4-hydroxyacetofenony 1, 5 a jeden nesubstituovany
4-HA byly dale podrobeny oxidaci pomoci SeO> za vzniku ketoaldehydu, které nebyly
zreakce izolovany, ale po pfidani DAMN a okyseleni okamzit¢ kondenzovaly

za vzniku pfisluSnych pyrazin-2,3-dikarbonitrilt 6, 7, 8 (Schéma 5).

X X X
HO HO HO._ =
_ RN '|\
= =N
Y i Y =0 Y |

0 N CN

CN
Prekurzor b ¥
& H H
7 Br H
8 Br NO,

Schéma 5: Navrh syntézy 2,3-dikarbonitrilit

Syntéza prekurzorii 9 a 15 probghla dle jiz publikovanych postupii.*3¢

K ptipravé prekurzoru 9 bylo vyuZito reakce 2,6-di(ferc-butyl)fenolu
s 5-chlorpyrazin-2,3-dikarbonitrilem (Schéma 6). Zatimco u méné objemnych
substituentl v polohdch 2 a 6 na fenolu by probihala nukleofilni substituce
O-nukleofilem, v ptipad¢ ferc-butyli jako substituentti, které stericky brani
OH skupinu, dochazi k reakci C-nukleofilu a tim ke vzniku pyrazin-2,3-dikarbonilu 9,

ktery byl ptecistén sloupcovou chromatografii a pouzit do dalsi reakce.

OH NC
NC._Ng Cl ) N
I j/ + NC \ OH
— N—
NC~ °N

10 1" 9

Schéma 6: Navrh syntézy prekurzoru 9
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V piipad€ ptipravy prekurzoru 15 bylo vyuzito jiz vyzkouSenych podminek
benzoinové  kondenzace p-anisaldehydu zakatalyzy  bisbenzoimidazoliovym
katalyzatorem (BBIM 12), ktery byl pfipraven dle publikovaného postupu.’’
Po ukonceni reakce a dalSim zpracovani byl produkt bez izolace ihned oxidovéan a az
po této reakci byl produkt izolovan ve form¢ diketonu 12. Hydrolyzou kyselinou
bromovodikovou byl ziskan diketon 14 s volnymi hydroxylovymi skupinami, ktery byl
pouzit do kondenzacni reakce s DAMN. Izolace pyrazin-2,3-dikarbonitrilu 15 se vSak
krystalizace zMeOH, kvuli naprosto identickym retenénim faktorim vychoziho

diketonu a pyrazin-2,3-dikarbonitrilu (Schéma 7).

~ ~o e oH OH
o)
fPa OO e
N
Py
NG N7
o
- o OH o (0] 'e) O
0 OH
5 9 Q
OH
O O
13 12 14

Schéma 7: Navrh syntézy 2,3-dikarbonitrilu se dvéma fenoly

7.2. Priprava AzaPc

Vsechny pfipravené prekurzory byly pouzity ve findlni cyklotetramerizacni
reakci za vzniku pfisluSnych AzaPc, jejichz vznik byl iniciovdn butanolatem
hofe¢natym. Do reakce vstupoval pfisluSny pyrazin-2,3-dikarbonitril s navazanymi
fenolickymi  substituenty (6, 7, 8 9 nebo 15) a  5,6-bis(terc-
butylsulfanyl)pyrazin-2,3-dikarbonitril 17  (prekurzory A a B). Touto
cyklotetramerizacni reakci vznikd smés Sesti kongenert, které obsahuji rGzné
kombinace prekurzori A a B (Obrazek 15). Jaké zastoupeni jednotlivé kombinace
budou mit je urceno stechiometrickym pomérem prekurzorli, proto pro ziskani
nesymetrického AzaPc (ABBB) v nejvyssim vytézku bylo vyuzito poméru slozek A a B
1:3.

55



o

1 B =

Obrazek 15: Kombinace jednotlivych kongenerii vzniklych kombinaci prekurzoru A a

B s vyznacenym poZadovanym produktem

V reakéni smési vznikaly ovSem vzdy hotecnaté komplexy vSech kongenert,
u kterych byva casto problém s jejich rozd€lenim. V nasem ptipadé u naprosté vétSiny
latek byly dostatecné rozdily v retenci na silikagelu a latky bylo mozno odseparovat

sloupcovou chromatografii jiz jako hote¢naté komplexy.

U AzaPc 23 vSak kvili podobnym reten¢nim faktoriim nemohl byt poZadovany
kongener oddélen sloupcovou chromatografii ve formé hotecnatého komplexu. Latka
musela byt vystavena pusobeni kyseliny p-toluensulfonové, ¢imz doslo k odkoveni
za vzniku volného ligandu nazyvaného bezkovovy AzaPc. Nasledné byl kongener
izolovén a centralni kationt mohl byt opét chelatovan zpatky do centra jiz vyciSténého
kongeneru. Tohoto reverzibilniho kroku, kdy plisobenim kyseliny dochazi k odkoveni
centrdlniho kationtu, ktery lze nésledné nahradit jinym, bylo vyuZito i v piipade

ptipravy zine¢natych komplexti AzaPc 19 a 26.

7.3. Fotofyzikalni vlastnosti

Zatimco v organickych rozpoustédlech jsou AzaPc rozpustné dobte, ve vodé
rozpustné nejsou, proto musely byt pro testovani fotofyzikalnich vlastnosti ve vodném
prostfedi inkorporovany do vhodného nosi¢ového systému. Jednim z téchto nosici byly
mikroemulze, ve kterych byly testované latky inkorporovany do jejich olejovych
¢astecek, a druhym byly liposomy, jejichZ lipidova dvojvrstva piedstavuje jednoduchy
model biomembrany. Méfeni fotofyzikdlnich vlastnosti AzaPc probihalo jak
v mikroemulzich, tak v liposomech, zatimco pyrazin-2,3-dikarbonitrily byly testovany
pouze v mikroemulzich a nasledné také v pufru po nafedéni ze zasobniho DMSO

roztoku. Na zdkladé€ jejich fotofyzikalnich vlastnosti se nepfedpokladd, Ze by byly
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pyraziny vyuzitelné pifimo v biologickém prostfedi, a proto testovani v liposomech

postradalo vyznam.

7.3.1. AzaPc

Pro AzaPc je typicky tvar jejich absorpéniho spektra, a to vysokoenergeticky
B-pas (cca 360 nm) a nizkoenergeticky Q-pas (cca 652 nm), jak uz bylo popsano
v teoretické Casti. Podle tvaru Q-pasu je mimo jiné mozné urcit, zda se latka nenachazi
v agregovaném stavu, protoze agregace je nezadouci jev, ktery miize vyrazné snizovat
fluorescenci. VSechny testované latky byly v prostiedi THF monomerni, jak bylo
zjisténo meétfenim absorpénich spekter, pouze latka 21 vykazovala svym rozSifenym

tvarem Q-pasu zndmky agregace (Obrazek 16).
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Obrazek 16: Diukaz agregace latky 21 oproti ostatnim lditkam (misto v grafu
dokazujici agregaci zndzoriiuje Sipka). Spektra méiena v THF. Absorpce (modra),

emise (zelenda), excitace (Cervend preruSovand cdara).

Spektra jednotlivych latek, (jejichz ptehled je Obrazek 17) byla pii méfeni
prakticky stejnd a nedochdzelo k posuniim v poloze absorpéniho maxima, z ¢ehoz
vyplyva, Ze substituce nesymetrické casti AzaPc ma pouze nepatrny vliv na absorp¢ni
spektrum. Toto tvrzeni bylo podlozeno pouzitim kontrolni latky — symetrického AzaPc
27 (Obrazek 17), ktery misto fenolické skupiny v rozpoznavaci casti obsahoval
terc-butylsulfanylové substituenty. Absorpéni spektrum i této latky bylo prakticky

shodné s nesymetrickymi derivaty.
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Obrazek 17: Prehled vSech syntetizovanych struktur (a), struktura kontrolni latky
27 (b)

Me¢tenim absorpcnich spekter v mikroemulzich a liposomech bylo zjisténo, ze
1 zde jsou rozdily v absorp¢nich spektrech mezi jednotlivymi latkami velmi malé. Pti
zméndch okolniho pH, dochézi k drobnému bathochromnimu posunu pii vysSich pH,
ale tyto zmény jsou tak nepatrné, Ze se nedaji pouzit v praktické aplikaci. Na rozdil
od absorpcnich spekter zmény v intenzité¢ fluorescence byly casto aZz o dva fady
rozdilné, jako disledek pfechodu mezi protonizovanou (ON) a deprotonizovanou (OFF)

formou, kdy dochazi ke zhaseni fluorescence (Obrazek 18)
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Obrazek 18: Zmény v absorpcnich (a) a fluorescencnich (b) spektrech v zavislosti na
ménicim se pH pro latku 20 v mikroemulzi. Pds kyvet v ruzném pH s vlivem na
Sfluorescenci (c). V obrazku (b) je vioZeny graf se stanovenim pK,.

Intenzita fluorescence v emisnim maximu zkoumanych latek byla nasledné
vynesena do grafu jako zavislost na pH, ze které bylo mozné stanovit jejich pKa. Tyto
ktivky odpovidajici Henderson-Hasselbachové rovnici (Obrazek 19) byly stanovovany
v mikroemulzich a liposomech pro kazdy nosi¢ zvlast. V ptipadé liposoml je

pfedpokladdno, Ze podobné chovani by mély latky v membranach biologickych

systémdl.
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Obrazek 19: Graf zavislosti fluorescence na pH pro vSechny ldatky v liposomech (a) a

mikroemulzich (b)

Pfi testovani latek vpH > 12 pomoci Batsova a Bowerova pufru byly
zaznamenany poklesy fluorescence v ptipad€ mikroemulzi i u kontrolniho symetrického
AzaPc, ktery byl v pufrech o niz§im pH ke zménam pH inertni. Vzhledem k tomu, Ze

v liposomech zadné poklesy fluorescence v rozmezi pH 2 — 13 zji$tény nebyly, jednalo
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se pravdépodobné pouze o zmény v nosici, a proto data v mikroemulzich nad pH 12

nelze povazovat za zcela relevantni.

