UNIVERZITA KARLOVA V PRAZE
FARMACEUTICKA FAKULTA V HRADCI KRALOVE
KATEDRA FARMACEUTICKE CHEMIE A KONTROLY LECIV

PRIPRAVA NOVYCH REAKTIVATORU
ACETYLCHOLINESTERASY S RUZNYMI TYPY SPOJOVACIHO
RETEZCE MEZI PYRIDINIOVYMI JADRY

DIPLOMOVA PRACE

Jan Hambalek Hradec Kralové, 2008



Prohlasuji, Ze jsem diplomovou praci zpracoval samostatné pod vedenim
Skolitele a pouzil jen prameny uvedené v seznamu literatury.

Hradec Kralové, 2008 Jan Hambalek



Dé¢kuji Doc. PharmDr. Martinu Dolezalovi, Ph.D. a Mgr. Kamilu
Musilkovi, Ph.D. za cenné rady pii realizaci této diplomové prace.



Piiprava novych reaktivatorii acetylcholinesterasy s riznymi typy spojovaciho

Fetézce mezi pyridiniovymi jadry

Souhrn

Bylo pfipraveno Sest novych biskvarternich reaktivatorti acetylcholinesterasy
s alifatickym spojovacim fetézcem a devét novych reaktivatori s xylenovym
spojovacim fetézcem mezi pyridiniovymi jadry. Jejich ucinnost reaktivovat AChE
inhibovanou nervové paralytickou latkou tabunem a insekticidem paraoxonem byla
méfena in vitro. Jako referenéni slouceniny byly zvoleny pralidoxim, HI-6 a obidoxim.
Z vysledkii vyplynulo, ze celkem Sest sloucenin je schopno reaktivovat paraoxonem
inhibovanou AChE pfi obou zvolenych koncentracich. Ddle bylo prokazano, ze
reaktivacni Uc¢inek vykazuji 1 slouCeniny s jednou hydroxyiminomethylovou skupinou
v sérii s xylenovym fetézcem pii srovnani s bisoximovymi slouc¢eninami. U sloucenin
s alifatickym fetézcem klesa ucinnost s rostouci délkou spojovaciho fetdzce. Zadna
z testovanych sloucenin neprokazala reaktivacni schopnost pro tabunem inhibované

AChE.

Synthesis of novel acetylcholinesterase reactivators bearing various linkers

between two pyridinium rings

Summary
Six novel bispyridinium AChE reactivators with aliphatic linker and nine novel

reactivators with xylene linker were synthesized. Their ability to reactivate AChE
inhibited by nerve agent tabun and insecticide paraoxon was tested in vitro.
pralidoxime, HI-6 a obidoxime were chosen as reference compounds. Regarding the
obtained results, six compounds seem to be potent reactivators of paraoxon-inhibited
AChE for both chosen concentration. Furthermore, there is evidence that compounds
with only one hydroxyiminomethyl group with xylene linker have also reactivation
ability compared to bisoxime compounds. Reactivation potency is decreasing with
increasing length of the aliphatic linker. None of the tested compounds was able to

reactivate tabun-inhibited AChE.
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Seznam zkratek

ACh
AChE
AChI
BuChE
CNS
CoA
DFP
DMF
GABA
glu

his

Ch
LGIC
M

N
NPL
OF
phe

ser

trp

acetylcholin
acetylcholinesterasa
acetylcholin-jodid
butyrylcholinesterasa
centralni nervovy systém
koenzym A
diisopropylfluorofosfat
dimethylformamid
kyselina y-aminoméaselna
kyselina glutdmova
histidin

cholin

ligandem fizené iontové kanaly
muskarinové (receptory)
nikotinové (receptory)
nervove paralytické latky
organofosfat

fenylalanin

serin

tryptofan



1 Uvod

Organofosforové latky (OF) patii mezi uméle vytvotené, vysoce toxické latky
[28]. Prvni slouCeniny tohoto typu byly pfipraveny pro pouziti v zemédélstvi jako
pesticidy (parathion, chlorpyrifos, metathion, ad.). Déle byly vyvinuty vysoce toxické
derivaty, které nasly uplatnéni ve vojenstvi — nervové paralytické latky (NPL; sarin,
soman, tabun, VX ad.) [32]. Jeden zastupce této skupiny latek (metrifonat) byl schvalen
ke klinickym studiim pii 1écbé Alzheimerovy nemoci [1].

OF plsobi toxicky na nervovy systém mechanismem inhibice enzymu
acetylcholinesterasy (AChE) [30]. Inhibovana AChE nemuze plnit svou biologickou
funkci — hydrolyzovat acetylcholin uvolnény pii synaptickém pienosu. Pokud neni
¢innost AChE obnovena, v organismu dochazi k cholinergni krizi a nasledné smrti
v disledku utlumu dechového centra a paralyzy dychacich svalt [28].

Reaktivatory AChE jsou pouZivany pro odstranéni toxickych ucinkdt OF. Tyto
slouceniny (pralidoxim, obidoxim, trimedoxim, HI-6) jsou schopny S$tépit vazbu mezi
OF a AChE a jsou kauzalni terapii pii intoxikacich organofosfaty [28]. Zadny z dosud
znamych reaktivatord nema schopnost uspokojivé reaktivovat vSechny typy OF [2].
Také casté intoxikace pracovnikll v zemédé€lstvi [31] a hrozba intoxikaci témito
sloueninami v souvislosti s rostoucim terorismem vedou k intenzivnimu vyzkumu
novych potencialnich reaktivatorit AChE.

Cilem této prace je piiprava novych biskvarternich reaktivatort AChE s riznymi
typy spojovaciho fetézce mezi pyridiniovymi jadry. Poté budou jednotlivé slouceniny
podrobeny in vitro testovani ke zjisténi reaktivacnich parametrii. Cilem prace je

1 literarni reSerSe celé problematiky se zaméfenim na perspektivni slouceniny.



2 Teoreticka cast

2.1 Cholinesterasa
Cholinesterasa je zdkladni termin pouzivany pro rodinu enzymd, které

hydrolyzuji estery cholinu rychleji nez ostatni estery v optimalnich podminkach. Jde o
serinové hydrolasy, které patfi do rodiny esteras u vysSich eukaryot. Tyto enzymy
pusobi na rizné druhy karboxylovych esterti [3]. V lidském téle se nachazeji dva typy
cholinesterasy s mnoha podtypy a nazvy. Jednim z nich je acetylcholinesterasa (AChE,
acetylcholin acetyl-hydrolasa, EC 3.1.1.7). Nachdzi se v erytrocytech, nervovych
zakoncenich, plicich, slezin€¢ a vSech ¢astech mozku. Jde o membranové vazany
glykoprotein, ktery existuje v nékolika molekulovych formach. Druhym typem je
butyrylcholinesterasa (BuChE, neboli acylcholin acyl-hydrolasa, EC 3.1.1.8), znama
také jako sérova nebo nespecifickd cholinesterasa. BuChE se nachazi prevazné v plazmé
a ma vice nez jedenact izoenzymovych variant. Je také zastoupena v jatrech, hladkém

svalstvu, stievech, slinivce a bilé hmot¢ mozku [4].

2.1.1 Butyrylcholinesterasa
Tento enzym hydrolyzuje butyrylcholin ¢tyfikrat rychleji nez acetylcholin.

Narozdil od AChE nedokédze hydrolyzovat B-methylacetycholin. Aktivita BuChE je
vétsi pfi hydrolyze butyrylcholinu a propionylcholinu, nez pii hydrolyze acetylcholinu
[5]. Ulidi je syntetizovana v mnoha tkanich, jako jsou jatra, plice, srdce a mozek.
Dlouho nebyla funkce tohoto enzymu pfili§ zndma. Nyni se pfedpoklada, Ze hraje roli
v procesech jako je metabolismus lipoproteinil [6], scavenger toxickych molekul [7] a
pfi vzniku amyloidového prekurzorového proteinu [8]. Aktivita BuChE se zvySuje
s vékem a je zvySena u pacientl s Alzheimerovou chorobou. Nachazi se také v senilnich
placich [9]. ProtoZze je BuChE také inhibovana organofosfaty, snizeni jeji aktivity
v plazmé muZe slouzit k monitorovéani, zda jedinci nebyli vystaveni OF [10]. MoZnost
profylaxe exogenni ¢isténou lidskou nebo podobnou BuChE je nyni testovéna jako novy

zpusob pro profylaxi otravy OF [11].

2.1.2 Acetylcholinesterasa
Acetylcholinesterasa (AChE) je jeden z diilezitych enzymt pro nervové funkce a

odpovédi. Katalyzuje hydrolyzu estert s relativni specifitou pro acetylcholin (ACh).



ACh je bézny neurotransmiter centrdlniho i periferntho nervového systému. Je
syntetizovan v cytoplazmeé neuronii z acetyl-CoA (acetyl-koenzym A) a cholinu
enzymem cholinacetyltransferasou [26]. Kdyz je uvolnén z axonu, putuje synaptickou
Stérbinou k receptoru na druhém konci synapse, aby se na n¢j navazal. V perifernim
nervovém systému je ACh vyuzivan na nervosvalové ploténce k fizeni svalové
kontrakce. Je také vyuzivan v autonomnim nervovém systému. U&inky ACh uvnitf
buniky jsou zprostfedkovany aktivaci muskarinovych a nikotinovych receptorti. AChE

ukoncuje pienos nervového impulsu rychlou hydrolyzou ACh [12].

2.1.3 Acetylcholinové receptory
Receptory pro ACh mohou byt rozdéleny na muskarinové (M) a nikotinové (N)

subtypy podle afinity k pfirodnim alkaloidim muskarinu a nikotinu, ktefi jsou agonisté
ACh [13]. N receptory, které jsou spfaZzeny s iontovym kandlem, zprostiedkovavaji
rychlou excitaéni odpovéd na ACh. M receptory, které nejsou spfazeny s iontovym
kanalem, ale s G-proteinem, zprostfedkovavaji pomalou excita¢ni i inhibi¢ni odpoveéd

na ACh [14].

2.1.3.1 Nikotinové receptory
Nikotinové receptory jsou prototypem iontového kanalu, jehoz aktivita je fizena

navazanim ligandu. N receptory zprostfedkovavaji prichod sodnych a draselnych iontt
pfes synaptickou membranu. Existuji dva typy N receptort: muskuldrni N receptory,
které zprosttedkovavaji prenos signidlu mezi buitkkami svalu a nervu, a neurondlni N
receptory, které v mnoha castech nervového systému zprosttedkovavaji ptenos signalu
mezi neurony. Tyto receptory se skladaji z péti homogennich podjednotek, poskladané
jako homopentamerni nebo pseudopentamerni struktura [14].

Mal4 molekula ACh se vaze na dvé mista v receptoru a vyvolava tim zménu
prostorového uspotfadani. Ve vysledku se iontovy kanal otevie a propousti sodné a

draselné ionty pfes membranu [15].

2.1.3.1.1 Klasifikace nikotinovych receptorii
Muskularni N receptory jsou ligandem fizené iontové kandly (LGIC), slozené

z péti podjednotek: dvou a;, a jedné By, o, vy a ptipadné € (zavislé na stadiu vyvoje) [15].



Neuronalni N receptory jsou také LGIC, slozené z a a B podjednotek se specidlnimi
strukturalnimi a farmakologickymi vlastnostmi. Ugastni se fyziologickych Gginkti ACh
a jsou spojeny s mnoha neurotransmiterovymi systémy. Jejich exprese se méni béhem
vyvoje a starnuti, stejn¢ jako béhem onemocnéni jako jsou autismus, schizofrenie,
Alzheimerova a Parkinsonova choroba a demence s Lewyho télisky [16]. Nikotinové
receptory obsahuji dvé dobie rozlisitelné domény pro vazbu ligandu, coz vede k riznym
cholinergnim u¢inktim. V hydrofilni extracelularni ¢asti obou o podjednotek se nachazi
vazebné misto pro agonistu, jako je ACh, a kompetitivniho antagonistu, jako je napf.
tubokurarin. Mezi hlavni ¢asti vazebného mista patii nékolik aromatickych zbytku,

které jsou doplnéné o cysteinovy par v pozici 192-193 [17].

2.1.3.2 Muskarinové receptory
M receptory byly poprvé definovany na podklad¢ selektivniho agonismu

muskarinu a antagonismu atropinu [18]. Nachazeji se v neuronech centralniho i
periferniho nervového systému, srde¢ni a hladké svaloviny a riznych endokrinnich zlaz
[19]. Existuje pét subtypid (M1-M5) receptora specifickych pro rtizné tkan¢é [20]. Na
periferit M receptory zprosttedkovavaji signaly pro kontrakce hladkého svalstva,
sekreci endokrinnich 714z, a zménu sily srde¢niho stahu a frekvence. V CNS piendseji
signal pro fizeni motoriky, regulaci télesné teploty, regulaci kardiovaskularniho systému
a pamét. Strukturné jsou M receptory glykoproteiny se sedmi transmembranovymi

doménami, podobné receptoriim, které jsou sptazeny s G-proteinem [21].

2.1.4 Vlastnosti acetylcholinesterasy

2.1.4.1 Struktura molekuly

Monomer AChE je elipsoidni molekula s molekulovou hmotnosti okolo 60 000.
Sklada se z 12 B-skladanych listh a 14 a-helix?i [22]. Vyzkum nalezl nékolik hlavnich
domén v molekule proteinu: katalytické aktivni misto slozené ze dvou podjednotek,
aromatickou S§térbinu, kde aktivni misto lezi, a vné&jSi anionické misto, odlisné od
aktivniho mista, které hraje roli v upevnéni substratu uvniti aromatické Stérbiny a

aktivniho mista [22].
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2.1.4.2 Aktivni misto
Aktivni misto AChE je slozeno ze dvou podjednotek. Esteraticka podjednotka,

ktera obsahuje katalytickou triddu a anionickou podcast, se vaze ke kladné kvarterni
oblasti acetylcholinu. Esteratickd podjednotka a sni katalytickd tridda zahrnuje
aminokyseliny Ser200, His440 a Glu327. Tato tridda je podobna jinym serinovym
proteasam. Anionickd podjednotka je slozena z Trp84, Phe330 a Phe331. Jeji funkci je
meénit orientaci nabité Casti substratu, kterd vstupuje do aktivniho centra. Tato funkce je
dana zbytkem Trp84 [22]. Podrobnéjsi studie trojrozmérné struktury AChE umist'uji
aktivni misto ke dnu uzké a zdanlivé nepfistupné prohlubné asi 20 A uvnit enzymu
[23]. Vysoky stupeni aromaticity v okoli aktivniho mista vysvétluje, pro¢ studie ukazuji,
ze hydrofobni a anionické vazebné misto je nezavislé na aktivnim misté. Pouze mélo

zbytkli aminokyselin je pfimo uvnitf enzymové prohlubné [24].