7.3.2. Prekurzory

Testovany byly také pfislusné substituované pyrazin-2,3-dikarbonitrily (6, 7, 8,
9, 15) v mikroemulzich. Tyto latky by svoji donor-akceptorovou povahou mohly byt
potencidlnimi senzory se schopnosti reagovat na zmény pH, navic jednodussi
na ptipravu nez AzaPc. Jak se vSak ukazalo, absorpcni maxima téchto latek pod 400 nm
nebyla piili§ vhodnd pro biologickou aplikaci, taktéz slaba fluorescence, ktera byla
obvykle pod 500nm, proto prekurzory ani nebyly testovany v liposomech.

U prekurzoru 8 navic nebyla fluorescence vitbec detekovana.

Oproti minimalnim zménam fluorescence vSak u vSech prekurzorti probihaly
velké zmény absorpénich spekter v zavislosti na pH (Obrazek 20), diky kterym by
mohly byt vyuZity jako indikatory acidobazickych titraci. Vyhodou téchto indikatort je
schopnost zaznamenat ekvivalenéni bod pouhym okem, kdy latky prechazely
z bezbarvych v kyselém pH do zlutych (6, 7, 8), Zluto-oranzovych (15) ¢i svétle
ruzovych (9) v zasaditém pH (Obrazek 20). Z tohoto diivodu byly prekurzory testovany
také ptimo ve vod¢ za piidavku DMSO, kde zmény v absorp¢nich spektrech byly velmi
podobné chovani pyrazinli v mikroemulzich. Testovani ve vod¢ za piidavku DMSO se
ukdzal jako mozny pouze pro prekurzory, ne vSak pro AzaPc, které v tomto

rozpoustédle siln¢€ agregovaly.

a) b)
pH 12.5

400 500 600 700
Vinova délka, nm

300

Obrazek 20: Absorpéni spektra pyrazinu 9 v riizném pH v mikroemulzi (a). Barvy
roztokii studovanych pyrazinii v neionizované (leva kyveta) a ionizované (pravd

kyveta) formé (b).
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Stejné jako v ptipadé¢ AzaPc i u pyrazinovych prekurzort 1ze zjistit hodnotu pKa
pro jednotlivé latky, jen v tomto piipad€ byla vynesena zavislost absorbance ionizované

formy na pH (Obrazek 21).

a) b)
c — =
<'E 1.0 . s E 1.0
4 < - 6
- 6 g
<E < =
= 0.5 - 7 = 054
= i= 8
£ . f
< D
- -+ 15
. 0.0- T L T T ] T 1
12 3 456 7 8 91011121314 12 3 456 7 8 91011121314
pH pH

Obrazek 21: Zavislost absorbance pro prekurzory v mikroemulzich (a) a ve vodé

s DMSO (b)
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7.3.3. Pfehled pK, pro AzaPc a prekurzory

Tabulka 4: Hodnoty pK, pro prekurzory a AzaPc v ruznych prostiedich

Substituent
mikroemulze| voda/DMSO| mikroemulze| liposomy
QH 10,25Mg | 9,97 Mg
8,11 7,88
10,33 Zn 10,35Zn
OH
6,88 6,19 8,47 8,52
OH
NO,
3,06 2,84 5,03 5,59
OH
10,37 8,83 12,42 12,7
OH
10,61 Mg | 10,19 Mg
2% 9,05 8,33
10,44 Zn 10,45Zn

Jak bylo pfedpokladano v cili prace a vyplyva ze souhrnné tabulky hodnot
pKa (Tabulka 4), substituenty na fenolu ve velké mife ovliviiuji pKa rozpoznavaci ¢asti.
Elektron-donorové substituenty (terc-butyly) pK. molekuly zvySuji, zatimco
elektron-akceptorové (nitro- skupina, brom-) pK, snizuji. Dale mizeme porovnat pKa
AzaPc a pfislusného prekurzoru, kdy prekurzor méa vzdy nizsi hodnotu pK.. Je to dano
tim, Ze pyrazin-2,3-dikarbonitril je vyraznym elektronovym akceptorem a zvysSuje tak
kyselost fenolu vice nez makrocyklus AzaPc. O néco vyssi hodnoty pKa. mély také
AzaPc se dvéma fenolickymi skupinami, coZ bylo zpisobeno sniZzenym elektronovym
vlivem pyrazinu nebo AzaPc na fenolickou skupinu diky nekoplandrnimu uspofadani

dvou aromatickych jader, jak jiz bylo diskutovano v predchozi diplomové praci.**

Pti porovnani hodnot méfenych v mikroemulzich a liposomech, rozdily nejsou
pfiliS§ vyrazné. Pfesto by méfeni v liposomech mélo vice odpovidat chovani

jednotlivych latek v biologickém systému.
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Hotecnaté komplexy se ukdzaly jako vhodnéj$i pro syntézu fluorescencnich
senzorl, protoze maji vyssi kvantové vytézky fluorescence na rozdil od zinecnatych
komplext, které se vyznacuji vysSi produkci singletového kysliku, jak uz bylo
publikovano diive® a méfenim potvrzeno. Hodnoty pK. hofe¢natych a zine¢natych
komplexii se prakticky nelisi, vzniklé rozdily jsou zplsobeny v ramci experimentalni

chyby.
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8.Zaver

V pribéhu mé prace jsem pfipravila nesymetrické AzaPc nesouci ve své
rozpoznavaci Casti jednu nebo dvé fenolické skupiny. Tyto AzaPc byly
z prekurzorovych pyrazin-2,3-dikarbonitrild pfipraveny cyklotetrameriza¢ni reakci

za vzniku hofe¢natych a zine¢natych komplexi.

Syntetizované pyrazin-2,3-dikarbonitrily a AzaPc byly poté inkorporovany
do vhodného nosice, kterym byly mikroemulze a liposomy, a byla u nich méfena
absorp¢ni a fluorescenc¢ni spektra v zavislosti na okolnim pH pufru a stanovena hodnota
pKa rozpoznavaci ¢asti. Méfenim bylo zjisténo, ze AzaPc funguji jako senzory citlivé
nazmény pH, kdy jejich vlivem dochdzelo k reverzibilnimu piepinani mezi
ionizovanym a neionizovanym stavem a tim k vyzafovani nebo zhaSeni fluorescence.
Stejné citlivé se ke zménam pH chovaly 1 jejich prekurzory, které reagovaly vyraznymi
zménami absorpénich spekter. Tato teorie o pfepinani mezi ON a OFF stavem byla
podpoiena meétfenim symetrického AzaPc bez rozpoznévaci fenolické casti a jeho
prekurzoru, u kterych ke zménam jejich spekter nedochdzelo, a nachéazely se stale v ON

stavu.

K jakym hodnotdm pH budou latky citlivé bylo uréeno pKa jejich rozpoznavaci
¢asti a vhodnou modifikaci substituentli tak lze pfipravit Sirokou Skalu senzorti pro
riznorodé aplikace. AzaPc senzory s nejkyselejSim pK. ~ 5-6 mohou byt vyuzity
k monitorovani zmén pH bunécnych struktur s kyselym kompartmentem jako jsou
endozomy nebo lysozomy.*’ Senzory s pKa okolo 7-8 mohou byt vyuzity pii vyzkumu
moiské vody,*! ktera ma pH okolo 8 a senzory s pKa > 12 by se daly vyuzit u CO;
senzor.> Také pyrazinové prekurzory mohou nalézt praktické vyuZiti, a to jako
acidobazické indikatory, vzhledem ke zméndm v jejich absorpcnich spektrech

viditelnych pouhym okem.

Vysledky mé prace byly spoleéné sudaji ziskanymi pii piedchozich

diplomovych pracich publikovany v odborném c¢asopise. Prace je ptiloZena jako piiloha.
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Finally, a wavelength-ratiometric probe was constructed by the incorporation of a TPyzPz indicator and
lipophilic pH-nonsensitive BODIPY dye into liposomes. Synthetic precursors for TPyzPzs, substituted
pyrazine-2,3-dicarbonitriles, also represent donor—acceptor systems and the pH-dependent changes in
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Introduction

Sensing pH is important in many research applications," e.g.,
in marine research® or in CO, sensors,>" but one of the most
investigated areas of sensing pH is biological applications.’
A key component in any sensing is the use of an indicator
whose changes in absorption spectra or fluorescence emission
are responsible for the detection of pH. Absorption and emis-
sion in the red part of the visible spectrum are advantageous
in monitoring pH changes in biological applications due to
the lower scattering of light and low interference with auto-
fluorescence of endogenous chromophores. For this reason,
several pH sensitive chromophores have recently been devel-
oped with suitable spectral properties that fall in the red part
of the spectrum, including Ru complexes,’ phenoxazines,’
perylene bisimide dyes,” boron dipyrromethenes,® cyanines,’
porphyrinogens™® or even red-fluorescent proteins.'*

Some interesting dyes that have recently found their place
in pH sensing (or pH activation) are phthalocyanines (Pcs)
and, in particular, their aza-analogues, tetrapyrazinoporphyr-