2.1.4.3 Hydrolyza acetylcholinu
Pii hydrolyze je elektrofilni karbonylovy uhlik ACh nukleofilné atakovan

hydroxylovou skupinou serinu v aktivnim misté enzymu a vytvaii se doasné¢ vazba
mezi enzymem a substratem. Imidazolovy dusik histidinu pak miize vytvofit vodikovou
vazbu s hydroxylovou skupinou serinu a tim podpofit nukleofilni reakci. Imidazolova
skupina tedy muize usnadnit pfenos acylové skupiny z hydroxylu serinu na molekulu
vody. Poté nasleduje rychlda hydrolyza acetylovaného enzymu za uvolnéni molekuly
kyseliny octové a obnoveni aktivniho mista [25]. Cholin je poté zpétné vychytavan do

nervového zakonceni k dalSimu vyuziti [26].

2.1.4.4 Substratova inhibice
Existuji rtiznd vysvétleni, pro¢ AChE a BuChE rizné reaguji na nadbytecna

mnozstvi ACh. Predpokladd se, ze je AChE allostericky regulovana vazbou
acetylcholinu na tzv. periferni vazebné misto béhem konformac¢nich zmén aktivniho
mista. Jde tedy o inhibici substratem. Neni ale zndmo, zda ma tato inhibice néjakou
biologickou funkci nebo jde pouze o nasledek molekularnich a strukturnich zmén pii

praci enzymu [27].
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2.2 Inhibice acetylcholinesterasy
Inhibitory AChE ptisobi jako nepiima parasympatomimetika. Dochazi ke zvyseni

koncentrace ACh na efektorech parasympatiku (M-receptory), ve vegetativnich
gangliich (neurondlni N-receptory) a na nervosvalové ploténce (muskularni N-
receptory). Inhibitory AChE proto pusobi neselektivné, maji ucinky nejen

parasympatomimetické, ale i cholinomimetické [26].

2.2.1 Rozdéleni inhibitord acetylcholinesterasy
Jednotlivé inhibitory se 1i$i chemickou strukturou a fyzikaln&-chemickymi

vlastnostmi. Na nich zéavisi schopnost latek pronikat biologickymi membranami, tedy
do CNS a pusobit centraln¢. Podle ucinku se déli na kratkodobé (reverzibilni), které
ucinkuji pouze ne€kolik malo minut az hodin (karbamaty), a dlouhodobé (ireverzibilni),
které U€inkuji stovky hodin nebo az do syntézy enzymu de novo (organofosfaty).
Podle chemické struktury Ize inhibitory rozd¢lit na:
e jednoduché primarni alkoholy s kvarternim dusikem - pf. edrofonium-chlorid
(obr. 1)
e karbamaty, estery kyseliny karbamové s alkoholem, obsahujici terciarni ci
kvarterni dusik - pt. fysostigmin (obr. 2.1), neostigmin (obr. 2.2)
e organofosfaty, tedy organické slouceniny kyseliny fosforecné ¢i fosfonové - pft.

paraoxon (obr. 7.2), parathion (obr. 7.1) [26].

+

HiC™ “CHy CF

Obrazek 1 Edrofonium-chlorid

2.2.2 Mechanismus inhibice
Inhibice mlZe probihat jak na anionickém misté, tak 1 v aktivnim centru. Princip

ucinku je podobny, rozdily mezi ptisobenim jednotlivych inhibitorG odrazeji povahu
reakce inhibitoru s AChE a tedy rozdilnou rychlost uvoliiovani (deacylace) enzymu.
S vyjimkou edrofonia se inhibitory vdZzou na enzym kovalentni vazbou. Edrofonium
obsahuje kvarterni dusik a vaze se pouze na aniontové misto enzymu. Vznikla iontova

vazba je reverzibilni a ucinek je velmi kratky (2-10 minut). Karbamaty jsou takeé
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podobn¢ jako ACh substraty AChE. Také u nich dochéazi ke dvoustupniové hydrolyze.
Enzym inhibovany karbamatem je vSak mnohem odolné;jsi k hydrolyze a v zavislosti na
pouzité latce trva inhibice 30 minut az 6 hodin. Organofosfaty reaguji pouze s aktivnim,
esteratickym mistem enzymu. Kovalentni vazba s hydroxylovou skupinou serinu je
mimofadné stabilni a hydrolyzuje velmi pomalu (stovky hodin), nebo nehydrolyzuje

vibec. Inhibice je proto ireverzibilni [26].

2.2.3 Reverzibilni karbamatové inhibitory
Jde o slouceniny, které se svou strukturou podobaji acetylcholinu. Jsou to estery

odvozené od kyseliny karbamové s kvarternim ¢i tercidrnim atomem dusiku [26].

Priklady nékterych struktur karbamat ukazuje obrazek 2.

CH
% «_OCONHCH; OCONHCH; mOCON(CH3)z
N
HsC N Br l}l: Br
HsC N(CH3)3 CHj
fysostigmin (1) neostigmin (2) pyridostigmin (3)

Obrazek 2 Vybrané karbamatové inhibitory acetylcholinesterasy.

2.2.3.1 U¢inky a vyuZiti reverzibilnich inhibitort

Utinky reverzibilnich inhibitori AChE jsou podobné uginkiim ptimych
parasympatomimetik. Manifestuji se predevSiim M-ucinky v kardiovaskularnim,
zazivacim a urogenitalnim systému, na oku a Zlazach. U srdce dochdzi ke snizeni
srde¢niho vydeje, srde¢ni frekvence a krevni tlak se méni jen mirné. V terapeutickych
davkach karbamaty zesiluji a prodluzuji ptisobeni endogenniho ACh na nervosvalové
ploténce, coz se projevuje zvySenim sily stahu. Latky s kvarternim dusikem
(neostigminium-bromid, obr. 2.2) maji zesileny ucinek na nervosvalovém spojeni.
Latky s terciarnim dusikem pronikaji hematoencefalickou bariérou a maji centralni
ucinek (fysostigmin, obr. 2.1).

Terapeuticky se pouzivaji k 1écbé pooperacnich atonii traviciho ustroji a
mocovych cest, ke sniZeni nitroo¢niho tlaku u glaukomu, jako antidota perifernich
myorelaxancii, k [é€b¢é myasthenia gravis a v neposledni fadé k symptomatické 1écbé

Alzheimerovy choroby (rivastigmin, obr. 3) [26].
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CHs3

(HsC)N-C OCONCH,CH,

Obrazek 3 Rivastigmin

2.2.4 Organofosfaty

Nékteré organické slouceniny fosforu se fadi mezi nervové paralytické latky,
vyznacujici se vysokou toxicitou vu¢i savclim. Jsou vyznamnou a nebezpecnou
skupinou bojovych chemickych latek. Vyznacuji se rychlym nastupem uUc¢inku a
prinikem do organismu vSemi branami vstupu. Jejich syntéza je snadnd a levna a jsou
snadno pouzitelné. SlouCeniny stejné zékladni struktury se pouzivaji v prumyslu jako
zmékcovadla, hydraulické kapaliny, pro nehotlavé upravy atd. Ve veterinarni i humanni
mediciné nasly uplatnéni jako 1éciva ¢i jako slouceniny k vyzkumu nervovych funkci.
Rozsahlého pouziti dosahly tyto slouceniny v zemédélstvi jako insekticidy. Tyto

slouceniny jsou bézn¢ dostupné (pt. metathion (obr. 4.1), malathion (obr. 4.2)) [28].

QCH3

H3CO—I?=S
O CEOO—CHQCH?,

i
H3CO—FI’—S—C|)H

H;C OCH; COO-CH,CH3

NO,
metathion (1) malathion (2)

Obrazek 4 Vybrané piiklady insekticidd

2.2.4.1 Historie organofosfati
Prvni syntéza organofosforové slouceniny byla provedena v poloving 19. stoleti

v laboratofi profesora Wurze v Pafizi. Prvnim védcem, ktery pfipravil slouceninu
s pfimou vazbou fosforu na uhlik (methylfosforyldichlorid, obr. 5.2) byl v roce 1873
von Hoffmann. Ve dvacitém stoleti Lange a von Crueger pfipravili mnoho
dialkylfosfonofluoridii s insekticidnimi a fungicidnimi vlastnostmi. V obdobi 1934 az
1944 Schradertiv tym objevil okolo dvou tisic OF a v roce 1944 byly piipraveny dva
dobie znamé insekticidy: diethyl-p-nitrofenylfostat (paraoxon, obr. 7.2) a diethyl-p-
nitrofenylthiofosfat (parathion, Obr 7.1). Na pocatku roku 1935 pfimé¢la némecka

nacisticka vlada Schradera k praci na organofosforovych chemickych zbranich jako
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tabun, soman a sarin. V sérii esterti obsahujici fluor, kromé sarinu a somanu, Schrader
vyvinul diisopropylfosforofluorid (DFP, obr. 5.1). Pozdéji byly popsany toxické a
farmakologické u¢inky DFP a staly se modelovymi strukturami ke studiu mechanismi
cholinergniho pfenosu signalu v nervovém systému. Dalsim OF byl VX (obr. 8.4), ktery
byl vyvinut v roce 1957 Tammelinem [29]. Dnes se OF vyuzivaji v zemédélstvi jako
pesticidy (chlorpyrifos, obr. 7.3), slouceniny vyuzivané v primyslu a jako I1éCiva [30].
Casté jsou také intoxikace pracovnikii v zemédélstvi, ktefi jsou v pfimém kontaktu
stémito jedy [31]. Hrozba intoxikaci témito latkami stoupd 1 v souvislosti s

teroristickymi ttoky.

GHs
0]
I 0
(H3C),HCO-P—F Cl—P=0
|
OCH(CHj3)2 Cl

diisopropylfosforofluorid (1) methylfosforyldichlorid (2)

Obrazek 5 Priklady n€kterych organofosfati

2.2.4.2 Struktura a rozdéleni organofosfatu
Chemicka struktura OF je odvozena od kyseliny fosforecné, fosfonové nebo

jejich thio-analogti, které vykazuji mensi toxicitu [32]. Chemickou strukturu vystihuje
obecny Schraderiiv vzorec pro organofosforové slougeniny (obrazek 6). Zbytky R' a R?
jsou nejcastéji vodik, alkyl (popft. cykloalkyl), aryl, alkoxy, alkylthio a amino skupiny.
X je vétSinou odstupujici skupina jako halogen, kyano, alkylthio skupina nebo zbytek

organické ¢i anorganické kyseliny [32].

Obrazek 6 Schraderdv vzorec

Chemické struktury nékterych pesticidi a insekticidli uvadi obrazek 7.
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S, OCHs 0, ,OCoHs S, OCzHs
P P P

AN RN N
O OC,Hs O OC,Hs O OC;Hs
N7 Cl
I
c N
NO, NO, Cl
parathion (1) paraoxon (2) chlorpyrifos (3)

Obrazek 7: Priklady nékterych pesticidd

NPL se d¢li na dvé velké skupiny podle fyzikalné-chemickych vlastnosti:

e G-latky: tabun (GA, O-ethyldimethylamidokyanofosfat, obr. 8.2), sarin (GB, O-
isopropylmethylfluorofosfonat, obr. 8.1), soman (GD, O-
pinakolylmethylfluorofosfonat, obr. 8.3).

e V-latky: VX (O-ethyl-S-(2-diisopropylaminoethyl)-methylthiofosfonat, obr. 8.4)
a jeho analog VR (O-isobutyl-S-(2-diethylaminoethyl)-methylthiofosfonat) [28].

Ptiklady nékterych NPL uvadi obrazek 8.

O (0]
| I 1 H
F_?_O_CH(CH:@)Z NC"ID_O_CzH5 F_?_O_Q_C(CH;;);;
CH; N(CHs), CH; CHs;
sarin (1) tabun (2) soman (3)
O
I ,CH(CH3),
H3C_FI>_S_CH20H2N\
OC,Hs CH(CHj3),
VX (4)

Obrazek 8: Priklady neékterych nervovée paralytickych latek

2.2.4.3 Fyzikalné-chemické vlastnosti nervové paralytickych latek
G-latky jsou bezbarvé, pohyblivé kapaliny podobné vodé bez vyraznéjsiho

zapachu. Jsou relativné dobie rozpustné ve vode¢ a dobfe v organickych rozpoustédlech.
Je pro n¢ charakteristicka vysoka t€kavost, proto nejpravdépodobnéjsi branou vstupu do
organismu jsou dychaci cesty. Ve vnéjSim prostiedi vydrzi bez ztraty toxicity 12-24
hodin.

V-latky jsou v Cistém stavu bezbarvé, viskozni kapaliny bez vyrazngjsiho
zépachu. Je pro né¢ charakteristickd velmi nizka tékavost, takze vydrzi ve vnéjSim

prostiedi a ve vodé velmi dlouhou dobu (tydny az mésice). Ve vode jsou velmi Spatné
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rozpustné, zatimco v organickych rozpoustédlech a tucich se rozpoustéji velmi dobie

[28].

2.2.4.4 Mechanismus ucinku
Zakladnim mechanismem ucinku OF je zdsah do cholinergniho nervového

systému cestou inhibice AChE. Enzym tvoii s organofosfatem piechodny komplex
vazbou na hydroxyl serinu v aktivnim misté¢ enzymu s disociacni konstantou Kp.
Nasledné dochazi k odstépeni casti molekuly OF (odstupujici skupina X) a vysledkem
je fosforylovany enzym. Ten je vice mén¢ stabilni a rychlost jeho defosforylace je velmi
pomald. Poloc¢as rozpadu fosforylované AChE je v rozmezi n€kolika hodin aZ n€kolika
dni. Tato inhibice AChE je ireverzibilni a spontanni defosforylace probihd pomaleji nez

syntéza enzymu de novo [33]. Cely proces shrnuje schéma 1.

@)

o]
11
AChE [—OH + XO-P-R! ———> | AChE —O-P-R'
R2 -XOH R?

Schéma 1: Inhibice acetylcholinesterasy

2.2.4.5 Spontanni regenerace a starnuti
Spontanni znovuobnoveni aktivity inhibovaného enzymu, stejné jako syntéza

AChE de novo, probiha velmi pomalu. Fosforylovany enzym miZze projit spontanni
hydrolyzou za uvolnéni volného enzymu. Jde o chemickou reakci, kterd je zavislad na
teploté, pH, iontové sile a typu inhibitoru [34].

Starnuti enzymu (dealkylace) je chemickd reakce, pfi které je inhibovand AChE
zménéna do tzv. nereaktivovatelné formy (viz kap. 2.3.3). Rychlost dealkylace zavisi na
délce kontaktu enzymu s OF a na chemické struktufe inhibitoru. Z NPL nejrychleji
dealkyluje AChE inhibovana somanem (minuty), zatimco nejpomalejsi dealkylaci je
charakterizovan Uc¢inek latky VX (dny). Tento fakt vyznamné ovliviiuje efekt 1écby
intoxikaci témito slou¢eninami [28]. Ekstrom a kol. popsali tento proces jako zménu
vodikovych vazeb v aktivnim misté¢ inhibované AChE, obzvlasté vazeb His447. Ptistup
k aktivhimu mistu je omezen z divodu zmény konformace Pro338 a nésledné je
fosforamidoylova skupina (napf. tabunu) nahrazena molekulou vody a zbytek molekuly
inhibitoru se koordinuje uvniti enzymu. Zbytek komplexu AChE-OF je po téchto

zménach nereaktivovatelny [35]. Oba tyto procesy popisuje schéma 2.
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Regenerace

0
AChE —OH + O-P-R' + H'
R2

0]

1]
AChE —O-P-R' + H,0
RZ
0
b_R1 2 +
AChE —O-P-R' + R2OH + H
>

Starnuti

Schéma 2: Spontanni regenerace a starnuti AChE

2.2.4.6 Klinicky obraz otravy organofosfaty

Inhibice AChE vede k naruseni cholinergniho pfenosu nervového vzruchu,
cestou nahromadéni acetylcholinu na receptorech, s jejich naslednym dlouhodobym
drazdénim. Klinickym disledkem, v zavislosti na jejich lokalizaci a typu, jsou
muskarinove, nikotinové a centralni pfiznaky, které jsou charakteristické pro akutni fazi

intoxikace. Souboru téchto ptiznaku se fikéa akutni cholinergni krize [28].

2.2.4.6.1 Akutni faze

Mezi muskarinové piiznaky patii zvySeni sekrece tekutin (bronchorrhea,
zvySend salivace, slzeni a poceni), bronchokonstrikce (tize na prsou a duSnost),
bradykardie, zvraceni a zvySeni gastrointestindlni motility (nevolnost, kieCe a
defekace). OF také zpiisobuji midzu oka a poruchu akomodace (vliv na cilidrni sval).

Nikotinové pfiznaky jsou zpisobené zvySenou koncentraci ACh na
nervosvalové ploténce a ve vegetativnich gangliich. Dochazi ke svalové ochablosti a
svalovym zaSkublim ptechazejicim v tonicko-klonické kiece, které mohou vyustit az
v paralyzu kosterniho svalstva (tzn. i paralyzu dychacich svali).

V CNS vede inhibice AChE k centralnim pfiznakiim. Mezi n¢ patii bolest hlavy,
nespavost, zavraté, zmatenost, letargie, v nékterych piipadech nezietelnd mluva, kiece,

koma a deprese dechového centra [36].

18



2.2.4.6.2 Piechodny syndrom

Po akutni fazi (1. az 4. den) se objevuje tzv. piechodny syndrom. Je
charakterizovan svalovou slabosti a obrnou hlavovych nervi. Tézkosti pii dychani se
mohou rozvinout v respiracni selhani, doprovazené obrnou branice a dychacich svala.
PIné uzdraveni nastavd po 4-21 dnech pii intenzivni péci s umélou plicni ventilaci.
Ptestoze je pfesna patogeneze prechodného syndromu neznama, jde pravdépodobné o

pozménénou funkei a aktivitu N receptora [37].

2.2.4.6.3 Organofosfaty navozend opozdénd polyneuropatie
Tento syndrom se objevuje 7.-21. den po otravé a pievazné ovlivituje dlouhé

nervy periferniho nervového systému. Zptisobuje symetrickou slabost perifernich svalil
rukou a nohou, s riznym stupném poruchy senzorickych funkci. Tato dysfunkce miize
byt trvala, ale je mozna i nésledna ¢éasteéna reparace. Predpoklada se, ze v patogenezi
tohoto syndromu hraje roli fosforylace a nasledna dealkylace tzv. neurotoxické esterasy,

ktera je soucasti nervové tkané [38].
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2.3 Terapie otravy organofosfaty
Existuji tfi strategie 1éCby otravy OF: pouziti anticholinergnich 1€¢iv (pf. atropin),
sloucenin reaktivujicich acetylcholinesterasu (oximy) a antikonvulzivni terapie

(benzodiazepinova antikonvulziva) [29].

2.3.1 Anticholinergika

Anticholinergika (atropin, obr. 9.1) zabranuji nadmérné stimulaci cholinergnich
receptorll tak, Ze znemoziuji navazani uvolnéného ACh na tyto receptory. Patii
s antikonvulzivy mezi funk¢ni antidota (symptomatickd), protoZe neodstraiiuji pti¢inu
otravy, ale zmirfuji jeji nasledky. Atropin se pii otravé podava do prvnich ptiznakt
atropinizace (mydriaza, z¢ervenani ktize, suchost sliznic, tachykardie). U tézSich otrav
lze pouzit benaktyzin(obr. 9.3), pro néjz je charakteristicky centralni antimuskarinovy
ucinek. Na zdklad¢ experimentilnich vysledkl lze pouzit jesté¢ dalsi latky, jako je

biperiden (obr. 9.2) [28].

CHs
"CHj

CHZOH
atropin (1 biperiden (2) benaktyzin (3)

Obrazek 9 Piiklady nékterych anticholinergik

2.3.2 Antikonvulziva

[ 24

(obr. 10) [39]. Diazepam potencuje uc¢inek inhibicniho neurotransmiteru kyseliny y-
aminomaselné (GABA) na jejich receptorech [40]. Hlavnim ucinkem benzodiazepinli
v CNS je hyperpolarizace neuronti, které jsou pak méné citlivé k acetylcholinem
navozené depolarizaci. Konecnym dusledkem je zastaveni propagace kieci [41].
Diazepam u OF otrav snizuje uzkost, neklid a svalové zaSkuby, zastavuje kieCe a
snizuje mortalitu ve spojeni s terapii atropinem a oximy. Diazepam by mél byt podan
pacientiim, u kterych se objevuji kiece nebo svalové zaSkuby. V nékterych piipadech by

mél byt podan i k predchdzeni téchto stavi [42].

20



diazepam

Obrazek 10 Priklad antikonvulziva

2.3.3 Reaktivatory acetylcholinesterasy
Reaktivatory AChE umoziiuyji ndvrat k normalnimu pfenosu cholinergniho

nervového vzruchu cestou reaktivace inhibované AChE. Patii tedy mezi kauzalni

antidota [28].

2.3.3.1 Historie a piehled

Prvni slouceninou, kterd byla schopna rusit fosforylaci AChE, byl hydroxylamin
(objeveno vroce 1951). Dokézal odstranit fosforylaci AChE zplsobenou
tetracthylpyrofosfatem [43]. V dalSich letech se vyzkum specifickych antidot OF
zamétfuje na hledani sloucenin, které dokdzou nukleofilné atakovat fosforylovanou
AChE a maji podobnou strukturu jako ACh. Prvnim pyridiniovym oximem byl
pralidoxim (2-PAM; obr. 11.1), ktery dokaze reaktivovat AChE mnohem rychleji nez
hydroxylamin. Poprvé byl pouZit v roce 1956 pii otravé parathionem v Japonsku [44].
Dalsi vyvoj v této oblasti byl zaméfen na bispyridiniové slouceniny, jako jsou
trimedoxim (TMB-4, obr. 11.2), obidoxim (LiiH-6, obr. 11.3), HI-6 (obr. 11.4) a HL6-7
(obr. 11.5). Reaktivatory AChE jsou tedy mono nebo bispyridiniové slouceniny
s jednou nebo vice oximovymi skupinami. PouZzivaji se rizné soli, jako napft. chloridy,
jodidy, bromidy, laktaty a methylsulfonaty [29]. V armadé CR se pouZivaji reaktivatory
pod firemnimi ndzvy Renol (methoxim), Chonol I (obidoxim+atropin) a Antiva (HI-6)

[28].
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Obrazek 11 Priklady nekterych reaktivatori acetylcholinesterasy

2.3.3.2 Mechanismus tucinku
Hlavnim mechanismem ucinku reaktivatori AChE je odstépeni zbytku OF na

hydroxylové skupiné serinu v aktivnim mist¢ AChE [45]. Kladn€ nabitd c¢ast
reaktivatoru je orientovana k aktivnimu mistu. Oximova skupina potom nukleofilné
napadd fosforylovanou ¢ast enzymu. Vznikd prechodny komplex reaktivator-
fosforylovany enzym, ktery se nasledné rozpada za odstoupeni regenerovaného enzymu.
Fosforylovany oxim, vznikly béhem reaktivace, se miize stat silnym inhibitorem a
reinhibovat regenerovany enzym [46]. Reinhibice AChE muze probihat, jen pokud
fosforylovany oxim inhibuje AChE rychleji, nezli dochdzi k eliminaci nebo rozkladu

v netoxické produkty [47]. Mechanismus reaktivace zjednodusené¢ popisuje schéma 3.

\ +
AChE o- P -R' + ﬁCN R —> AChE /_</:/\N_R
R1 P O-N —

inhibovana AChE reaktivator volnd AChE fosforylovany oxim

Schéma 3 Mechanismus reaktivace
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3 Synteticka cast
3.1 Obecna synteticka ¢ast

Rozpoustédla (aceton, dimethylformamid (DMF), MeCN) a chemikalie byly
dodany od firem Fluka a Sigma-Aldrich a pouzity bez dalSiho pfecisténi. Reakce byly
monitorovany pomoci TLC (DC-Alufolien Cellulose F, Merck, Némecko) s pouzitim
soustavy BuOH-CH3;COOH-H,O 5:1:2 a detekovany Dragendorffovym c¢inidlem.
Teploty tani byly méteny na bodotdvku PHMK 05 (VEB Kombinat Nagema, Radebeul)
a nejsou korigovany.

NMR spektra byla méfena na Varian Gemini 300 (‘H 300 MHz, BC 75 MHz,
Palo Alto CA, USA). Chemické posuny pro 'H i °C spektra jsou uvedeny v ppm (8)
v poméru k signalu rozpoustédla DMSO (8 2.50 pro 'H; & 39.43 pro "°C). Signaly jsou
uvedeny jako s (singlet), d (dublet), t (triplet) a m (multiplet).
Elementarni analyza byla provedena na pfistroji EA 1110 CHNS instrument (CE
Instruments, Milano, Italy).

ESI-MS spektra byla métfena s pouzitim vysokotlaké kapalinové chromatografie
a hmotnostni spektrometrie. HP1100 HPLC systém byl dodan z Agilent Technologies
(Waldbronn, Némecko). Sklada se z vakuového zplynovace G1322A, kvarterni pumpy
G1311A, autosampleru GI1313A a kvadrupolového hmotnostniho spektrometru
MSD1456 VL vybaveného zdrojem elektrospray-ionizace. Dusik pro hmotnostni
spektrometr byl ziskan z dusikového generdtoru Whatman 75-720. Data byla odectena
v pozitivnim iontovém modu s ESI sondou o napéti 4000 V. Tlak rozpraSovaného plynu

byl ustaven na 35 psig. Teplota suSiciho plynu byla 335 °C a priitok 13 I/min.
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3.2 Priprava monokvarterni soli
4-hydroxyiminomethylpyridin (45.0 g; 32.8 mmol) byl rozpustén v acetonu (30

ml) a byl pfidan 1,4-dibrombutan (19.32 ml; 163.8 mmol). Smés byla zahiivana k varu
acetonu pod zpétnym chladi¢em po dobu 9 hodin a poté ochlazena na laboratorni
teplotu. Surovy produkt byl odfiltrovan za snizeného tlaku a rekrystalovan v MeCN
(schéma 4).

/ N Br(CH,),Br / A\
HON=HC N HON=HC @®@N—(CH,)4Br
_ aceton —

e
Br

Schéma 4 Piiprava 1-(4-brombutyl)-4-hydroxyiminomethylpyridinium-bromidu.
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3.2.1 Monokvarterni slou€eniny — alifaticky spojovaci retézec
(1)

1-(3-brompropyl)-4-hydroxyiminomethylpyridinium-bromid: ~ Vytézek 72 %.
TLC R; 0.5, T.t.184-186 °C. 'HNMR (300 MHz, DMSO d¢) se shoduji s daty
z literatury. '*C NMR (75 MHz, DMSO de): & (ppm) 148.45, 145.19, 145.04, 124.02,
58.91, 32.98, 30.15. EA: vypocitano 33.36 % C, 3.73 % H, 8.65 % N; nalezeno 33.26 %
C, 3.84 % H, 8.80 % N. ESI-MS: m/z 243.1 [M]" (vypo&itano [CoH;>BrN,O]" 243.01).