Department of Pharmaceutical Chemistry and Pharmaceutical Analysis, Faculty of
Pharmacy in Hradec Kralove, Charles University, Akademika Heyrovskeho 1203,
Hradec Kralove, 500 05, Czech Republic. E-mail: zimcik@faf-cuni.cz,
veronika.novakova@faf.cuni.cz

tElectronic supplementary information (ESI) available: Synthetic details of the
precursors; NMR spectra of TPyzPzs and synthetic precursors; absorption, emis-
sion and excitation spectra; determination of singlet oxygen in microemulsions.
See DOI: 10.1039/c9dt00381a
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absorption spectra may be easily visible to the naked eye.

azines (TPyzPzs). TPyzPzs generally strongly absorb in the red
part of the spectrum (Ama > 650 nm, typical & > 200 000 M~
cm™'). The TPyzPz or Pc chelated cation (centrally or periph-
erally) substantially affects the photophysics of the macro-
cycles.">'® In particular, high fluorescence quantum yields
that are advantageous for fluorescence sensing are observed
for Mg(u) TPyzPz complexes with @y typically over 0.50."%7"?
From the photophysical point of view, magnesium(u) TPyzPzs
therefore represent a highly promising group of organic dyes
for fluorescence sensing. The sensing is typically based on the
reversible deprotonation/protonation of the recognition moiety
with subsequent enabling/blocking of intramolecular charge
transfer (ICT)'® or photoinduced electron transfer (PET)"” pro-
cesses that quench the excited states. Electron-rich moieties,
such as amine'® or phenolate,'*?° are used as donors for ICT
or PET. Alternatively, switching ON can be achieved by cleavage
of the pH sensitive bond, thus irreversibly activating the Pc at
a lower pH.*"

Recently, we have developed phenol-substituted pH sensi-
tive TPyzPzs with a pK, ~ 12."° Although these indicators
appeared to be highly suitable for CO, sensing,” their high pK,
is not optimal for monitoring pH in biological systems. In this
work, we present the rational design of novel magnesium(u)
TPyzPzs with pK, of a recognition moiety tunable over a very
wide range, thus making them suitable for various appli-
cations. Their suitability for biological applications was
studied in a model system in which the indicators were intro-
duced into a lipidic bilayer of liposomes that represents a
simple model of biomembranes.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Design and synthesis

The rational design of the indicators 1M-8M (M = Mg(u) or
Zn(u)) is shown in Fig. 1. The electron-deficient TPyzPz core is
a good electron acceptor and thus more suitable for ICT than a
Pc core.”” ICT is a process that quenches excited states and is
responsible for the OFF state of the indicators, and as such, it
should be highly efficient at limiting the background fluo-
rescence. Bulky tert-butylsulfanyl substituents ensure a low
level of aggregation of TPyzPz in solution. Aggregation could
quench the fluorescence non-specifically and would lead to a
misinterpretation of the results. The recognition moiety is the
phenol directly attached to the TPyzPz core. The recognition
moiety should be conjugated with the signaling moiety to
ensure efficient ICT because PET (no conjugation between
recognition and signaling parts) is typically a less efficient
quenching process in TPyzPzs.>* Deprotonation of the phenol
in basic solutions switches the fluorescence OFF since the
phenolate is a strong donor for ICT. The phenolic group itself
is also a donor for ICT, but is very weak, and if the indicator
contains only one or two phenols, it does not influence the
photophysics at all.'® The acidity of the phenolic moiety can
be finely tuned by donating or withdrawing substituents X
and Y in the ortho position, leading to indicators with different
PK, values. The central metal influences the photophysics by
the heavy atom effect.>® Mg(u) complexes were the aim of this
study since they produce strong fluorescence while their inter-
system crossing and subsequent singlet oxygen production is
lowered."> Some of the indicators (2Zn, 5Zn, 8Zn) were also
prepared as Zn(u) complexes to study the effect of the central
metal on the pK,. In addition to the indicators 1IM-8M (M =
Mg(u) or Zn(u)), the always-ON control octa(tert-butylsulfanyl)
tetrapyrazinoporphyrazinato magnesium(u) (20Mg) was intro-
duced in the study.

pK, tuning recognition moiety

Sy BHES

electrondeficient Y
macrocyclic core >< X Y
S -

1M Bu tBu
><S\€§N N// R *2M H H
NeiP sl 1 3M H Br
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Fig. 1 Rational design of the indicators studied in this work. All of the
indicators were prepared as magnesium(i) complexes (M = Mg(i)). The
indicators with an asterisk (*) were also prepared as zinc(i) complexes
(M = Zn(n)).
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Scheme 1 Synthetic route to the starting pyrazine-2,3-dicarbonitriles.

Scheme 1 shows the synthetic routes to the properly substi-
tuted pyrazine-2,3-dicarbonitriles that served as starting
materials for the cyclotetramerization reaction. Three different
synthetic approaches were applied. Compounds 9 and 10 were
prepared by nucleophilic substitution of chloro-substituted
pyrazine-2,3-dicarbonitriles in the presence of K,CO; as a
base. The bulkiness of tert-butyls that sterically hindered the
phenolic group in 2,6-di(tert-butyl)phenol did not allow this
compound to act as an O-nucleophile, but rather as a
C-nucleophile.*”*® In compounds 11-15, the pyrazine rings
were formed de novo. Oxidation of substituted acetophenones
by SeO, gave vicinal ketoaldehydes that were not isolated but
were directly in situ converted to pyrazines 11-15 by conden-
sation with diaminomaleonitrile (DAMN). The substituted
acetophenones were prepared by electrophilic substitution (see
the ESIt). A slightly modified procedure to those published in
the literature involving acyloin condensation, oxidation, de-
protection of phenolic groups by HBr and condensation with
DAMN was used for the synthesis of 18.>”>® Note that the puri-
fication of 18 must include a final crystallization step.
Compounds 17 and 18 have the same R values in several
different mobile phases and cannot be separated (17 as impur-
ity in 18 can be detected only by NMR analysis).

Scheme 2 illustrates the synthesis of the final TPyzPzs. The
final TPyzPzs were prepared by mixed cyclotetramerization of
the phenol-substituted pyrazine-2,3-dicarbonitriles 9-15 or 18
(precursor A) with compound 19 (precursor B), initiated by
magnesium(i) butoxide. The statistical mixture of 6 congeners
(AAAA, AAAB, ABAB, etc.) was then separated by column
chromatography, and the desired ABBB congener was isolated.
Large differences in the retention factors of precursors A and B
allowed separation in the form of Mg(u) complexes, despite
some tailing on silica. Only in the case of 1Mg did the mixture
of congeners have to be converted to less tailing and better
separable metal-free ligands, separated and then chelated with
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Mg(u) using magnesium acetate. Compound 7Mg was prepared
by chelation from the previously prepared metal-free ligand.
Compounds 2Mg, 5Mg and 8Mg were converted to Zn(i) com-
plexes first by demetallation by p-toluenesulfonic acid (TsOH)
with subsequent chelation using zinc acetate in pyridine.

Photophysical characterization

The prepared TPyzPzs were well soluble in common organic
solvents. The absorption spectra collected in THF exhibited
typical characteristics for this type of compound, with a high
energy B-band at approx. 380 nm and a low-energy Q-band at
approx. 652 nm (Fig. S1t). The shape of the absorption Q-band
indicated that these compounds were predominantly found in
the monomeric form in THF, with two exceptions of 7Mg and
8Zn, for which the broader character of the Q-band suggested
the presence of some aggregates in THF. The position of the
Q-band was almost the same for all the TPyzPz indicators, as
well as for the control compound 20Mg. The substituted
4-hydroxyphenyl substituents have, therefore, only a limited
effect on the absorption spectra.

In THF, the recognition moiety (phenol) is found in the
protonated form (i.e., ON state), and therefore, the relaxation
of the excited state is not driven through ICT. As a con-
sequence, all the compounds were fluorescent and produced

Table 1 Basic photophysical parameters of TPyzPzs in the ON state?

Dalton Transactions

singlet oxygen as two major deactivation pathways. The emis-
sion spectra mirrored the Q-band in shape with only a small
Stokes shift, typically not exceeding 10 nm. The fluorescence
quantum yields (&) and singlet oxygen quantum yields (®,)
in THF are summarized in Table 1. For those non-aggregated,
the Mg(u) complexes of TPyzPz indicators were highly fluo-
rescent and produced singlet oxygen at a rather low rate. It is
known from the literature that such low singlet oxygen pro-
duction of TPyzPz magnesium(u) complexes is typically non-
toxic for cells in in vitro tests>® which is advantageous for indi-
cators that should not be harmful. The photophysical para-
meters were fully comparable to those of the always-ON
control 20Mg. The heavy atom effect provided by the central
metal changed the preference of the deactivation pathway in
zinc(u) complexes toward high @,. Regardless of the central
metal, the sum of the quantum yields of all compounds was
close to 0.80 (including the always-ON control 20Mg), indicat-
ing that ICT is not present as long as the recognition moiety is
in the protonated state. The only exceptions were lower
quantum yields of 7Mg and 8Zn as a result of partial aggrega-
tion. Another compound for which the sum of the quantum
yields was unexpectedly low, despite its fully monomeric
character in THF, was 6Mg. Although we have no clear expla-
nation for this behavior now, it might be connected to the
quenching ability of different nitrophenyl substituents.*°
Lipophilic TPyzPzs are not soluble in water directly. To
study their sensing properties in water, the TPyzPzs were
incorporated into oil particles of microemulsion (medium-
chain triacylglycerides stabilized with Cremophor® EL).
Additionally, they were also incorporated into the lipidic
bilayer of liposomes that can be considered a simple model
of biomembranes. The latter delivery system may mimic the
behavior in a biological environment. Some of the TPyzPzs
aggregated in these two delivery systems, which substantially
lowered their @5 (Table 1, Fig. S2 and S3t). Even those indi-
cators that seemed to be fully monomeric based on the
perfect agreement between the absorption and excitation
spectra (Fig. S2 and S371) were characterized by a lower @y than

THF Liposomes Microemulsion

Cpd. Amax/NM Ar/nm [ Dp Amax/M Ap/nm Dy Amax/NM Ar/nm Dp
1Mg 652 658 0.55 0.27 657 663 0.11 657 663 0.10°
2Mg 652 657 0.47 0.27 657 663 0.18 656 663 0.17
27n 650 656 0.28 0.56 656 663 0.09? 656 661 0.05”
3Mg 652 657 0.53 0.28 657 664 0.25 656 664 0.19
amg 652 657 0.47 0.25 657 663 0.20 657 663 0.07°
5Mg 652 658 0.53 0.30 657 664 0.13 657 664 0.11
57Zn 650 656 0.28 0.58 657 663 0.06° 656 661 0.03"
6Mg 653 658 0.21 0.11 660 664 0.04 658 664 0.05°
7Mg 653 659 0.36" 0.19° 659 664 0.14 658 664 0.15
8Mg 653 659 0.52 0.27 658 664 0.12 657 663 0.12
8Zn 653 659 0.07° 0.21° 659 664 0.02° 660 665 0.04°
20Mg 651 658 0.53 0.30 656 661 0.52 656 660 0.46

“ Absorption maximum, Ap,.,; emission maximum, Ag; fluorescence quantum yield, @; singlet oxygen quantum yield, @,. Data in liposomes and
microemulsions were determined at pH that ensured a full ON state. ? Partially aggregated as deduced from absorption spectra.
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Table 2 Photophysical data connected with sensing?

Paper

Pyrazine-2,3-dicarbonitrile TPyzPz
Microemulsion Water” Microemulsion Liposomes
Phenol®
Substituents  Cpd. Ana/nm  Al/nm  pkK, Amax/DM  Ai/nm  pK, Cpd. @& Adr  pK, [ Adr  pK, pKa
tBu, tBu 9 363 142 10.37 369 114 8.83 1Mg 010 a 12.42¢ 011 a 12.7 12.16
H,H 11 350 65 8.11 351 68 7.88 2Mg 0.17 74 10.25 0.18 54 9.97 9.86
— 2Zn 0.05 47 10.33 0.09 94 10.35
H, Br 12 357 62 6.88 349 71 6.19 3Mg 0.19 209 8.47 0.25 117 8.52 8.43
H, NO, 13 331 51 5.12 330 52 495 4Mg 0.07 12 6.96 0.20 12 6.22 7.14
Br, Br 14 350 70 4.93 343 77 4.19 5Mg 0.11 195 6.20 0.13 23 5.67° 6.89
— 5Zn 0.03 106 6.86 0.06 19 5.66
Br, NO, 15 331 64 3.06 330 51 2.84 6Mg 0.05 3 5.03 0.04 4 5.59 5.36
2 x (tBu, tBu) 10 390 150 11.88 395 153 12.60 7Mg 0.15 7 12.86% 014 >13/ 12.16
2 x (H, H) 18 385 59 9.05 372 80 8.33 8Mg 0.12 84 10.61 012 74 10.19 9.86
— 8Zn 0.04 79 10.44 0.02 15 10.45
StBu, StBu 19 325 0 — 331 0 — 20Mg 0.46 — 052 1 — —

“ Absorption maximum of the protonated form, An.. fluorescence quantum yield in the ON state, @p; difference between the absorption
maximum of protonated and deprotonated forms, AZ; ratio between fluorescence in ON and OFF states, A®r. b calculated using Advanced
Chemistry Development (ACD/Labs) Software V11.02 for the phenol (no substitution in position 4) with the corresponding substituents. ¢ Water
containing 5% of DMSO. ¢ Values can be affected by instability of microemulsion at pH > 12. ¢ pK, = 6.03 for ratiometric probe (5Mg + BODIPY).
fCould not be determined and the full OFF state was not reached even at pH = 13.

in the organic solvent, but this was not an obstacle in the
suggested application.

The substituted pyrazine-2,3-dicarbonitriles that were used
as starting materials in the synthesis also represent an interest-
ing donor-acceptor system and have the potential to be used
for pH sensing. However, the absorption maxima are in an
area that is not very suitable for biological applications (under
400 nm, Table 2), and the weak fluorescence emission was
typically found under 500 nm (Fig. S471). In the cases of 13 and
15, fluorescence was not even detected. On the other hand,
substantial changes in their absorption spectra (for more, see
below) with the change in pH can be utilized in acid-base
titrations with naked-eye indication of the equivalent point.

PH sensing

PH sensing was tested in several systems. Microemulsions
were used for both TPyzPz and pyrazinedicarbonitrile indi-
cators to have a direct comparison in one delivery system.
Subsequently, the liposomes containing the TPyzPz indicators
were tested as models of biomembranes. There was no ration-
ale to do this for pyrazinedicarbonitriles since they are not
intended to be used in biological applications due to their
spectral properties. On the other hand, they have potential to
be used in acid-base titrations, and for this reason, they were
also directly examined in water (after dilution from DMSO
stock solution). The use of water without any delivery system
was not possible for TPyzPzs since they were strongly aggre-
gated in this solvent.

The absorption spectra of TPyzPzs in both liposomes and
microemulsions were characterized by only small changes
when going from protonated (acidic pH) to deprotonated
(basic pH) forms (Fig. 2). The small red shift in the absorption
spectra that was induced by an increase in pH is, however,
impractical for real applications. On the other hand, the fluo-

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Changes in the absorption spectra of 3Mg (c = 1 uM) in a micro-
emulsion with the change in pH of the buffer. Inset: Increased area of
the Q-band.

rescence emission was strongly quenched at basic pH with
change in the quantum yields of fluorescence for almost two
orders of magnitude between the ON and OFF states in several
cases (Fig. 3 and Table 2). This change is calculated as A®g =
Dron)/Priorr) and listed with other important photophysical
data in Table 2. This result is a consequence of the induction
of a strong donor (phenolate) for ICT after deprotonation,
which efficiently quenched the excited states of TPyzPzs. The
shape of the fluorescence emission spectra did not change
with pH (Fig. 3, upper inset), and the excitation spectra at all
pH values corresponded well to the absorption spectra of the
protonated form. This indicates that the only form that is fluo-
rescent is the phenol form.

As briefly mentioned above, pyrazinedicarbonitriles can
also be used as pH indicators. In this case, intensive changes
were observed in the absorption spectra due to the strong
donor-acceptor system (Fig. 4a and Fig. S57). Typically, the
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601 nm, isosbestic point) with the pH. Upper inset: Normalized emission
spectra at pH 5.0 (red) and at pH 11.5 (blue). Lower inset: Plot of the
fluorescence intensity at 664 nm against pH used for the calculation of
pKa,. (b) Fluorescence intensity of 3Mg (c = 0.5 pM) in a microemulsion at
different pH values (leyc = 366 Nm).
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Fig. 4 (a) Changes in the absorption spectra of 9 (c = 10 pM) in a
microemulsion with the pH. (b) Color changes of the phenol-substituted
pyrazinedicarbonitriles in a microemulsion (c = 50 pM) in the protonated
form (phenol, left cuvette) and deprotonated form (phenolate, right
cuvette).

new red-shifted band appeared at a higher pH with the shift of
the maximum position (A4) between 50 and 150 nm (Table 2).
Such a large red shift in the absorption spectra can even be
detected by the naked eye. The solutions changed from color-
less at an acidic pH to yellow (11-18) or orange (9) or even
purple (10) at a basic pH (Fig. 4b). Note that the same change
was already reported for compound 10 by other researchers.>®
Considering the fluorescence, similarly to TPyzPzs, only the
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protonated (phenol) form was fluorescent and its intensity
was decreasing at higher pH. Similar changes were observed
both in microemulsions and in water (diluted from DMSO
stock solution). The spectra of compound 19 (without any
donor moiety) did not change with pH.

The changes in the fluorescence intensity (for TPyzPzs) or
absorbance (for pyrazinedicarbonitriles) of the deprotonated
form were subsequently plotted against the pH (Fig. 5, 6,
Fig. S6 and S77), and the pK, of the recognition moiety was cal-
culated for each indicator in the concerned delivery system. As
the closest proximity of the recognition moiety may be influ-
enced by lipids of the delivery system, these pK, values must
be considered only to be the “apparent pK, values” for a
particular delivery system. In the case of the liposomes, the be-
havior is expected to be close to what may be potentially found
in biomembranes of living systems. Note that the fluorescence
changes in microemulsions at pH > 12 may suffer from an
error that is perhaps caused by the changes in the delivery
system since the control compound 20Mg was also character-
ized by a substantial decrease of fluorescence above this value.
This problem was not observed in liposomes, in which the
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Fig. 5 Dependence of the fluorescence changes in the emission
maxima of different TPyzPz indicators in liposomes on the pH. F,, was
considered zero for 1IMg, 7Mg and 20Mg.
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Fig. 6 Dependence of the absorbance of the deprotonated form of
pyrazinedicarbonitriles in a microemulsion on the pH.
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always-ON control (20Mg) did not change in a wide range of
pH from pH 2-13 (Fig. 5). As anticipated, the acidity of the
recognition moiety is largely affected by substituents X and Y
on the 4-hydroxyphenyl ring (Fig. 1). Thus, electron-donating
tert-butyls led to values of pK, of TPyzPzs typically over 12,
while the electron withdrawing Br or nitro group substantially
increased the acidity of phenol (Table 2), with a pK, = 5.03 for
the most acidic 6Mg in microemulsion. Thus, the pK, of the
recognition moiety in the TPyzPz indicators can be finely
tuned for various applications. TPyzPzs with high pK, > 11 can
be used in CO, sensors.” Those with a pK, of ~7-8 can be
applied in marine research (the pH of sea water is ~8.1),>
while TPyzPzs with the most acidic pK, of ~5-6 can be used to
monitor changes in the subcellular pH of different acidic com-
partments, e.g., endosomes and lysosomes.’’ An even wider
range of pH can be monitored using the proper selection of
substituted pyrazinedicarbonitriles (Fig. 6), where the pK,
values ranged from 3.06 up to 11.88 in microemulsion for 15
and 10, respectively.