\
HON=HC@N—(CH2)3Br

°)
Br
1

(2)

1-(4-brombutyl)-4-hydroxyiminomethylpyridinium-bromid: Vytézek 70 %. TLC
R¢ 0.6, T.t. 146-149°C. "HNMR (300 MHz, DMSO d¢): & (ppm) 9.08 (d, 2H, J =
5.9 Hz, H-2,6), 8.44 (s, 1H, -CH=NOH), 8.25 (d, 2H, J = 5.9 Hz, H-3,4), 4.64 (t, 2H, J
= 7.0 Hz, N-CH>-), 3.57 (t, 2H, J = 6.3 Hz, Br-CH>-), 2.11-1.96 (m, 2H, N-CH,-CH-),
1.89-1.76 2.11-1.96 (m, 2H, Br-CH,-CH,-). >*C NMR (75 MHz, DMSO de): & (ppm)
148.33, 145.05, 124.07, 59.25, 33.98, 29.34, 28.58. EA: vypoc&itano 35.51 % C, 4.33 %
H, 8.43 % N; nalezeno 35.53 % C, 4.17 % H, 8.29 % N. ESI-MS: m/z 256.9 [M]"
(vypoéitano [C1oH4BrN,O]" 257.03).

\
HON:HC@N—(CH2)4Br

e
Br

3)

1-(4-brompentyl)-4-hydroxyiminomethylpyridinium-bromid: Vytézek 73 %.
TLC R 0.6, T.t. 178-180°C. "H NMR (300 MHz, DMSO dg): § (ppm) 9.10 (d, 2H, J =
6.0 Hz, H-2,6), 8.44 (s, 1H, -CH=NOH), 8.25 (d, 2H, J = 6.0 Hz, H-3,4), 4.61 (t, 2H,
J=17.2Hz, N-CH,-), 3.54 (t, 2H, J = 6.7 Hz, Br-CH>-), 2.00-1.78 (m, 4H, N-CH,-CH,-,
Br-CH,-CH>-), 1.47-1.33 (m, 2H, N-(CH,),-CH>-). >*C NMR (75 MHz, DMSO dg): &
(ppm) 148.25, 145.03, 123.97, 59.83, 34.75, 31.35, 29.56, 23.87. EA: vypocitano
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37.53 % C, 4.58 % H, 7.96 % N; nalezeno 37.36 % C, 4.66 % H, 7.87 % N. ESI-MS:
m/z 271.0 [M]" (vypo&itano [C1H;6BrN,O]" 271.04).

/ \
HON=HC ® N—(CH,)sBr

Br@
3

“4)

1-(4-bromhexyl)-4-hydroxyiminomethylpyridinium-bromid: Vytézek 50 %.
TLC R; 0.6, T.t. 159-162°C. '"H NMR (300 MHz, DMSO de): & (ppm) 9.10 (d, 2H, J =
6.0 Hz, H-2,6), 8.44 (s, 1H, -CH=NOH), 8.24 (d, 2H, J = 6.0 Hz, H-3,4), 4.59 (t, 2H, J
= 7.2 Hz, N-CH,-), 3.52 (t, 2H, J = 6.7 Hz, Br-CH>-), 1.98-1.72 (m, 4H, N-CH,-CH,-,
Br-CH,-CH,-), 1.47-1.23 (m, 4H, N-(CH,),-(CH,)>-). *C NMR (75 MHz, DMSO dg): &
(ppm) 148.21, 145.02, 123.95, 60.04 34.97, 31.79, 30.32, 26.80, 24.39. EA: vypogitino
39.37 % C, 4.96 % H, 7.65 % N; nalezeno 39.37 % C, 5.09 % H, 7.70 % N. ESI-MS:
m/z 285.0 [M]" (vypogitano [C,H;sBrN,O]" 285.06).

\
HON=HC@N—(CH2)6Br

)
Br

(5)

1-(4-bromheptyl)-4-hydroxyiminomethylpyridinium-bromid: Vytézek 28 %.
TLC R¢ 0.7, T.t. 175-177°C. "H NMR (300 MHz, DMSO dy): & (ppm) 9.08 (d, 2H, J =
6.0 Hz, H-2,6), 8.44 (s, 1H, -CH=NOH), 8.24 (d, 2H, J = 6.0 Hz, H-3,4), 4.58 (t, 2H, J
= 7.2 Hz, N-CH,-), 3.52 (t, 2H, J = 6.7 Hz, Br-CH-), 1.96-1.72 (m, 4H, N-CH,-CH,-,
Br-CH,-CH,-), 1.43-1.21 (m, 6H, N-(CH,),-(CH,)3-). *C NMR (75 MHz, DMSO d¢): &
(ppm) 148.22, 145.04, 123.97, 60.11, 35.10, 31.97, 30.43, 27.37, 27.18, 25.12. EA:
vypocitano 41.08 % C, 5.30 % H, 7.37 % N; nalezeno 41.22 % C, 5.45 % H, 7.43 % N.
ESI-MS: m/z 299.0 [M]" (vypo¢itano [C13H20BrN,O]" 299.08).

\
HON=HC—  ®N—(CH,),Br

— e
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(6)

1-(4-bromoktyl)-4-hydroxyiminomethylpyridinium-bromid: Vytézek 39 %. TLC
R¢ 0.7, T.t. 140-142°C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.09 (d, 2H, J = 6.0
Hz, H-2.6), 8.44 (s, 1H, -CH=NOH), 8.24 (d, 2H, J = 6.0 Hz, H-3,4), 4.58 (t, 2H, J =
7.2 Hz, N-CH>-), 3.51 (t, 2H, J = 6.7 Hz, Br-CH)-), 1.96-1.71 (m, 4H, N-CH,-CH,-, Br-
CH,-CH>-), 1.41-1.19 (m, 8H, N-(CH,),-(CH,),-). *C NMR (75 MHz, DMSO de): &
(ppm) 148.21, 145.02, 123.96, 60.12, 35.16, 32.05, 30.47, 28.12, 27.73, 27.28, 25.17.
EA: vypo&itino 42.66 % C, 5.63 % H, 7.11 % N; nalezeno 42.83 % C, 5.76 % H, 7.19
% N. ESI-MS: m/z 313.0 [M]" (vypogitano [C4H,,BrN,0]" 313.09).

N
HON=HC@N—(CHZ)BBr

)
6 Br
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3.2.2 Monokvarterni slou¢eniny — xylenovy spojovaci fetézec
(7)

1-(4-brommethylbenzyl)-4-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michéna 12 h pfi teploté varu acetonu pod zpétnym chladicem. TLC R¢ 0.60,
Vytézek 97 %. T.t. 198-201 °C. 'H NMR (300 MHz, DMSO dq): & (ppm) 9.18 (d, 2H, J
= 6.0 Hz, PyrH), 8.43 (s, 1H, -CH=NOH), 8.26 (d, 2H, J = 6.0 Hz, PyrH), 7.52 (d, 4H, J
= 1.4 Hz, ArH), 5.86 (s, 2H, -CH,-), 4.71 (s, 2H, -CH,-). >C NMR (75 MHz, DMSO
de): & (ppm) 148.73, 145.03, 145.00, 139.16, 134.24, 129.98, 129.04, 124.36, 62.20,
33.54. EA: vypocitano 43.55 % C, 3.65 % H, 7.26 % N; nalezeno 43.61 % C, 3.94 % H,
7.27 % N. ESI-MS: m/z 305.0 [M ] (vypog&itano [C4H;4BrN,O0"] 305.03).

\ @
F@N—CHZQCHZ-Br
HON =

Q
Br
7

®)

1-(3-brommethylbenzyl)-4-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michéna 6h pfi teploté varu acetonu pod zpétnym chladicem. Vytézek 98 %.
TLC R;0.60, T.t. 157-158 °C. "H NMR (300 MHz, DMSO de): & (ppm) 9.18 (d, 2H, J =
6.0 Hz, PyrH), 8.43 (s, 1H, -CH=NOH), 8.27 (d, 2H, J = 6.0 Hz, PyrH), 7.61 (s, 1H,
ArH), 7.53-7.38 (m, 3H, ArH), 5.87 (s, 2H, -CHy-), 4.69 (s, 2H, -CH,-). >C NMR (75
MHz, DMSO d¢): & (ppm) 148.75, 145.03, 139.04, 134.73, 130.13, 129.55, 129.32,
128.60, 124.38, 62.24, 33.63. EA: vypocitano 43.55 % C, 3.65 % H, 7.26 % N;
nalezeno 43.57 % C, 3.91 % H, 7.31 % N. ESI-MS: m/z 305.0 [M'] (vypogitano

[C14H4BrN,O'] 305.03).
®
HON — o

Br CH,-Br

8

9

1-(2-brommethylbenzyl)-4-hydroxyiminomethylpyridinium-bromid: Reakeéni
smés byla michana 2h pfi teploté varu acetonu pod zpétnym chladi¢em. Vytézek 98 %.
TLC R¢0.60, T.t. 204-206 °C. "H NMR (300 MHz, DMSO dg): 8 (ppm) 9.06 (d, 2H, J =
6.0 Hz, PyrH), 8.46 (s, 1H, -CH=NOH), 8.28 (d, 2H, J = 6.0 Hz, PyrH), 7.60 (d, 1H, J =
6.6 Hz, ArH), 7.53-7.38 (m, 2H, ArH), 7.31 (d, 1H, J = 6.6 Hz, ArH), 6.06 (s, 2H, -CH>-

28



), 4.95 (s, 2H, -CH,-). *C NMR (75 MHz, DMSO d¢): & (ppm) 148.87, 145.33, 145.06,
137.07, 132.26, 131.55, 130.34, 129.95, 129.64, 124.23, 59.55, 31.68. EA: vypo&itano
43.55 % C, 3.65 % H, 7.26 % N; nalezeno 43.46 % C, 4.01 % H, 7.25 % N. ESI-MS:
m/z 305.0 [M'] (vypoéitano [C4H4BrN,0"] 305.03).

C]
Br
@
\
HON —
Br—CH,

(10)

1-(4-brommethylbenzyl)-3-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michdna 4,5h pfi teploté varu acetonu pod zpétnym chladi¢em. Vytézek 92
%. TLC R¢ 0.60, T.t.189-190 °C. 'HNMR s (300 MHz, DMSO dg): & (ppm) 9.44 (s,
1H, PyrH), 9.21 (d, 1H, J = 8.0 Hz, PyrH), 8.75 (d, 1H, J = 8.0 Hz, PyrH), 8.37 (s, 1H, -
CH=NOH), 8.24-8.14 (m, 1H, PyrH), 7.61-7.48 (m, 4H, ArH), 5.93 (s, 2H, -CH;-), 4.71
(s, 2H, -CH,-). °C NMR (75 MHz, DMSO de): & (ppm) 144.42, 143.24, 142.33, 141.96,
139.24, 133.99, 133.74, 129.98, 129.18, 128.49, 62.92, 33.54. EA: vypocitano 43.55 %
C, 3.65 % H, 7.26 % N; nalezeno 43.53 % C, 3.95 % H, 7.25 % N. ESI-MS: m/z 305.0
[M'] (vypogitano [C4H4BrN,O"] 305.03).

®
\
ﬁN—CHz@CHZ-Br
HON=

Q
Br

10

(11)

1-(3-brommethylbenzyl)-3-hydroxyiminomethylpyridinium-bromid: Reakeéni
smés byla michana 7h pfi teploté varu acetonu pod zpétnym chladicem. Vytézek 89 %.
TLC R¢ 0.60, T.t. 210-211 °C. '"HNMR (300 MHz, DMSO de): & (ppm) 9.45 (s, 1H,
PyrH), 9.22 (d, 1H, J = 6.0 Hz, PyrH), 8.75 (d, 1H, J = 8.0 Hz, PyrH), 8.38 (s, 1H, -
CH=NOH), 8.20 (dd, 1H, J = 6.5 Hz), 7.59-7.31 (m, 4H, ArH), 5.93 (s, 2H, -CH»-), 4.49
(s, 2H, -CH,-). *C NMR (75 MHz, DMSO dq): & (ppm) 144.38, 143.68, 143.28, 142.24,
141.99, 133.80, 133.70, 128.95, 128.50, 127.38, 127.23, 126.73, 63.44, 62.35. EA:
vypocitano 43.55 % C, 3.65 % H, 7.26 % N; nalezeno 43.61 % C, 3.99 % H, 7.27 % N.
ESI-MS: m/z 305.0 [M ] (vypo¢itano [C14H4BrN,O'] 305.03).
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(12)

1-(2-brommethylbenzyl)-3-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michana 4,5h pfi teploté varu acetonu pod zpétnym chladiC¢em. Vytézek 91
%. TLC R;0.60, T.t. 189-190 °C. '"H NMR (300 MHz, DMSO dq): & (ppm) 9.30 (s, 1H,
PyrH), 9.07 (d, 1H, J = 6.0 Hz, PyrH), 8.78 (d, 1H, J = 8.0 Hz, PyrH), 8.39 (s, 1H, -
CH=NOH), 8.27-8.17 (m, 1H, PyrH), 7.60 (d, 1H, J = 7.0 Hz, ArH), 7.55-7.41 (m, 2H,
ArH), 7.37 (d, 1H, T = 7.0 Hz, ArH), 6.12 (s, 2H, -CH,-), 4.96 (s, 2H, -CH,-). *C NMR
(75 MHz, DMSO dg): 6 (ppm) 144.68, 143.25, 142.48, 142.18, 137.19, 133.58, 131.93,
131.60, 130.62, 130.11, 129.68, 128.38, 60.31, 31.70. EA: vypocitano 43.55 % C, 3.65
% H, 7.26 % N; nalezeno 43.67 % C, 3.91 % H, 7.32 % N. ESI-MS: m/z 305.0 [M']
(vypoéitano [C14H4BrN,O'] 305.03).