The set of determined pK, values allowed the formulation
of structure-activity relationships in the series of synthesized
compounds that can be used in the future for rational design
of novel indicators or photosensitizers from these families. In
this paragraph, we discuss some of the most important find-
ings that are based on the comparison of the data in micro-
emulsions to avoid the effect of different delivery systems
for TPyzPzs and pyrazinedicarbonitriles. In addition to the
apparent effect of the substituents X and Y on the phenol ring
caused by their electronic effects (see above), there is
also a substantial effect of the strongly electron-withdrawing
pyrazinedicarbonitrile moiety on the acidity of the phenol.
When the pK, values of these synthetic precursors were com-
pared to those of the similarly substituted phenol (i.e., no sub-
stitution in the para position), an increase in acidity is evident
(Table 2). This effect is not so pronounced in the TPyzPz indi-
cators, and their values were more or less similar to the pre-
dicted values for these para unsubstituted phenols, suggesting
that the electron-withdrawing effect of the whole macrocyclic
core is very limited (compare, e.g., data for 13, 4Mg and the
corresponding phenol with pK, = 5.12, 6.96 and 7.14, respect-
ively, Table 2). Therefore, the values calculated for the para
unsubstituted phenol can very easily be used for the esti-
mation of the pK, of the TPyzPz recognition moiety since the
dependence of calculated pK, on the measured values in lipo-
somes is linear with a slope very close to 1 (Fig. S8t). The elec-
tronic effect of pyrazinedicarbonitrile or TPyzPz core can be
further demonstrated on the compounds with one (9, 11, 1Mg,
2Mg) or two recognition moieties (10, 18, 7Mg, 8Mg). The elec-
tronic effects are strongest when the affecting moiety (pyr-
azinedicarbonitrile or TPyzPz macrocycle) is in full conju-
gation with the phenol. If we consider the spatial arrangement,
the pyrazine ring is expected to be coplanar with the phenol
for the compounds with only one recognition moiety. This has
already been demonstrated in the literature by the X-ray crystal
structure of structurally very similar 5-[3,5-di(tert-butyl)-4-
hydroxyphenyl]-6-chloropyrazine-2,3-dicarbonitrile, for which

This journal is © The Royal Society of Chemistry 2019
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full coplanarity was observed.”® On the other hand, two phenyl
rings in the ortho position can never adopt a coplanar arrange-
ment. These rings are twisted from the plane of pyrazine for
~40° in the case of the reported structure of compound 10 *°
or for ~40° and 48° in the case of methylated 11 *® and ~39°
and 45° in the case of benzylated 11.>” A similar arrangement
is expected to be found in TPyzPz. Due to the twisted arrange-
ment, the conjugation of phenol with the pyrazine ring is
decreased, which results in a lower effect of the ring (pyrazine-
dicarbonitrile or TPyzPz) on the acidity of the phenol. For this
reason, compounds 9 and 11, which only have one phenol
(pK, = 10.37 and 8.11, respectively), are markedly more acidic
than their disubstituted analogues 10 and 18 (pK, = 11.88 and
9.05, respectively). A similar, but less manifested, effect can be
observed in the corresponding monosubstituted TPyzPzs 1Mg
and 2Mg (pK, = 12.42 and 10.25, respectively) when they
are compared with disubstituted derivatives 7Mg and 8Mg
(pK, = 12.86 and 10.61, respectively).

The central metal (Mg(u) or Zn(u)) does not substantially
affect the pK, value of TPyzPzs, and the values for both metal
complexes were very similar. Therefore, the above-defined
relationships can also be easily used in the design of pH-sensi-
tive TPyzPz photosensitizers with zinc(u) as the central metal
that ensures high @, values. To prove this premise, the singlet
oxygen production of zinc complexes 2Zn, 5Zn, 8Zn and
always-ON control 20Mg was evaluated in microemulsion at
different pH values. The heterogeneous system and missing
value of @, for the reference compound does not allow a
direct determination of the absolute values of @, using the
method of DPBF decomposition. The data for one compound,
however, can be compared to see the differences in singlet
oxygen production rates at different pH values. The results
indicated (Fig. S127) that the singlet oxygen production rate is
almost twice as high in the ON state (pH = 8.5) than in the
OFF state (pH = 11.5) for 2Zn and 8Zn. Compound 5Zn was
characterized by a ten times higher singlet oxygen production
rate in the ON state (pH = 5) than in the OFF state (pH = 8.5).
Together with its pK, = 6.86 close to physiological pH makes it
an interesting potential pH-sensitive photosensitizer for bio-
logical applications. The singlet oxygen production rate for
always-ON TPyzPz 20Mg was the same at both measured pH
values 5 and 11.5 confirming thus the suggested premise.

Wavelength-ratiometric probe

The use of single-wavelength probes typically suffers from the
fact that the concentration of the probe needs to be known.
This is typically solved by designing wavelength-ratiometric
probes that can work independently of their concentration.
Although the prepared TPyzPzs are advantageous from the
photophysical point of view with good fluorescence in the
red part of the spectrum and easy tuning of the requested
pK,, their usability as wavelength-ratiometric probes is rather
limited. The only fluorescent form is the protonated one and
the change in the absorption spectrum after deprotonation is
in a range of a few nanometers, which is impractical for
routine use (Fig. 2). For this reason, we combined one selected
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TPyzPz (5Mg with suitable pK, for potential biological appli-
cations, high &g, good A®g) with a lipophilic pH non-res-
ponsive BODIPY fluorophore (1,3,5,7-tetramethyl-8-phenyl-4,4-
difluoroboradiazaindacene, CAS 194235-40-0).

Both dyes were introduced into liposomes and, due to their
strongly hydrophobic character, they did not leak out from this
delivery system, as judged from no changes in absorption and
emission spectra in time. The particular BODIPY dye was
selected due to its reported high fluorescence (& = 0.90 in
toluene®?) and suitable spectral properties. The spectral
overlap of the BODIPY emission and TPyzPz absorption is
limited, thus, no substantial energy transfer from BODIPY to
TPyzPz was expected (Fig. 7). This has been proved by only a
negligible decrease in the emission intensity of BODIPY and
increase of 5Mg fluorescence intensity (up to 5%) after mixing
these dyes together (Fig. S9T). Judging from the unchanged
shape of the absorption spectra of individual components
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Fig. 7 Absorption spectra in THF : BODIPY (red, dashed, ¢ = 3 uM), 5Mg
(black, dashed, ¢ = 1 uM) and a mixture of these two dyes (green). The
emission spectrum of BODIPY in THF is shown in blue.
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Fig. 8 Changes in the fluorescence emission spectrum (lexc = 445 nm)
of BODIPY dye (i = 511 nm) and 5Mg (4 = 663 nm) in liposomes with
the change in the pH of the buffer. The concentration of the dyes was
1 pM each, and the concentration of DOPC lipids was 1 mM. Left inset:
Changes in the fluorescence intensity at 511 nm (BODIPY) with pH. Right
inset: Change in the ratio of the fluorescence intensity at 663 nm and
511 nm with pH.
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(Fig. 7 and Fig. S10%), they also do not form any heterodimer
that would lead to non-specific fluorescence quenching in
solution or in the liposomes. Care was also taken to correctly
adjust the excitation wavelength to eliminate any interference
with peaks of scattered light (Fig. S117).

Subsequently, the probe was tested in buffers with different
pH values. Emission of a pH-nonresponsive BODIPY dye at
511 nm remained constant and did not change with pH, while
the changes in fluorescence of 5Mg corresponded well to those
observed when the indicator was in liposomes alone (Fig. 8).
The ratio of fluorescence emission at 663 nm (5Mg) and
511 nm (BODIPY) was plotted against the pH of the buffer.
Calculated pK, = 6.03 was very close to the value determined
for 5Mg in liposomes alone (pK, = 5.67), suggesting a limited
influence of the combined system on the apparent pK, of the
combined probe. Therefore, the combination of the lipophilic
dyes in the liposomes represents a suitable system for the
development of a wavelength-ratiometric probe.

Conclusions

In this work, we designed and synthesized novel strongly fluo-
rescent pH-sensitive magnesium(u) TPyzPz indicators using
a phenol/phenolate couple as the fluorescence switch. The
phenol recognition moiety was shown to be able to be easily
modified to modulate the final pK, of the indicator, making it
suitable for different applications. The pK, value of the TPyzPz
indicator can be estimated using the calculated values for the
corresponding para unsubstituted phenols. The synthetic pre-
cursors for TPyzPzs, phenol-substituted pyrazinedicarboni-
triles, also represent interesting donor-acceptor systems.
Deprotonation of the phenol moiety at a basic pH strongly
changes the absorption spectra, which is accompanied by a
substantial change in color that is visible to the naked eye and
may be potentially used as an indicator for acid-base titra-
tions. Due to a strong electron-withdrawing effect, the pK,
values of these synthetic precursors were substantially lower
than those of TPyzPzs with the same recognition moiety.