Q
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HON= Br—CH,
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(13)

1-(4-brommethylbenzyl)-2-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michéna 13h pfi teploté varu acetonu pod zpétnym chladicem. Vytézek 19 %.
TLC R 0.60, T.t. 186-188 °C. '"HNMR (300 MHz, DMSO dq): & (ppm) 9.24 (d, 1H, J
= 6.0 Hz, H-6), 8.73 (s, 1H, -CH=NOH), 8.69-8.59 (m, 1H, H-5), 8.43 (d, 1H, J = 8.1
Hz, H-3), 8.26-8.17 (m, 1H, H-4), 7.49 (d, 2H, J = 8.1 Hz, Bn), 7.25 (d, 2H, J = 8.1 Hz,
Bn), 6.11 (s, 2H, -CH,-Br), 4.70 (s, 2H, -CH,-N). >C NMR (75 MHz, DMSO d¢): &
(ppm) 147.11, 146.44, 145.92, 141.35, 138.69, 138.06, 133.87, 129.98, 129.54, 127.88,
127.55, 126.05, 59.93, 33.53. EA: vypocitano 43.55 % C, 3.65 % H, 7.26 % N;
nalezeno 43.07 % C, 3.45 % H, 7.48 % N. ESI-MS: m/z 305.0 [M'] (vypo¢&itino
[C14H4BN,O'] 305.03).
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1-(3-brommethylbenzyl)-2-hydroxyiminomethylpyridinium-bromid: Reakéni
smés byla michdna 13h pfi teploté varu acetonu pod zpétnym chladi€em. Vytézek 21 %.
TLC R¢0.60, T.t. 198-200 °C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.24 (d, 1H, J =
6.0 Hz, H-6), 8.71 (s, 1H, -CH=NOH), 8.69-8.61 (m, 1H, H-5), 8.45 (d, 1H, J= 8.2 Hz,
H-3), 8.27-8.18 (m, 1H, H-4), 7.50-7.38 (m, 2H, Bn), 7.33 (s, 1H, Bn-2), 7.20 (d, 1H, J
=7.3 Hz, Bn), 6.13 (s, 2H, -CH,-Br), 4.67 (s, 2H, -CH>-N). >*C NMR (75 MHz, DMSO
de): & (ppm) 147.14, 146.45, 145.96, 141.29, 139.10, 134.37, 129.73, 129.55, 127.91,
127.77, 127.06, 126.05, 59.96, 33.61. EA: vypocitano 43.55 % C, 3.65 % H, 7.26 % N,
nalezeno 43.18 % C, 3.67 % H, 7.22 % N. ESI-MS: m/z 305.0 [M'] (vypoé&itano
[C14H14BrN,O'] 305.03).

© CHz'Br
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(15)

1-(2-brommethylbenzyl)-2-hydroxyiminomethylpyridinium-bromid: Reakeéni
smés byla michéna 4h pfi teploté varu acetonu pod zpétnym chladicem. Vytézek 29 %.
TLC R;0.60, T.t. 170-172 °C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.06 (d, 1H, J =
6.0 Hz, H-6), 8.73-8.64 (m, 1H, H-5), 8.56-8.47 (m, 2H, -CH=NOH, H-3), 8.24-8.17
(m, 1H, H-4), 7.63 (d, 1H, J = 7.6 Hz, Bn), 7.47-7.30 (m, 2H, Bn-4,5), 6.64 (d, 1H, J =
7.7 Hz, Bn), 6.22 (s, 2H, -CH,-Br), 4.95 (s, 2H, -CH,-N). >C NMR (75 MHz, DMSO
de): & (ppm) 147.38, 146.47, 146.19, 141.15, 135.39, 132.36, 131.37, 129.78, 129.26,
127.98, 126.83, 126.14, 57.94, 31.79. EA: vypocitano 43.55 % C, 3.65 % H, 7.26 % N;
nalezeno 43.57 % C, 3.76 % H, 7.49 % N. ESI-MS: m/z 305.0 [M'] (vypoé&itano
[C14H4BN,O'] 305.03).
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3.3 Priprava biskvarternich soli
1-(4-brombutyl)-4-hydroxyiminomethylpyridinium-bromid (A; 0.5 g; 1.5 mmol)

byl rozpustén v DMF (10 ml) nebo MeCN (30 ml) spolecné s odpovidajicim
pyridinovym derivatem (3.0 mmol). Smés byla zahtivana pti 70-100°C po dobu 2.5-23
hodin a poté ochlazena na laboratorni teplotu. K reakéni smési byl ptidan nadbytek
acetonu (50 ml) a byla uchovana v chladicim boxu pies noc. Surovy pevny produkt byl
dekantovan, kapalna cast reak¢éni smési odlita, surovy produkt pievrstven MeCN
(50 ml) a ponechan pfti laboratorni teploté pies noc. Surovy produkt byl filtrovan za

snizeného tlaku a rekrystalovan z MeCN (schéma 5).

4 \
N l
\—="R /~— R
\ \ >
HON=HC@N—(CH )4Br HON=HC@N— CH,)s—N@
— o DMF, MeCN N 2;4 S/

Br 2Br
A 16-21

Schéma 5 Obecna ptiprava biskvarternich reaktivatora acetylcholinesterasy.

33



3.3.1 Biskvarterni slou¢eniny — alifaticky spojovaci retézec
(16)

1-(3-hydroxyiminomethylpyridinium)-3-(4-hydroxyiminomethyl-pyridinium)

propan-dibromid: Reakce probihala v DMF pii 70°C a byla ukoncena po 10 h. Vytézek
35 %. TLC Ry 0.15, T.t. 206-208°C. "H NMR (300 MHz, DMSO d¢): & (ppm) 9.19 (s,
1H, H-2), 9.00-8.91 (m, 3H, H-2",6,6"), 8.56 (d, 1H, J = 8.0 Hz, H-4), 8.28 (s, 1H, 3-
CH=NOH), 8.18 (s, 1H, 4-CH=NOH), 8.09 (d, 2H, J = 6.0 Hz, H-3",5’), 8.06-7.97 (m,
1H, H-5), 4.69-4.50 (m, 4H, N-CH>-), 2.33-2.29 (m, 2H, N-CH,-CH.-). *C NMR (75
MHz, DMSO d¢): & (ppm) 148.52, 145.16, 145.05, 144.51, 143.22, 142.66, 141.72,
133.41, 128.16, 124.05, 57.65, 56.89, 31.50. EA: vypocitano 40.38 % C, 4.07 % H,
12.56 % N; nalezeno 40.18 % C, 4.23 % H, 12.25 % N. ESI-MS: m/z 143.1 [M/2]*
(vypocitano pro [C15H18N402/2]2+ 143.07).

= ©
HON=HC 28
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(17)
1-(3-hydroxyiminomethylpyridinium)-4-(4-hydroxyiminomethylpyridinium)-

butan-dibromid: Reakce probihala v DMF pii 70°C a byla ukoncena pol3h. Vytézek 34
%. TLC R; 0.15, T.t. 219-221°C. 'H NMR (300 MHz, DMSO de): & (ppm) 9.38 (s, 1H,
H-2), 9.20-9-09 (m, 3H, H-2,6,6"), 8.74 (d, 1H, J = 8.0 Hz, H-4), 8.45 (s, 1H, 3-
CH=NOH), 8.36 (s, 1H, 4-CH=NOH), 8.25 (d, 2H, J = 6.0 Hz, H-3",5"), 8.22-8.15 (m,
1H, H-5), 4.83-4.61 (m, 4H, N-CH-), 2.10-1.91 (m, 4H, N-CH,-CH>-). *C NMR (75
MHz, DMSO d¢): & (ppm) 148.30, 145.02, 144.39, 143.22, 142.54, 141.42, 133.36,
128.10, 124.01, 59.97, 59.21, 26.93. EA: vypocitano 41.76 % C, 4.38 % H, 12.18 % N;
nalezeno 40.35 % C, 4.55 % H, 11.68 % N. ESI-MS: m/z 150.1 [M/2]*" (vypocitano pro
[C16H20N40/2]* 150.08).
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(18)
1-(3-hydroxyiminomethylpyridinium)-5-(4-hydroxyiminomethylpyridinium)-

pentan-dibromid: Reakce probihala v DMF pti 70°C a byla ukoncena pol16,5h. Vytézek
45 %. TLC R¢ 0.15, T.t. 236-237°C. "H NMR (300 MHz, DMSO de): 8 (ppm) 9.40 (s,
1H, H-2), 9.21-9.11 (m, 3H, H-2°,6,6"), 8.74 (d, 1H, J = 8.0 Hz, H-4), 8.46 (s, 1H, 3-
CH=NOH), 8.38 (s, 1H, 4-CH=NOH), 8.26 (d, 2H, J = 6.0 Hz, H-3",5"), 8.22-8.14 (m,
1H, H-5), 4.75-4.53 (m, 4H, N-CH,-), 2.11-1.89 (m, 4H, N-CH,-CH,-), 1.41-1.25 (m,
2H, N-(CH,),-CH>-). >C NMR (75 MHz, DMSO dg): & (ppm) 148.26, 145.03, 144.41,
143.19, 142.54, 141.31, 133.36, 128.07, 123.96, 60.39, 59.59, 29.74, 21.70. EA:
vypocitano 43.06 % C, 4.68 % H, 11.82 % N; nalezeno 39,61 % C, 4.55 % H, 10.77 %
N. ESI-MS: m/z 157.1 [M/2]*" (vypog&itano pro [C17H22N40,/21* 157.09).
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(19)

1-(3-hydroxyiminomethylpyridinium)-6-(4-hydroxyiminomethylpyridinium)-
hexan-dibromid: Reakce probihala v DMF pti 70°C a byla ukoncena po 14,5h. Vytézek
33 %. TLC R; 0.15, T.t. 225-227°C. '"H NMR (300 MHz, DMSO de): & (ppm) 9.38 (s,
1H, H-2), 9.19-9.10 (m, 3H, H-2",6,6"), 8.74 (d, 1H, J = 8.0 Hz, H-4), 8.45 (s, 1H, 3-
CH=NOH), 8.37 (s, 1H, 4-CH=NOH), 8.25 (d, 2H, J = 6.0 Hz, H-3",5"), 8.21-8.14 (m,
1H, H-5), 4.72-4.54 (m, 4H, N-CH>-), 2.02-1.84 (m, 4H, N-CH,-CH,-), 1.42-1.26 (m,
4H, N-(CH,),-CH>-). ®C NMR (75 MHz, DMSO dq): & (ppm) 148.22, 145.03, 144.36,
143.19, 142.50, 141.26, 133.33, 128.01, 123.93, 60.67, 59.90, 30.17, 24.61. EA:
vypocitano 44.28 % C, 4.95 % H, 11.48 % N; nalezeno 44.33 % C, 5.05 % H, 11.42 %
N. ESI-MS: m/z 164.1 [M/2]* (vypocitano pro [C1sH24N40,/2]%" 164.10).
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(20)
1-(3-hydroxyiminomethylpyridinium)-7-(4-hydroxyiminomethylpyridinium)-

heptan-dibromid: Reakce probihala v DMF pii1 70°C a byla ukon¢ena po 13,5h. Vytézek
34 %. TLC Ry 0.15, T.t. 189-191°C. '"H NMR (300 MHz, DMSO de): & (ppm) 9.38 (s,
1H, H-2), 9.18-9.10 (m, 3H, H-2",6,6"), 8.73 (d, 1H, J = 8.0 Hz, H-4), 8.45 (s, 1H, 3-
CH=NOH), 8.37 (s, 1H, 4-CH=NOH), 8.24 (d, 2H, J = 6.0 Hz, H-3",5"), 8.21-8.14 (m,
1H, H-5), 4.70-4.55 (m, 4H, N-CH,-), 2.00-1.84 (m, 4H, N-CH,-CH,-), 1.41-1.20 (m,
6H, N-(CH,);-CH.-). *C NMR (75 MHz, DMSO de): & (ppm) 148.21, 145.03, 144.34,
143.19, 142.49, 141.24, 133.34, 128.02, 123.95, 60.79, 60.02, 30.36, 27.65, 24.98. EA:
vypocitano 45.44 % C, 5.22 % H, 11.16 % N; nalezeno 44.57 % C, 5.29 % H, 10.95 %
N. ESI-MS: m/z 171.2 [M/2]*" (vypo&itano pro [C1oH26N40/21* 171.11).

HON=H ©
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(21
1-(3-hydroxyiminomethylpyridinium)-8-(4-hydroxyiminomethylpyridinium)-

oktan-dibromid: Reakce probihala v DMF pii 70°C a byla ukoncena po 17h. VytéZzek 35
%. TLC R; 0.2, T.t. 212-214°C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.36 (s, 1H,
H-2), 9.16-9.08 (m, 3H, H-2°,6,6’), 8.73 (d, 1H, J = 8.0 Hz, H-4), 8.45 (s, 1H, 3-
CH=NOH), 8.36 (s, 1H, 4-CH=NOH), 8.24 (d, 2H, J = 6.0 Hz, H-3",5"), 8.21-8.14 (m,
1H, H-5), 4.70-4.53 (m, 4H, N-CH>-), 2.00-1.82 (m, 4H, N-CH,-CH>-), 1.37-1.19 (m,
8H, N-(CH,);-CH.-). *C NMR (75 MHz, DMSO de): 8 (ppm) 148.48, 145.17, 144.60,
143.48, 142.74, 141.53, 133.62, 128.29, 124.22, 61.11, 60.34, 30.75, 28.35, 25.46. EA:
vypocitano 46.53 % C, 5.47 % H, 10.85 % N; nalezeno 46.07 % C, 5.58 % H, 10.75 %
N. ESI-MS: m/z 178.2 [M/2]*" (vypo&itano pro [CaoHasN4O,/2]1* 178.11).