The advantage of magnesium(u) TPyzPzs in sensing is their
strong absorption (¢ ~ 150-300000 M~' cm™") and emission
(@ ~ 0.50 in THF, ~0.20 in liposomes) in the red part of the
visible spectrum (Amax ~ 650 nm, Ay ~ 663 nm). These are the
great advantages over the regularly used pH sensors based on
fluorescein. At the same time, the pK, is easily manipulated as
we have shown in this work and can be tuned for specific
applications that request different ranges of pH values to be
monitored. The range of pK, can be even enlarged or more pre-
cisely tuned by selection of proper combination of other elec-
tron withdrawing/donating substituents on the phenol. Their
sensing also works well after incorporation into a liposomal
bilayer, which serves as a model of biomembranes. Although
they are not suitable as wavelength-ratiometric probes directly,
they can be combined with properly selected pH-nonrespon-
sive dyes (e.g., BODIPY), whose fluorescence after incorporation
into a liposome is the reference for a ratiometric probe.
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Experimental section
General

All organic solvents used in the synthesis were of analytical
grade. Anhydrous butanol used for the cyclotetramerization
was freshly distilled from magnesium. All other chemicals
for the syntheses were purchased from certified suppliers
(i.e., Sigma-Aldrich, TCI Europe, Acros, and Merck) and used
as received. TLC was performed on Merck aluminum
sheets coated with silica gel 60 F254. Merck Kieselgel 60
(0.040-0.063 mm) was used for column chromatography. The
infrared spectra were recorded using a Nicolet 6700 spectro-
meter in the ATR mode. The 'H and "*C NMR spectra were
recorded on a VNMR S500 NMR spectrometer. The chemical
shifts are reported as & values in ppm and are indirectly
referenced to Si(CHj)s via the signal from the solvent.
J values are given in Hz. Elemental analysis was carried out
using a Vario Micro Cube Elemental Analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany). The UV-Vis
spectra were recorded using a Shimadzu UV-2600 spectro-
photometer. The fluorescence spectra were recorded using
an FS5 spectrofluorometer (Edinburgh Instruments). High
resolution mass spectra (HR MS) were recorded using a
UHPLC system, Acquity UPLC I-class (Waters, Milford, USA),
coupled to a high-resolution mass spectrometer, Synapt G2Si
(Waters, Manchester, UK), based on Q-TOF. Chromatography
for this HR MS measurement was performed using an
Acquity UPLC BEH300 C4 (2.1 x 50 mm, 1.7 pm) column
with gradient elution consisting of acetonitrile and 0.1%
formic acid and a flow rate of 0.4 mL min~". Electrospray
ionization was operated in positive mode. ESI spectra were
recorded in the range 50-2000 m/z using leucine-enkephalin
as a lock mass reference and sodium iodide for calibration.
Compounds 10," 19%* and 20Mg ** were prepared according
to the literature procedures.

General procedure for synthesis of magnesium
tetrapyrazinoporphyrazines

Magnesium turnings (28 eq.) were refluxed in freshly distilled
anhydr. butanol (approx. 1 mL per 1 mmol of magnesium)
with the addition of a few crystals of iodine until all mag-
nesium was converted to butoxide (typically 3 h). The corres-
ponding pyrazine-2,3-dicarbonitrile 9, 11-15 or 18 (1 eq.) and
5,6-bis(tert-butylsulfanyl )pyrazine-2,3-dicarbonitrile 19 (3 eq.)
were added, and the reflux was continued overnight. After that,
the solvents were evaporated, and the solvent mixture consist-
ing of MeOH/water/acetic acid 10:10:1 (v/v) was added
(approx. 3 mL per 1 mmol of magnesium). The suspension
was stirred until all residual magnesium butoxide was decom-
posed. The dark green solid was collected by filtration and
washed thoroughly with the above-mentioned solvent mixture,
washed with water and air-dried. The product was purified by
column chromatography on silica in the mobile phases men-
tioned below. The second most intense green fraction was
always collected and repurified at least once more by column
chromatography.
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Synthesis of 2-[3,5-di(tert-butyl)-4-hydroxyphenyl]-
9,10,16,17,23,24-hexakis(tert-butylsulfanyl)  tetrapyrazinopor-
phyrazine magnesium(u) (1Mg). The synthesis of 1Mg started
with the general procedure for the synthesis of magnesium
tetrapyrazinoporphyrazines from 9 (1.00 g, 2.99 mmol) and 19
(2.75 g, 8.97 mmol). The mixture of magnesium congeners
from statistical condensation was, however, inseparable due to
very similar Ry values. For this reason, the mixture was con-
verted to metal-free ligands. The green solid obtained after
filtration was dissolved in a mixture of CHCI;/THF 1:1 (v/v,
80 mL), and p-toluenesulfonic acid hydrate (5.70 g, 30 mmol)
was added dissolved in THF (20 mL). The mixture was stirred
at rt for 1 h, the solvents were evaporated, and the dark solid
was washed with water, filtered and air-dried. The metal-free
ligand of AB; type was isolated by column chromatography on
silica with CHCl,/toluene 2:1 as the mobile phase (R = 0.28).
The isolated metal-free ligand (200 mg, 0.16 mmol) was
chelated with magnesium using anhydr. magnesium acetate
(200 mg, 1.40 mmol) in refluxing pyridine (30 mL) for 30 min.
Then, the solvent was evaporated, and the green solid was
washed with water and air-dried. The product was purified by
column chromatography on silica with CHCI;/THF 15 : 1 as the
mobile phase (Ry = 0.58). After evaporation of the pure frac-
tions, the product was washed with hexane. Yield: 129 mg
(3.4% based on 9) of dark green solid. "H NMR (500 MHz,
CDCl; : [D;]pyridine, 25 °C, TMS): § 10.13 (s, 1H,), 8.90 (s, 2H),
2.48-2.11 (m, 54H), 1.84 (s, 18H); *C NMR (126 MHz,
CDCl; : [Ds]pyridine, 25 °C, TMS): 6 158.92, 158.73, 158.37,
158.35, 158.12, 158.10, 157.50, 153.96, 151.57, 151.40, 151.23,
151.13, 150.96, 150.85, 150.52, 150.39, 148.04, 145.35, 145.28,
145.24, 145.21, 142.60, 138.36, 127.90, 125.21, 51.48, 51.44,
51.40, 51.26, 35.23, 31.15, 30.90, 30.74 ppm; IR (ATR):
v = 2960, 2918 (CH), 1558, 1250, 1143 (s) cm™; UV/Vis (THF):
Amax (€) = 652 (311 000), 591 (40 000), 383 nm (160 000 mol~*
dm® em™); m/z (HR MS, EI) 1277.4653 [M + HJ', calc. for
Co2H76MgN;c0Se + H': 1277.4635.

Synthesis of 2-(4-hydroxyphenyl)-9,10,16,17,23,24-hexakis-
(tert-butylsulfanyl)tetrapyrazinoporphyrazine = magnesium(u)
(2Mg). The synthesis of 2Mg was performed following the
general procedure for the synthesis of magnesium tetrapyrazino-
porphyrazines from 11 (750 mg, 3.38 mmol) and 19 (3.10 g,
10.1 mmol). The mobile phases used for purification were:
CHCI;/THF 10:1 (R¢ = 0.26) and CHCl;/THF/MeOH 9:1:0.4.
The purified product was washed with hexane. Yield: 372 mg
(9.5%) of dark green solid. "H NMR (500 MHz, CDCl; : [Ds]pyri-
dine, 25 °C, TMS): & 12.07 (s, 1H), 9.98 (s, 1H), 8.75 (d, J = 8.2
Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 2.32-2.25 (m, 36H), 2.23
(s, 18H); *C NMR (126 MHz, CDCl, : [Ds]pyridine, 25 °C, TMS):
0 161.32, 159.18, 159.01, 158.37, 158.33, 158.03, 157.84, 153.65,
151.70, 151.51, 151.30, 151.17, 150.94, 150.62, 150.47, 150.24,
147.97, 145.36, 145.25, 145.21, 145.10, 142.82, 129.97, 128.08,
125.68, 117.01, 51.48, 51.44, 51.38, 51.34, 31.14, 30.91, 30.71,
30.60, 30.23, 30.20 ppm; IR (ATR): v = 2961, 2921 (CH), 1609,
1519, 1233, 1142 (s) cm™"; UV/Vis (THF): Apax (€) = 652 (181 000),
592 (24 000), 381 nm (104 000 mol " dm® cm™); m/z (HR MS, EI)
1165.3395 [M + HJ', calc. for Cs,HsoMgN,0S, + H': 1165.3383.
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Synthesis of 2-(3-bromo-4-hydroxyphenyl)-9,10,16,17,23,24-
hexakis(tert-butylsulfanyl)tetrapyrazinoporphyrazine ~magne-
sium(u) (3Mg). The synthesis of 3Mg was performed following
the general procedure for the synthesis of magnesium tetrapyr-
azinoporphyrazines from 12 (615 mg, 2.04 mmol) and 19
(1.88 g, 6.14 mmol). The mobile phase used for purification
was: CHCI3/THF/MeOH 40:2:1 (R¢ = 0.37). The purified
product was washed with MeOH. Yield: 269 mg (10.6%) of
dark green solid. '"H NMR (500 MHz, CDCl;:[Ds]pyridine,
25 °C, TMS): § 9.94 (s, 1H), 9.35 (d, J = 2.2 Hz, 1H), 8.49 (dd, ] =
8.4, 2.2 Hz, 1H), 7.37 (d, J = 8.4 Hz, 1H), 2.30-2.24 (m, 45H),
2.21 (s, 9H); *C NMR (126 MHz, CDCl, : [Ds]pyridine, 25 °C,
TMS): § 159.02, 158.97, 158.28, 158.26, 157.94, 157.90, 157.87,
151.85, 151.80, 151.75, 151.60, 151.45, 151.23, 151.01, 150.34,
150.13, 148.16, 145.31, 145.28, 145.24, 145.21, 145.09, 142.24,
133.73, 129.37, 127.92, 117.17, 112.45, 51.64, 51.46, 51.45,
51.34, 31.15, 31.11, 30.87 ppm; IR (ATR): v = 2961, 2919 (CH),
1518, 1477, 1363, 1234, 1142 ecm™; UV/Vis (THF): Amax (€) =
652 (290 000), 591 (38 000), 382 nm (151 000 mol " dm® em™);
m/z (HR MS, EI) 1243.2457 [M + HJ, cale. for
Cs4Hs5oBrMgN;c0S, + H': 1243.2489.