HON=HC -
A —
/_@ N—(CH,)s"N® )—CH=NOH
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3.3.2 Biskvarterni slou¢eniny — xylenovy spojovaci retézec
(22)

4-hydroxyiminomethyl-1,1’-(1,4-fenylendimethyl)-bispyridinium-dibromid:
Reakéni smés byla michdna 3 h v DMF pii 70°C. Vytézek 87 %. TLC R¢ 0.1, T.t. 262-
264 °C. '"H NMR (300 MHz, DMSO de): & (ppm) 9.30 (d, 2H, J = 5.9 Hz, H-2,6), 9.22
(d, 2H, J = 5.9 Hz, H-2",6"), 8.70-8.59 (m, 1H, H-4"), 8.43 (s, 1H, -CH=NOH), 8.31-
8.15 (m, 4H, H-3,5,3,5"), 7.72-7.60 (m, 4H, Ph), 5.95 (s, 2H, N-CH,-), 5.90 (s, 2H, N’-
CH,-). 3C NMR (75 MHz, DMSO de): § (ppm) 148.73, 146.00, 145.00, 144.79, 135.31,
135.27, 129.54, 128.42, 124.33, 62.38, 61.93. EA: vypocitano 49.06 % C, 4.12 % H,
9.03 % N; nalezeno 48.28 % C, 4.14 % H, 9.04 % N. ESI-MS: m/z 152.6 [M]2+
(vypoéitano [C1oH oN3O]* 152.58).

/A ® @ /=
7 N_CHz@CHz_N\ />
HON —

(23)
4-hydroxyiminomethyl-1,1’-(1,3-fenylendimethyl)-bispyridinium-dibromid:

Reakéni smés byla michéna 4.5 h v DMF pfti 70°C. Vytézek 70 %. TLC R¢ 0.1, T.t. 220-
222 °C. "H NMR (300 MHz, DMSO dq): 8 (ppm) 9.31 (d, 2H, J = 5.9 Hz, H-2,6), 9.21
(d, 2H, J = 5.9 Hz, H-2",6’), 8.71-8.61 (m, 1H, H-4"), 8.44 (s, 1H, -CH=NOH), 8.31-
8.16 (m, 4H, H-3,5,3",5”), 7.81 (s, 1H, Ph-2), 7.64-7.46 (m, 3H, Ph-4-6), 5.95 (s, 2H, N-
CH>-), 5.90 (s, 2H, N’-CH,-). *C NMR (75 MHz, DMSO de): & (ppm) 148.86, 146.00,
144.99, 144.87, 135.13, 129.97, 129.53, 129.26, 128.39, 124.09, 62.51, 62.00. EA:
vypocitano 49.06 % C, 4.12 % H, 9.03 % N; nalezeno 48.91 % C, 4.22 % H, 9.21 % N.
ESI-MS: m/z 152.6 [M]*" (vypogitano [C1oH oN30]*" 152.58).

RaYe
HON — ® /=
28r CHZ_N/\:/>
23
(24)
4-hydroxyiminomethyl-1,1’-(1,2-fenylendimethyl)-bispyridinium-dibromid:

Reakéni smés byla michana 12.5 h v DMF pii 70°C. Vytézek 63 %. TLC R 0.1, T.t.
203-205 °C. '"H NMR (300 MHz, DMSO de): & (ppm) 9.17 (d, 2H, J = 5.9 Hz, H-2,6),
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9.10 (d, 2H, J = 5.9 Hz, H-2",6"), 8.75-8.66 (m, 1H, H-4"), 8.50 (s, 1H, -CH=NOH),
8.36-8.19 (m, 4H, H-3,5,3’,5"), 7.56-7.46 (m, 2H, Ph-3,6), 7.32-7.16 (m, 2H, Ph-4,5),
6.21 (s, 2H, N-CHy-), 6.18 (s, 2H, N’-CH,-). '*C NMR (75 MHz, DMSO dq): & (ppm)
149.00, 146.31, 145.33, 145.19, 132.75, 132.67, 130.06, 129.68, 128.50, 124.37, 60.02,
59.64. EA: vypotitano 49.06 % C, 4.12 % H, 9.03 % N; nalezeno 48.91 % C, 4.66 % H,
8.33 % N. ESI-MS: m/z 152.6 [M]*" (vypo&itano [C1oHsN;0]* 152.58).

C]
2Br

Vi \69 CYe=

% N_CH2H2C_N\ /
T
24

(25)
3-hydroxyiminomethyl-1,1’-(1,4-fenylendimethyl)-bispyridinium-dibromid:

Reakéni smés byla michana 4.5 h v DMF pii 70°C. Vytézek 76 %. TLC R 0.1, T.t.221-
223 °C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.46 (s, 1H, H-2), 9.29 (d, 2H, J= 5.9
Hz, H-2°,6), 9.22 (d, 1H, J = 5.9 Hz, H-6), 8.75 (d, 1H, J= 8.2 Hz, H-4), 8.68-8.60 (m,
1H, H-5), 8.36 (s, 1H, -CH=NOH), 8.24-8.15 (m, 3H, H-3’-5"), 7.70-7.63 (m, 4H, Ph),
5.94 (s, 4H, Ph, -CH,-). >C NMR (75 MHz, DMSO dq): & (ppm) 146.02, 144.82,
144.43, 143.20, 142.36, 141.99, 135.35, 135.09, 133.73, 129.63, 128.49, 62.70, 62.42.
EA: vypocitano 49.06 % C, 4.12 % H, 9.03 % N; nalezeno 46.89 % C, 4.55 % H, 8.64
% N. ESI-MS: m/z 152.6 [M]*" (vypogitano [C19H;oN30]*" 152.58).

/@ ® =
_ N-CH, CH~N
o

\ 2Br
NOH
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(26)
3-hydroxyiminomethyl-1,1’-(1,3-fenylendimethyl)-bispyridinium-dibromid:

Reakeéni smés byla michdna 7 h v DMF pii 70°C. Vytézek 40 %. TLC R¢ 0.1, T.t. 199-
201 °C. "H NMR (300 MHz, DMSO dg): 8 (ppm) 9.47 (s, 1H, H-2), 9.30 (d, 2H, J= 5.9
Hz, H-2°,6°),9.23 (d, 1H, J=5.9 Hz, H-6), 8.77 (d, 1H, J= 8.2 Hz, H-4), 8.70-8.61 (m,
1H, H-5), 8.40 (s, 1H, -CH=NOH), 8.26-8.16 (m, 3H, H-3’-5’), 7.82 (s, 1H, Ph-2), 7.64-
7.48 (m, 3H, Ph-4-6), 5.95 (s, 4H, N-CH,-). *C NMR (75 MHz, DMSO dg): & (ppm)
146.02, 144.88, 144.52, 143.18, 142.49, 141.92, 135.10, 134.87, 133.70, 129.98,
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129.64, 129.33, 128.40, 62.84, 62.53. EA: vypocitano 49.06 % C, 4.12 % H, 9.03 % N;
nalezeno 48.44 % C, 4.48 % H, 9.20 % N. ESI-MS: m/z 152.6 [M]*" (nalezeno
[C1oHoN30]*" 152.58).

NOH
/
N ®
/ N_CH2
_ .
° CH,-N
2Br 2N\ 7

26

27)
3-hydroxyiminomethyl-1,1’-(1,2-fenylendimethyl)-bispyridinium-dibromid:
Reakéni smés byla michéna 4.5 h v DMF pii 70°C. Vytézek 53 %. TLC R¢ 0.1, T.t. 199-
200 °C. "H NMR (300 MHz, DMSO dg): & (ppm) 9.48 (s, 1H, H-2), 9.30 (d, 2H, J= 5.9
Hz, H-2°,6°), 9.24 (d, 1H, J= 5.9 Hz, H-6), 8.78 (d, 1H, J= 8.2 Hz, H-4), 8.71-8.61 (m,
1H, H-5), 8.40 (s, 1H, -CH=NOH), 8.27-8.16 (m, 3H, H-3"-5’), 7.83(s, 1H, Ph-2), 7.66-
7.48 (m, 3H, Ph-4-6), 5.95 (s, 4H, N-CH,-). *C NMR (75 MHz, DMSO dg): & (ppm)
146.02, 144.88, 144.53, 143.18, 142.49, 141.91, 135.10, 134.87, 133.69, 129.98,
129.64, 129.35, 128.40, 62.83, 62.51. EA: vypocitano 49.06 % C, 4.12 % H, 9.03 % N;
nalezeno 48.79 % C, 4.40 % H, 9.23 % N. ESI-MS: m/z 152.6 [M]2+ (vypocitano
[C1oHoN30T* 152.58).
NOH

7 S
2Br

/@ ® /=
_ N=CHH,C-N_ )
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(28)
2-hydroxyiminomethyl-1,1’-(1,4-fenylendimethyl)-bispyridinium-dibromid:
Reakéni smés byla michdna 16.5 h v DMF pii 70°C. Vytézek 80 %. TLC R¢ 0.1, T.t.
209-211 °C. '"HNMR (300 MHz, DMSO dq): & (ppm) 9.29 (d, 3H, J = 5.9 Hz, H-
2°,6’,6), 8.73 (s, 1H, -CH=NOH), 8.69-8.58 (m, 3H, H-3,3°,5"), 8.43 (d, 1H, J= 8.2 Hz,
H-5), 8.27-8.13 (m, 2H, H-4, 4’), 7.70-7.57 (m, 4H, Ph), 5.94 (s, 4H, Ph, -CH,-). °C
NMR (75 MHz, DMSO dg): 8 (ppm) 147.09, 146.45, 146.03, 144.80, 141.32, 135.31,
134.87, 129.53, 128.42, 126.05, 62.36, 59.69. EA: vypocitano 49.06 % C, 4.12 % H,
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9.03 % N; nalezeno 49.15 % C, 4.20 % H, 831 % N. ESI-MS: m/z 152.6 [M]*'
(vypoéitano [CioH sN;OT*" 152.58).

/N ® @ /=
o N_CH2 CHZ_N\ /
©

/ 2Br
HON
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(29)
2-hydroxyiminomethyl-1,1’-(1,3-fenylendimethyl)-bispyridinium-dibromid:

Reakéni smés byla michana 4 h v DMF piti 70°C. Vytézek 88 %. TLC R¢ 0.1, T.t. 204-
205 °C. "H NMR (300 MHz, DMSO dq): & (ppm) 9.29 (d, 1H, J = 5.9 Hz, H-6), 9.25 (d,
2H, J=5.9 Hz, H-2",6’), 8.72-8.61 (m, 3H, -CH=NOH; H-3,5), 8.46-8.39 (m, 1H, H-4),
8.27-8.14 (m, 3H, H-3"-5’), 7.61-7.45 (m, 3H, Ph-4-6), 7.30 (d, 1H, J = 7.3 Hz, Ph-3),
6.15 (s, 2H, N-CH,-), 5.92 (s, 2H, N’-CH,-). >C NMR (75 MHz, DMSO d¢): & (ppm)
147.09, 146.55, 146.03, 144.73, 141.35, 135.15, 134.89, 130.03, 129.18, 128.40,
128.10, 127.92, 127.72, 126.13, 62.48, 59.93. EA: vypocitano 49.06 % C, 4.12 % H,
9.03 % N; nalezeno 48.65 % C, 4.82 % H, 8.73 % N. ESI-MS: m/z 152.6 [M]2+
(vypotitano [C1oHoN30]*" 152.58).
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30)
2-hydroxyiminomethyl-1,1’-(1,2-fenylendimethyl)-bispyridinium-dibromid:

Reakeéni smés byla michdna 5 h v DMF pii 70°C. Vytézek 28 %. TLC R¢ 0.1, T.t. 187-
189 °C. "TH NMR (300 MHz, DMSO de): & (ppm) 9.22 (d, 2H, J = 5.9 Hz, H-2",6"), 9.05
(d, 1H, J = 5.9 Hz, H-6), 8.78-8.66 (m, 3H, -CH=NOH; H-3",5"), 8.57 (d, 1H, J = 8.2
Hz, H-3), 8.33-8.16 (m, 3H, H-4,4",5), 7.54-7.36 (m, 2H, Ph-4,5), 7.25 (d, 1H, J=17.3
Hz, Ph-3), 6.62 (d, 1H, J = 7.6 Hz, Ph-6), 6.36 (s, 2H, N’-CH>-), 6.20 (s, 2H, N-CH>-).
B3C NMR (75 MHz, DMSO de): & (ppm) 147.70, 146.29, 146.06, 145.25, 141.32,
132.42, 131.75, 130.06, 129.52, 129.33, 128.50, 128.12, 126.32, 126.02, 60.03, 57.90.
EA: Vypocitano 49.06 % C, 4.12 % H, 9.03 % N; nalezeno 49.13 % C, 4.55 % H, 8.97
% N. ESI-MS: m/z 152.6 [M]*" (vypogitano [C1oH;oN30]*" 152.58).
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4 Stanoveni reaktivacnich parametrt potencio-
statickou metodou in vitro

4.1 Princip metody
Enzym acetylcholinesterasa (AChE) §tépi substrat, acetylcholin-jodid (AChI),

za vzniku cholinu (Ch) a kyseliny octové (schéma 6).

H;C.@ O.__CH ®
3 /N/\/ \H/ 3 AChE H3C:N/\/OH + CH3COOH
HiC ! © HyC™ ! ©

CHj (@) 1 CHy I

Schéma 6 Enzymaticka pfeména acetylcholinu.

Pti reakci AChE s OFdochézi k ireverzibilni inhibici AChE (schéma 7).

o)

o I I C)

AChE-O"  + NC~P~N(CHg), AChE-O-P—=N(CHz), * CN
OC,Hsg OC3Hs

tabun

Schéma 7 Ireverzibilni inhibice acetylcholinesterasy tabunem.

Reakci inhibované AChE s oximatovym anionem dochézi k reaktivaci enzymu

(schéma 8).

o

I - o /
AChE~O~P—N(CHg), * 5 //—@N—R—> AChE-O + R—N® \ N o
OC,Hs5 O-N N=O~P=N(CHs);

reaktivator OCzHs

Schéma 8 Reaktivace acetylcholinesterasy inhibované tabunem.