Synthesis of 2-(4-hydroxy-3-nitrophenyl)-9,10,16,17,23,24-
hexakis(tert-butylsulfanyl)tetrapyrazinoporphyrazine mag-
nesium(u) (4Mg). The synthesis of 4Mg was performed follow-
ing the general procedure for the synthesis of magnesium tet-
rapyrazinoporphyrazines from 13 (330 mg, 1.26 mmol) and 19
(1.13 g, 3.69 mmol). The mobile phase used for purification
was: CHCI;/THF/MeOH 40:2:1 (Rf ~ 0.40). The purified
product was washed with MeOH. Yield: 49 mg (3.3%) of dark
green solid. "H NMR (500 MHz, CDCl, : [Ds]pyridine, 25 °C,
TMS): § 10.00 (s, 1H), 9.80 (s, 1H), 8.88 (s, 1H), 7.54 (d, J =
8.9 Hz, 1H), 2.32-2.24 (m, 45H), 2.22 (s, 9H); *C NMR
(126 MHz, CDCl, : [D;]pyridine, 25 °C, TMS): § 159.04, 159.01,
158.45, 158.27, 158.09, 156.40, 152.13, 152.09, 151.79, 151.75,
151.12, 150.96, 145.31, 145.25, 145.15, 141.99, 129.07, 125.29,
121.22, 51.77, 51.50, 51.38, 31.09, 31.05, 30.85 ppm; IR (ATR):
v = 2961, 2920 (CH), 1627, 1363, 1234, 1142 (s) cm™'; UV/Vis
(THF): Amax (€) = 652 (235000), 592 (31000), 382 nm
(132000 mol™* dm® em™); m/z (HR MS, EI) 1210.3224
[M + H]', calc. for C5,H5oMgN;,05Ss + H': 1210.3234.

Synthesis of 2-(3,5-dibromo-4-hydroxyphenyl)-9,10,16,17,23,24-
hexakis(tert-butylsulfanyl)tetrapyrazinoporphyrazine —mag-
nesium(u) (5Mg). The synthesis of 5Mg was performed follow-
ing the general procedure for the synthesis of magnesium
tetrapyrazinoporphyrazines from 14 (1.88 g, 4.95 mmol) and
19 (4.55 g, 14.8 mmol). The mobile phase used for purification
was: CHCl;/THF/MeOH 40:2:0.4 (R ~ 0.40). The purified
product was washed with MeOH. Yield: 394 mg (6.0%) of dark
green solid. "H NMR (500 MHz, CDCl, : [Ds]pyridine, 25 °C,
TMS): § 9.92 (s, 1H), 9.07 (s, 2H), 2.31-2.23 (m, 45H), 2.21
(s, 9H); *C NMR (126 MHz, CDCl; : [Ds]pyridine, 25 °C, TMS):
6 158.94, 158.88, 158.19, 157.90, 157.78, 154.85, 152.01,
151.96, 151.71, 151.65, 151.17, 151.01, 150.19, 150.05, 148.32,
145.26, 145.24, 145.21, 145.16, 145.05, 141.91, 131.92, 130.31,
113.59, 51.67, 51.44, 51.42, 51.31, 31.13, 31.07, 30.85, 30.83,
30.82, 30.80 ppm; IR (ATR): v = 2960, 2919 (CH), 1518, 1454,
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1235, 1143 (s) em™ ' UV/Vis (THF): Amax (€) = 652 (267 000),
592 (35 000), 382 nm (143 000 mol " dm® cm™); m/z (HR MS, EI)
1321.1578 [M + HJ', cale. for Cs,HssBr,MgN,;s0Ss + H':
1321.1594.

Synthesis of  2-(3-bromo-4-hydroxy-5-nitrophenyl)-
9,10,16,17,23,24-hexakis(tert-butylsulfanyl )tetrapyrazinoporphyra-
zine magnesium(u) (6Mg). The synthesis of 6Mg was performed
following the general procedure for the synthesis of mag-
nesium tetrapyrazinoporphyrazines from 15 (1.3 g, 3.76 mmol)
and 19 (3.45 g, 11.3 mmol). The mobile phase used for purifi-
cation was: CHCl3/THF/MeOH 40:2:0.4 (R; = 0.19). The puri-
fied product was washed with MeOH. Yield: 481 mg (9.9%) of
dark green solid. "H NMR (500 MHz, CDCl;:[D;]pyridine,
25 °C, TMS): 6 9.97 (bs, 1H), 9.55-9.19 (broad m, 2H),
2.52-2.01 (m, 54H); >C NMR (126 MHz, CDCl, : [Ds]pyridine,
25 °C, TMS): § 158.27, 145.22, 51.45, 51.37, 51.31, 31.10,
30.87 ppm, aromatic signals were not detected. IR (ATR): v =
2960, 2922 (CH), 1519, 1455, 1363, 1233, 1148 (s) cm™'; UV/Vis
(THF): Amax (€) = 653 (164000), 594 (23000), 381 nm
(104000 mol™ dm® ecm™); m/z (HR MS, EI) 1288.2308
[M + H]', calc. for C5,H5sBrMgN;,05S¢ + H': 1288.2339.

Synthesis of 2,3-bis[3,5-di(tert-butyl)-4-hydroxyphenyl]-
9,10,16,17,23,24-hexakis(tert-butylsulfanyl)tetrapyrazinopor-
phyrazine magnesium(u) (7Mg). The synthesis of 7Mg was
performed from the previously prepared metal-free deriva-
tive.’® Thus, the metal-free ligand (20 mg, 14 pmol) was dis-
solved in pyridine (10 mL), and anhydr. magnesium acetate
(20 mg, 140 pmol) was added. The mixture was refluxed for
30 min, and the solvent was evaporated. The solid was washed
with water and purified by column chromatography on silica
with CHCI; as the mobile phase. Yield: 19 mg (94%) of dark
green solid. "H NMR (500 MHz, CDCl,: [Ds]pyridine, 25 °C,
TMS): 6 8.21 (s, 4H), 2.42-2.11 (m, 54H), 1.64 (s, 36H);
3C NMR (126 MHz, CDCl, : [Ds]pyridine, 25 °C, TMS): § 151.16,
151.10, 150.95, 147.75, 145.31, 145.16, 145.09, 137.35, 131.39,
127.93, 127.81, 114.09, 51.40, 51.35, 51.32, 34.90, 31.13, 30.89,
30.86, 30.64 ppm; IR (ATR): v = 2957 (CH), 1509, 1456,
1362 cm™; UV/Vis (THF): Amay (€) = 653 (117 000), 592 (18 000),
383 nm (71000 mol™" dm® em™); m/z (HR MS, EI) 1481.6146
[M + HJ', calc. for C;4HosMgN,;c0,Se + H': 1481.6150.

Synthesis of 2,3-bis(4-hydroxyphenyl)-9,10,16,17,23,24-
hexakis(tert-butylsulfanyl)tetrapyrazinoporphyrazine mag-
nesium(u) (8Mg). The synthesis of 8Mg was performed follow-
ing the general procedure for the synthesis of magnesium
tetrapyrazinoporphyrazines from 18 (392 mg, 1.25 mmol)
and 19 (1.15 g, 3.75 mmol). The mobile phases used for purifi-
cation were: CHCI;/THF 10:1 and CHCI;/THF/MeOH 9:1:0.4
(R = 0.29). The purified product was washed with hexane.
Yield: 121 mg (7.7%) of dark green solid. "H NMR (500 MHz,
CDCl; : [Ds]pyridine, 25 °C, TMS): 6 11.74 (s, 2H), 8.15 (s, 4H),
7.19 (s, 4H), 2.27 (s, 36H), 2.18 (s, 18H); "*C NMR (126 MHz,
CDCl; : [Ds]pyridine, 25 °C, TMS): § *C NMR (126 MHz,
CDCly) 6 159.54, 159.07, 158.27, 157.82, 154.33, 151.24, 151.13,
151.04, 150.84, 148.08, 145.42, 145.18, 132.46, 125.67, 116.03,
51.45, 51.40, 51.31, 31.11, 30.92, 30.88 ppm; IR (ATR):
v = 2961, 2923 (CH), 1609, 1518, 1248, 1142 (s) cm™'; UV/Vis
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(THF): Amax () = 653 (192000), 593 (26000), 384 nm
(111000 mol™ dm® em™); m/z (HR MS, EI) 1257.3656
[M + H]', cale. for C4HesMgN;40,Ss + H': 1257.3646.

General procedure for synthesis of zinc
tetrapyrazinoporphyrazines

The corresponding magnesium(u) tetrapyrazinoporphyrazine
(1 eq.) was dissolved in CHCI;/THF 1:1 (v/v, approx. 1 mL per
20 pmol of tetrapyrazinoporphyrazine), and p-toluenesulfonic
acid hydrate (10 eq.) was added dissolved in THF (approx.
1 mL per 200 pmol). The mixture was stirred at rt for 1 h, the
solvents were evaporated, and the dark solid was washed with
water, filtered and air-dried to obtain the metal-free ligand.
The metal-free ligand was chelated with zinc using anhydr.
zinc acetate (10 eq.) in refluxing pyridine (approx. 1 mL per
20 pmol of tetrapyrazinoporphyrazine) for 1 h. Then, the
solvent was evaporated, and the green solid was washed with
water and air-dried. The product was purified by column
chromatography on silica with the mobile phases mentioned
below.