Pii potenciostatickém méteni je roztokem NaOH titrovana uvolnénéd kyselina
octova. Ze spotfeby NaOH je mozné urcit aktivitu AChE (ay), inhibované AChE (a;) a
reaktivované AChE (a;).
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4.2 Postup méreni
Homogenat z mozkt laboratorniho potkana (10% ve vodég; 0.5 ml) byl smichan

s isopropylalkoholovym roztokem OFI (20 pl), destilovanou vodou (0.5 ml) a
inkubovén ve zkumavce za teploty 25 °C po dobu 30 minut (pH 7.6). Inkubovana sm¢s
byla pielita do roztoku chloridu sodného (3 mol/l; 2.5 ml) a destilované vody (18.5 ml),
zkumavka byla vyplachnuta destilovanou vodou (1 ml). Nakonec byl pfidan roztok
acetylcholin-jodidu (0.02 mol/I; 2 ml). Enzymova aktivita byla métfena pii pH 8.0 a
teplotd 25 °C na autotitratoru Titrando 842 (Metrohm, Svycarsko). Aktivity intaktniho
(ag) a inhibovaného enzymu (a;) byly odecteny ze zavislosti spotieby roztoku NaOH
(0.01 mol/1) na Case.

V ptipadé reaktivace inhibované AChE byla smés inkubovana dalSich 10 minut
s roztokem reaktivatoru (10° mol/l nebo 10 mol/l; 0.2 ml) a destilovanou vodou
(0.8 ml). Poté byla inkubovana smés pielita do roztoku chloridu sodného (3 mol/l; 2.5
ml) a destilované vody (17.5 ml), zkumavka byla vyplachnuta destilovanou vodou (1
ml). Byl pfidan roztok acetylcholinjodidu (0.02 mol/l; 2 ml) a aktivita reaktivované
AChE (a,) byla opét odetena ze zavislosti spotfeby NaOH na ¢ase. U¢innost daného

reaktivatoru in vitro byla vypocitana podle vzorce:

x=(1—"0_“f)100 [%]

a, —a,

1
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4.3 Vysledky méreni in vitro

Vsechny reaktivatory AChE byly testovany in vitro pti dvou koncentracich
(10° mol/l a 10” mol/l). Jako OF byla zvolena NPL tabun a pesticid paraoxon. Jako
srovnavaci reaktivatory byly zvoleny slouceniny pralidoxim, HI-6 a obidoxim.
Primérné vysledky tii na sobé nezavislych in vitro méteni se smérodatnou odchylkou

pro kazdy reaktivator jsou uvedeny v tabulce 1.

Reaktivace (%)

Inhibitor tabun paraoxon
Reaktivator/Koncentrace 10 mol/l  10°mol/l  10” mol/l 10 mol/l
pralidoxim 4+£1 0 42+ 1 0
HI-6 241 4+1 3542 0
obidoxim 110 0 76 £2 3742
16 0 0 56 +1 30 +1
17 0 0 27 +1 24 +1
18 0 0 32 +1 30 +1
19 7+ 1 0 8 +1 13 +1
20 1+ 1 0 3+1 10 +1
21 0 0 0 1+0
22 0 2+ 1 2242 14+1
23 0 0 7+1 9+2
24 0 0 0 0
25 0 5+ 1 0 0
26 0 2+ 1 0 0
27 0 0 0 0
28 0 0 74 + 1 43 + 1
29 0 0 56+ 1 17+1
30 0 0 0 0

Tab. 1 Vysledky reaktivace testovanych sloucenin (%; primérna hodnota tff nezavislych métent).
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5 Diskuze

Reaktivacni tc€inek testovanych sloucenin je zavisly na struktufe pouzit¢ho OF
[32]. Mimo to reaktivatory urené pro testovani in vivo by mély dosdhnout alespon 10
% reaktivacni UCinnosti pii testovani in vitro [48]. Je velmi t&zké reaktivovat AChE
inhibovanou tabunem [35]. Volny elektronovy par na amidické skupiné tabunu
v komplexu tabun-AChE ztézuje nukleofilni atak reaktivatoru [49]. Navic dochazi
k nékterym strukturnim zmeénam uvnitf aktivniho mista tabunem inhibované AChE
[35]. V testované skupin€, kde byla AChE inhibovana tabunem, pouze referencni
obidoxim dokazal piekonat 10 % hranici u¢innosti a to p¥i koncentraci 10~ mol/l. Zadna
z testovanych slougenin nevykazala dostate¢nou G&innost pii koncentraci 10™ mol/l.

Naopak pesticidy (paraoxon) jsou znamy jako méné Uc¢inné inhibitory AChE
v porovnani s NPL [32]. Bylo zjisténo, ze bézné uzivané reaktivatory pro terapii otrav
NPL nejsou vhodné k terapii otravy pesticidy [50]. VSechny referencni slouceniny
reaktivovaly paraoxonem inhibovanou AChE velmi dobie pii koncentraci 10~ mol/l, ale
pouze obidoxim dokézal reaktivovat AChE pii koncentraci 10™ mol/l. Nové piipravené
slouceniny vykazaly rizny reaktivacni potencial. Slouceniny s alifatickym spojovacim
fetézcem reaktivovaly AChE s klesajicim uc¢inkem (16-21). Pii obou koncentracich se
jako nejucinngjsi jevila sloucenina 16, zadna ze slouCenin vSak nebyla G¢inn€j$i nez
obidoxim. Sloucenina s nejdelSim spojovacim fetézcem (21) AChE nereaktivovala.
Z uvedenych vysledkil dale vyplyva, Ze slouceniny s xylenovym spojovacim fetézcem
(22, 28, 29) vykazaly dobry reaktivaéni Gi¢inek, sloutenina 28 navic v koncentraci 107
mol/l vétsi nez referencni sloucenina obidoxim. Lze ji proto doporucit k dalSimu
testovani. Ostatni slouceniny nepiesahly hranici 10 % ucinnosti nebo AChE
nereaktivovaly.

Z uvedenych vysledki vyplyvaji skutecnosti pro vztah mezi strukturou a
aktivitou reaktivatori AChE. Oximova skupina rusi fosforylaci AChE, a proto je
esencialni pro ucinek reaktivatoru [51]. VSechny pfipravené slouceniny proto obsahuji
oximové uskupeni. Pozice hydroxyiminomethylovych skupin ovliviluje proces
reaktivace [52]. Pfitomnost kvarterniho dusiku je nezbytnd pro afinitu k enzymu [53].
Ptipravené slouceniny obsahuji dva kvarterni dusiky, a proto maji vétsi afinitu k AChE
nez slouceniny monokvarterni. Délka a struktura spojovaciho fetézce mezi
pyridiniovymi zbytky je dal$im dilezitym faktorem [54]. Ve skupin¢ sloucenin

s alifatickym spojovacim fetézcem klesala ucinnost s rostouci délkou fetézce. Nejvice
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ucinné se jevily slouceniny se 3 az 4 vazbami uhlik-uhlik. Delsi fetézec nez 5 vazeb
uhlik-uhlik vedl k postupné ztrat¢ uGc€inku. U sloucenin s xylenovym spojovacim
fetézcem byla AChE reaktivovana slouceninami s hydroxyiminomethylovou skupinou
v poloze 2 nebo 4 a s m-fenylenovou nebo p-fenylenovou skupinou. Z vysledkt dale
vyplyva, Ze k reaktivaénimu G¢inku neni nezbytna hydroxyiminomethylové skupina na
obou heteroaromatickych jadrech, uc¢inné jsou i slouceniny s jednou funkéni skupinou.
Autor diplomové prace se podilel na publikovani vysledki v odbornych

Casopisech (viz. oddil 7.17).
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6 Zaveér

Bylo piipraveno 15 novych potencidlnich reaktivatorii acetylcholinesterasy
s riznymi typy spojovaciho fetézce mezi pyridiniovymi jadry. Poté byla stanovena
jejich reaktivacni aktivita potenciometrickou metodou in vitro. Z naméfenych dat
vyplynulo, ze zddna sloucenina nedokazala reaktivovat tabunem inhibovanou AChE
v potiebné mife. Naopak byly nalezeny slouceniny, které dokazaly reaktivovat
paraoxonem inhibovanou AChE piiobou mefenych koncentracich — slouceniny
s alifatickym spojovacim fetézcem 16, 17, 18 a slouceniny s xylenovym spojovacim
fetézcem 22, 28, 29. Nejucinnéjsi se ukazala sloucenina 28, kterd v koncentraci 10°

mol/l ptekonala aktivitu referen¢ni latky obidoximu.
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Abstract: Six AChE reactivators with propane linker were synthesized using modification of currently known
synthetic pathways. Their potency to reactivate AChE inhibited by nerve agent tabun and insecticide paraoxon

was tested in

vifro. The reactivation efficacies of pralidoxime, HI-6,

obidoxime and six synthesized

reactivators were compared. According to the results obtained, three reactivators seem to be promising against
paraoxon-inhibited AChE. Better results were obtained for bisquaternary substances at least with one oxime
group in position four. None of the tested substances was able to satisfactorily reactivate tabun-inlibited

AChE.

Keywords: Acetylcholinesterase, reactivation, tabun, paraoxon, reactivator. oxime.

Organophosphorus compounds (OPC) are commonly
known as nerve agents (soman, sarin, tabun, VX etc.),
pesticides (chlorpyrifos. paraoxon, diazinon etc.), substances
used for industrial purposes (tributylphosphate) or as
therapeutic drugs (metrifonate) (Fig. 1) [1-4]. Their chemical
structure 1s derived from phosphonic and phosphoric acids or
therr thio-analogues respectively [1-2]. They are able to
inhibit enzyme acetylcholinesterase (AChE, EC 3.1.1.7)
irreversibly via phosphonylation or phosphorylation of
serine hydroxyle m enzyme’s active site (Scheme 1) [1-2].
The enzyme can not fulfil its physiclogical function
(cleavage of the neuromediator acetylcholine necessary to
termunate cholinergic  transmussion). The accumulated
acetylcholine causes cholinergic overstimulation and
subsequent cholinergic crisis which ending to the block of
breathing centre and subsequent death [2]. The threat of
intoxications by these compounds rapidly increases with
growing agricultural production and with menace of terrorist
attacks [5-6].

Anticholinergic drugs such as atropine are used to
counteract the effects of OPC at cholinergic receptors [7].
However, they are not able to treat the inhibited enzyme. For
this reason. the AChE reactivators are used to cleave the
covalent bond OPC-enzyme by nucleophilic attack and to
restore the activity of AChE (Scheme 2) [2]. The commonly

*Address correspondence to this author at the Department of Toxicology.
Faculty of Military Health Sciences, Trebesska 3, 300 01 Hradec
Kralove, Czech Republic; Tel: +420-873-251.523; Fax: +420-493-518-
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1570-1786/06 850.00+.00
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used reactivators are monoquaternary or bisquaternary
substances carrving hydroxyiminomethyl (oxime) group as
nucleophilic agent, e.g. pralidoxime (1. 2-hydroxyimino-
methyl-1-methylpyridinium chloride), oxime HI-6 (2, 1-(2-
hydroxyiminomethylpyridinium)-3-(4-carbamoylpyridinium)
-2-oxapropane dichloride), obidoxime (3, Toxogonmez, 1.3-
bis(4-hydroxyiminomethylpyridmimm)-2-oxapropane dichlo-
ride) (Fig. 2) [8-11]. There is none broad spectrum reactiva-
tor after more than fifty years of investigations [12-14].
Therefore, the development and selection of new effective
reactivators of AChE are very important.

C:Hs0,

0 .
CxH:0, 0
Ng? - Ny
canN” N /N
A Xy CaH: O (o] NO,
tabum pamoxon
Fig. (1). Structural formulae of organophosphorus  compounds

used.

In this work, the six substances bearing propane
connecting cham are presented (Fig. 3). Three symmetrical
substances (4-6) were prepared and described earlier in our
laboratory [15]. Moreover, three non-symmetrical com-
pounds (7-9) were prepared according to conventional
synthetic procedures [16-17]. At first. the monoquaternary
salts (10-12) were synthesized using excess of five equiva-
lent of 1.3-dibromopropane in acetone, where bi-products
occurs only in minor vields (Scheme 3). The mono-salts
were purified by recrystallization from acetonitrile (MeCN),
where bis-salts were almost insoluble [17]. Secondly, the

© 2006 Bentham Science Publishers Lid.
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Scheme 1. AChE inhibited by pesticide paraoxon.
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Scheme 2. Oxime induced reactivation by paraoxon-inlubited AChE.
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CH; CH;— 0— CHy CB— 0,
pralidoxime (1) HIS(2) ohidoxime (3)

Fig. (2). Structural formulae of reactivators currently used against OPC intoxications in clinical practise.

bisquaternary substances were completed in DMF using
double excess of comresponding hydroxyiminomethyl-
pyridine (Scheme 3). One of these non-symmetrical
substances was not previously published (8) and the six
substances were not presented altogether. Moreover, the
known literature does not contain satisfactory experimental
data but only yield, melting point and elementary analysis
[18-22]. In our case, the reaction conditions and yields were
exactly described especially in contrast to the foregomng
literature data [21]; NMR and MS analysis were firstly
added. The compounds were tested in vitre on tabun (GA)
and paraoxon-mhibited AChE.

ANTNTNE
HON=HC — | e | — CH=NOH
" 2Br o
Compound Oxime position
4 1,2-CH=NOH
5 3,3-CH=NOH
[ 44 -CH=NOH
7 1.3-CH=NOH
14.CH=NOH
9 3 4'-CH=NOH

Fig. (3). Reactivators tested agamst tabun and  paracxon-
inhibited AChE.

In vitro testing of synthesized oximes involved a
standard collection of experimental procedures. The 10% rat
brain homogenate (source of AChE) 1 water was inhibited
by GA or paraoxon to achieve 95% inhibition of AChE.
After 30 min of incubation with OPC, the reactivator was
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added to the solution for the next 10 min Activities of
mtact AChE (ag). inhibited AChE (3) and reactivated AChE
(a) were derived from the influence of consumption of
NaOH solution (0.01 M) on time The percentage of
reactivation (%) was calculated from the measured data
according to the formula:

ag - ay

S

. 100 [%]
- 1)

The whole method was described in detail previously
[23]. Pralidoxime, HI-6 and obidoxime of HPLC purity
previously synthesized in our laboratory were used as
references. Obtained data are summarized m Table 1.