Synthesis of 2-(4-hydroxyphenyl)-9,10,16,17,23,24-hexakis
(tert-butylsulfanyl)tetrapyrazinoporphyrazine zinc(u) (2Zn).
The synthesis of 2Zn was performed following the general pro-
cedure for the synthesis of zinc tetrapyrazinoporphyrazines
from 2Mg (215 mg, 184 pmol). The mobile phase used for
purification was: CHCl;/THF/MeOH 18:1:0.4. The purified
product was washed with hexane. Yield: 96 mg (43%) of dark
green solid. "H NMR (500 MHz, CDCl,: [Ds]pyridine, 25 °C,
TMS): 6 12.15 (s, 1H), 9.99 (s, 1H), 8.77 (d, J = 8.4 Hz, 2H), 7.38
(d, J = 8.4 Hz, 2H), 2.30-2.20 (m, 54H); *C NMR (126 MHz,
CDCl; : [Ds]pyridine, 25 °C, TMS): § 161.41, 159.46, 159.35,
158.78, 158.75, 158.52, 158.37, 153.93, 152.08, 151.91, 151.71,
151.60, 151.40, 150.92, 150.72, 150.36, 147.57, 144.86, 144.76,
144.71, 144.67, 143.06, 130.04, 129.99, 127.98, 117.03, 51.51,
51.43, 51.39, 31.04, 30.83, 30.63 ppm; IR (ATR): v = 2963, 2925
(CH), 1520, 1233, 1143 (s) cm™; UV/Vis (THF): Amax (€) = 650
(244 000), 590 (33 000), 376 nm (128 000 mol " dm* em™); m/z
(HR MS, EI) 1205.2826 [M + HJ", calc. for C5,HgoN;40S¢Zn + H':
1205.2824.

Synthesis of 2-(3,5-dibromo-4-hydroxyphenyl)-
9,10,16,17,23,24-hexakis(tert-butylsulfanyl)tetrapyrazinoporphyr-
azine zinc(u) (5Zn). The synthesis of 5Zn was performed follow-
ing the general procedure for the synthesis of zinc tetra-
pyrazinoporphyrazines from 5Mg (390 mg, 295 pmol). The
mobile phase used for purification was: CHCl;/THF/AcOH
20:1:0.1. The purified product was washed with a small
amount of methanol. Yield: 129 mg (32%) of dark green solid.
"H NMR (500 MHz, CDCl; : [Ds]pyridine, 25 °C, TMS): § 10.00
(s, 1H), 9.09 (s, 2H), 2.30 (s, 9H), 2.28-2.24 (m, 36H), 2.23
(s, 9H); "*C NMR (126 MHz, CDCl; : [Ds]pyridine, 25 °C, TMS):
6 159.42, 159.38, 158.90, 158.87, 158.75, 158.64, 154.96,
152.41, 152.35, 152.17, 152.06, 151.68, 151.44, 150.50, 150.33,
148.22, 144.84, 144.81, 144.79, 144.76, 144.67, 142.43, 131.96,
130.16, 113.55, 51.86, 51.58, 51.56, 51.51, 51.47, 31.10, 31.04,
30.85, 30.83, 30.81 ppm; IR (ATR): v = 2961, 2919 (CH),
1518, 1457, 1233, 1141 (s) cm™%; UV/Vis (THF): Apax (€) =
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650 (273 000), 592 (37 000), 378 nm (143 000 mol " dm® cm™");
miz (HR MS, EI) 1361.0995 [M + H], cale. for
Cs4H55B1,N;c0S¢Zn + H': 1361.1035.

Synthesis  of  2,3-bis(4-hydroxyphenyl)-9,10,16,17,23,24-
hexakis(tert-butylsulfanyl)tetrapyrazinoporphyrazine  zinc(u)
(8Zn). The synthesis of 8Zn was performed following the
general procedure for the synthesis of zinc tetrapyrazinopor-
phyrazines from 8Mg (54 mg, 43 pmol). The mobile phase
used for purification was: CHCl;/THF/MeOH 9:1:0.4. The
purified product was washed with a small amount of hexane.
Yield: 30 mg (54%) of dark green solid. '"H NMR (500 MHz,
CDCl; : [Ds]pyridine, 25 °C, TMS): § 11.76 (s, 2H), 8.14 (d,
J = 8.2 Hz, 4H), 7.19 (d, J = 8.2 Hz, 4H), 2.26 (s, 36H), 2.20
(s, 18H); *C NMR (126 MHz, CDCl,:[Ds]pyridine, 25 °C,
TMS): § 159.63, 159.44, 158.67, 158.28, 154.65, 151.70, 151.59,
151.52, 151.32, 147.67, 144.92, 144.68, 144.63, 132.43, 131.10,
116.06, 51.49, 51.37, 31.04, 30.85, 30.82 ppm; IR (ATR):
v = 2959, 2918, (CH), 1609, 1518, 1249, 1142 (s) cm
UV/Vis (THF): Amax (€) = 653 (122 000), 596 (23000), 379
(93000 mol™* dm?® em™); m/z (HR MS, EI) 1297.3085 [M + H]',
cale. for CeoHeaN160,S6Zn + H': 1297.3087.

Photophysical measurements

Fluorescence quantum yield (@g) and singlet oxygen quantum
yield (®,) were determined according to the literature
method®® employing unsubstituted zinc phthalocyanine as the
reference compound (reference values: ®p = 0.32 in THEF,"
@, = 0.53 in THF*®). Fluorescence was measured on an FS5
fluorimeter (Edinburgh Instruments) with excitation in the
vibrational bands of the Q-band (typically at 600 nm) and with
absorbance of the sample in the Q-band maximum below 0.1
to limit the inner filter effect. In the case of liposomes and
microemulsions, the refractive index used for corrections was
measured and was found to be the same as that for water
(n=1.333).

Preparation of liposomes

Using the suspension of multilamellar vesicles (MLVs), large
unilamellar vesicles were formed by extrusion (LUVETS) using
the following procedure. The lipids (dioleoylphosphatidyl-
choline, DOPC, 19.7 mg, 25 pmol) were dissolved in chloro-
form. Then, THF stock solution (100 uM) of the corresponding
TPyzPz (0.25 mL) was added, and the solution was evaporated
in a 100 mL round-bottom flask on a water bath at a tempera-
ture of 37 °C. To remove all the traces of organic solvents, the
thin lipid film was left on the water bath for 30 minutes at a
pressure of 5 mbar. The Britton-Robinson buffer (1.0 ml) of
the corresponding pH (chosen to match the expected pK,) was
added, and the lipids were removed from the flask walls by
gentle hand shaking. Subsequently, the suspension was vor-
texed for 5 min to form MLVs and was left to stand for 4 h at
room temperature to allow complete swelling. LUVETs were
prepared from this MLV suspension using a small hand extru-
der (LiposoFast Basic, Avestin). The suspension was passed
back and forth 21 times through two stacked polycarbonate
filters (pore size 100 pm) at room temperature. The final
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suspension of liposomes used as a stock solution contained
the dye at a concentration of 25 pM incorporated into uni-
lamellar DOPC vesicles with a lipid concentration of 25 mM,
i.e., the lipid-to-dye ratio was 1000 : 1. Liposomes were charac-
terized using dynamic light scattering (Zetasizer nano-ZS,
Malvern, UK) with the approximate size (one typical experi-
ment) of 137.4 + 0.6 nm and polydispersity index of 0.055. In
the case of liposomes combining 5Mg and BODIPY dye, the
BODIPY stock solution in THF (100 pM, 0.25 mL) was added
together with the TPyzPz. The final concentrations of 5Mg,
BODIPY and DOPC in the wavelength-ratiometric probe stock
solution were 25 pM, 25 uM, and 25 mM, respectively.

Preparation of microemulsions

The medium chain triacylglycerides (29 mg, Ecogreen
Oleochemicals, meeting specifications of Ph.Eur.) and
Cremophor® EL (72 mg, BASF) were dissolved in chloroform
(ca. 4 mL) and mixed with THF stock solution of the corres-
ponding TPyzPz (100 puM, 2.5 ml) or pyrazinedicarbonitriles
(1 mM, 2.5 mL). The solvent was evaporated under reduced
pressure, and the flask was kept under deep vacuum (5 mbar)
for 30 min at 40 °C to remove all traces of solvent. Afterwards,
the Britton-Robinson buffer of the corresponding pH (chosen
to match the expected pK,) was added to a total volume of
5 ml, and the mixture was shaken well on a vortex and orbital
shaker. The microemulsions prepared in this way contained
TPyzPz at a concentration of 50 pM or pyrazinedicarbonitriles
at a concentration of 500 uM incorporated into the oil par-
ticles. Microemulsions of such composition have already been
characterized using dynamic light scattering with a size of
approximately 300 nm."®

Absorption and emission changes in buffers of different pH
values

The Britton-Robinson buffer (0.04 M H;PO,, 0.04 M
CH;COOH, 0.04 M H3;BO; adjusted to selected pH by 0.2 M
NaOH) was used for the pH range of 1.7-11.7, and the Bates
and Bower buffer (0.2 M KC1/0.2 M NaOH) was used for the pH
range of 11.8-13.0. The pH was measured using a CyberScan
pH510 pH meter calibrated with a three-point calibration (pH
10.00, 7.00, and 4.00) prior to use. Typically, 2.5 mL of the
selected buffer was added to the cuvette, the stock solution of
DOPC (25 pL), microemulsion (50 pL), or, in the case of pyrazi-
nedicarbonitriles, DMSO stock solution (200 pM, 125 pL, final
DMSO concentration 5%) was also added, and the absorption
and fluorescence spectra were recorded. The excitation for
fluorescence measurements was always conducted at the iso-
sbestic point. In the case of the wavelength-ratiometric probe
combining 5Mg and BODIPY in liposomes, the excitation was
performed at 445 nm.
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