The reactivation potency of tested compounds depends
on the structure of the OPC mhibitor [2. 14-17]. Moreover,
reactivator suitable for in vive experiments should exceed 10
% activity in vitro [24]. Therefore, it 1s extraordinarily
difficult to reactivate AChE inhibited by nerve agent GA
[25-27]. The lone electron pair located on the amidic group
makes the nucleophilic attack almost impossible [26]. In
addition, some structural changes occur 1 the cavity of GA-
mhibited enzyme [27]. In the tested group, there are only
two reactivators able to exceed 10 % reactivation at 10~ M
concentration. They both are well known oximes
obidoxime (3) and trimedoxime (6). No tested compound
showed satisfactory results at the concentration 10-5 M.

On the other hand. pesticides are known as less potent
mhibitors of AChE than the nerve agents [2. 29]. It was
found that commonly used “nerve agent’s” reactivators are
not suitable for pesticide intoxications treatment [30-31]. All
reference substances show abilify in reactivation of paraoxon-
mhibited AChE at the concentration 10~ M with one
exception (5). However, there are only five compounds with
reactivation ability at 10-> M concentration which i1s more
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Scheme 3. Two step synthesis of non-symmetrical bisquaternary

appropriate for human use. Tnmedoxime (6) seems to be the
most promising reactivator against paraoxon-inhibited AChE
at 107 M followed by two compounds (8-2) which exceed
obidoxime (3). Pralidoxime (1) and HI-6 (2) did not show
sufficient efficacy at the concentration 10~ M for paraoxon-
inhibited AChE. Moreover, the interesting phenomenon has
been found: these substances show higher reactivation ability
at lower concentration. It 15 probably caused by coincident
reactivation and mnhibition of the enzyme by reactivator itself
as was described earlier [14, 16-17].

Consequently, we can recommend following structural
factors appropriate for reactivation of paraoxon-inhibited
AChE by known and synthesized compounds [14]:

HON=HC

= _CH=NOH
/ é‘\]—((Hﬁ-—NQ 5
<_: B=NR Y/
79

compounds.

In the case of non-symmetrical oximes, there 1s an
mcreasing activity in the line of mixed positions 2-3.
2-4 and 3-4.

None of non-symmetrical compounds 1s superior to
trimedoxime (6).

Length and structure of connecting chain 1s another
important factor for the activity of the reactivator [14.
16-17]. The propane and butane connecting chain
were earlier found to be promising for tabun-inhibited
AChE [37].

MMoreover, quaternary nifrogen
affinity to the enzyme.

15 important for

In conclusion, series of six reactivators was prepared in

. The oxime functional group breaks d-_au-'n the ]-_’Gﬂd satisfactory yield and purity. Their ability to reactivate GA
OPC inhibitor-enzyme and it 1s essential for activity and paraoxon-inhibited AChE was measured in vitre. Three
of the reactivator [32-36]. compounds were found to be promising against paraoxon-

. Our results confirm that position and amount of inhibited AChE at concentrations accessible after
hydroxyiminomethyl groups influence the administration i vive. Pralidoxime and HI-6 were found to
reactivation potency [16-17, 32-33]. be not suitable for pesticide’s inhibition of AChE. The

. The symmetrical substances with oximes 1 positions reactivation potency of rhe_se compounds c_lepends on
2-2 and 3-3 showed less activity than in positions 4-4 structural factors such as position of the functional oxime
(trimedoxime, 6) l group at the pyridininm ring. presence of quaternary nitrogen

T and the constitution of the linking chain.
Table 1. Reactivation Potencies of Tested Oximes. The Results by Mean of Three Independent Determinations. Time of
Inhibition — 30 min; Time of Reactivation — 10 min: pH 8; Temperature 25 °C
Reactivation (%)
Inhibitor Tabun Paraoxon

Reactivator/Concentration 104 M 105 M 104 M 105 M

pralidexime (1) 41 0 2+1 0

HIL6 (1) 1x1 ax1 3522 0
obidoxime (3) 10 0 T6x2 37£2

4 0 0 6 0

5 0 0 9+0 0
6 30x0 0 46+1 S0£4
7 0 0 331 12+0
§ 0 0 250 320
9 8+0 0 411 43£2
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EXPERIMENTAL

Solvents and reagents were purchased from Fluka and
Sigma-Aldrich and wused without further purnification.
Reactions were monitored by TLC using DC-Alufolien
Cellulose F (Merck, Germany) and mobile phase BuOH-
CH;COOH-H,O 5:1:2, detection by solution of Dragendorff
reagent (Eur. Ph. 5.0, Vol. 1, p. 398, standard solution was
additionally dissolved in 10 ml of acetic acid and 50 ml of
water) Melting points were measured on micro heating stage
PHMK 05 (VEB Kombinat Nagema, Radebeul. Germany)
and were uncorrected. NMR spectra were generally recorded
at Varian Gemini 300 ('H 300 MHz, 13C 75 MHz, Palo
Alto CA, USA). In all cases, the chemical shift values for
'H spectra were reported in ppm (3) relative to residual
CHD,SO0CD3 (5 2.50), shift values for 13C spectra were
reported m ppm (5) relative to solvent peak dimethyl-
sulfoxide - dg 3 39.43. Mass spectra were recorded using
combination of high performance liquid chromatography and
mass spectrometry. HP1100 HPLC system was obtained
from Agilent Technologies (Waldbronn, Germany). It
consisted of vacuum degasser G1322A, quaternary pump
G1311A. autosampler G1313A and quadrupole mass
spectrometer MSD1456 VL equipped with electrospray
ionization source. Nitrogen for mass spectrometer was
supplied by Whatman 75-720 nitrogen generator. Data were
collected in posttive 1on mode with an ESI probe voltage of
4000 V. The pressure of nebulizer gas was setup to 35 psig.
Drving gas temperature was operated at 335 °C and flow at
13 l/min.

Preparation of Quaternary Salts

We used two synthetic pathways for the preparation of
bisquatemnary aldoximes (Scheme 3).

{A) Preparation of Moneguaternary Salts

A solution of the hydroxyiminomethylpyridine (4.0 g,
32.8 mmol) and 1.3-dibromopropane (16.7 ml. 163.8
mmol) 11 acetone (30 ml) was stirred at reflux. The reaction
mixture was cooled to the room temperature; the crystalline
crude product was collected by filtration, washed with
acetone (3x20 ml) and recrystallized from MeCN.

(B) Preparation of Bisquaternary Salts

A solution of the monoquaternary salt (0.50 g, 1.5
mmol) and hydroxyimmomethylpyridine (038 g 3.0
mmol) 1n DMF (10 ml) was stirred at 70-80 °C. The
reaction mixture was cooled to the room temperature and
portioned with acetone (50 ml); the crystalline crude product
was collected by filtration, washed with acetone (3x20 ml)
and recrystallized from MeCN.

1-(2-hydroxyiminomethylpyridinium)-3-(3-hydroxyimino-
methylpyridinium)-propane  dibromide (7). Prepared by
method B via (10). The reaction mixture was stirred at 80
°C and stopped after 7 h. Yield 0.34 g (49%). TLC Ry 0.15,
m.p. 156-158 °C (reported 248 °C) [21]. 'H NMR spectrum
(300 MHz, DMSO dg): & (ppm) 9.27 (s, 1H. PyrH), 9.11-
9.02 (m, 2H. PyrH). 8.77 (s. 1H, -CH=NOH), 8.67 (d, 1H.
T=8.0 Hz, PyrH), 8.55-8.45 (m. 1H. PyrH). 8.36 (d, 1H. T
= 8.0 Hz. PyrH), 8.29 (s. 1H, -CH=NOH), £.18-8.02 (m.
2H, PyrH). 4.89-4.70 {m, 4H. N-CHy), 2.44-2.39 {m, 2H.
-CH;-CHy-CHy-). 13C NMR spectrum (75 MHz, DMSO
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de): & (ppm) 147.13. 14581, 14538, 14440, 143.26.
142.53, 141.84. 141.29, 13337, 128.17. 127.45, 125.65,
57.66. 54.47, 31.31. EA: calculated 4038% C. 4.07% H.
12.56% N: found 40.42% C, 4.17% H, 12.51% N. ESI-MS:
miz 285.1 [M2"-H']" (calculated for [CysHgN4O2™-HT™
286.14).

1-(2-hydroxyiminomethylpyridininm)-3-(4-hydroxyimino-
methylpyndinium)-propane  dibromide (8). Prepared by
method B via (10). The reaction mixture was stirred at 80
°C and stopped after 7 h. Yield 0.37 g (54%). TLC Ry 0.15,
mp. 231-233 °C (reported 2185 °C) [19]. 'HNMR
spectrum (300 MHz, DMSO dg): & (ppm) 9.12 (d, 1H. T =
6.3 Hz. PyrH). 9.07 (d. 2H. T = 6.5 Hz. PyrH). 8.80 (s, 1H.
-CH=NOH), 8.57-8.48 (m. 1H, PyrH), 8.44-8.34 (m. 2H.
PyrH + -CH=NOH). 8.23 (d. 2H. T = 6.5 Hz, PyrH). 5.13-
805 (m. 1H, PyrH), 4.84 (t. 2H. T = 7.4 Hz N-CHy-). 475
(t. 2H. T = 7.4 Hz, N.CHy-). 2.46-2.41 (m, 2H, -CHy-CHy-
CHa-). 13C NMR spectrum (75 MHz, DMSO dg): 3 (ppm)
148.49, 14713, 14537, 14509, 14131, 12746, 125.69.
124.08, 58.87, 5446, 31.33. EA: calculated 40.38% C.
4.07% H. 12.56% N; found 40.48% C, 4.19% H, 12.42%
N. ESIMS: m/z 2851 [MI-H']" (calculated for
[C15H N0y -H" 286.14).

1-(3-hydroxyiminomethylpyridinium)-3-(4-hydroxyimino-
methylpyridinium)-propane  dibromide (9). Prepared by
method B via (11 or 12). The reaction mixture was stirred at
70 °C and stopped after 10 h. Yield 0.24 g (35%), TLC Ry
0.15. mp. 206 °C (reported 208 °C) [21]. 'HNMR
spectrum (300 MHz, DMSO dg): & (ppm) 9.19 (s, 1H.
PyrH), 9.00-8.91 (m, 3H. PyrH), 8.56 (d. 1H, J = 8.0 Hz.
PyeH). 8.28 (s. 1H. -CH=NOH), 8.18 (5. 1H, -CH=NOH).
8.09 (d, 2H. J = 6.0 Hz, PyrH), 8.06-7.97 (m. 1H. PyrH).
4.69-4.50 (m, 4H, N-CHy-). 2.33-2.29 (m, 2H. -CH,-CHo-
CH;-). 13C NMR spectrim (75 MHz, DMSO dg): & (ppm)
148.52, 145.16, 14505, 14451, 14322 14266, 141.72,
13341, 12816, 12405, 57.65, 356.89, 31.50. EA:
calculated 40.38% C. 4.07% H, 12.56% N: found 40.18%
C. 423% H. 12.25% N. ESLMS: m/z 285.1 [M2F-HT
(calculated for [C5HgN4O22F-HTT* 286.14).

1-(3-bromopropyl)-2-hydroxyiminomethylpyridinium bro-
mude (10). Prepared by method A. The reaction mixture was
stopped after 75 h. Yield 0.86 g (8%), TLC Ry 0.5, mp.
162-165 °C. 'H NMR spectrum (300 MHz, DMSO dg): &
(ppm) 9.30 (d, 1H, T = 5.6 Hz. PyrH), 9.07 (d, 1H. T = 6.0
Hz. PyrH). 8.76 (s, 1H. -CH=NOH). §.53-8.45 (m. 1H.
PyrH), §.35-8.24 (m, 1H, PyrH), 6.27-6.20 (m, 2H, -CH,-
Br). 5.48-532 (m, 4H. N-CH;-CH3). 13C NMR spectrum
(75 MHz. DMSO dg): & (ppm) 163.19, 148.66, 145.87.
145.04, 13045, 125.87. 6081, 6027 3439 EA:
calculated 33.36% C. 3.73% H. 8.65% N: found 33.59% C.
3.82% H. 8.98% N. ESI-MS: m/z 243.1 [M*] (calculated
for [CgH12BrN>07] 243.01).

1-(3-bromopropyl)-3-hydroxyiminomethylpyridintum bro-
mude (11). Prepared by method A. The reaction mixture was
stopped after 8 h. Yield 6.21 g (59%), TLC Rr 0.5, mp.
141-144 °C (reported 147.5 °C) [20]. !H NMR spectrum
(300 MHz, DMSO dg): & (ppm) 9.29 (s, 1H, PyrH), 9.07
(d. 1H.T= 6.0 Hz. PyrH). 8.71 (d. 1H. T = 8.0 Hz. PyiH).
8.32 (s. 1H. -CH=NOH). 8.18-8.11 (m. 1H. PyrH). 4.72 (1.
2H.J=7.0 Hz, -CH>-Br). 3.57 (1. 2H. T = 6.6 Hz. N-CH»-
), 2.49-2.44 (m, 2H, N-CH,-CH>-). 13C NMR spectrum (75
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MHz, DMSO dg): & (ppm) 14457, 14322, 142.80, 14152,
133 .40, 128.10, 59.71, 32.95, 30.15 EA: calculated 33 36%
C.3.73% H. 8.65% N. found 33.96% C. 3.85% H. 8.91%
N.ESI-MS: m/z 243.1 [M*] (caleulated for [CoH;oBrN,0%]
243.01).

1-(3-bromopropyl)-4-hydroxyimmomethylpyridinium
bromide (12). Prepared by method A= The reaction mixture
was stopped after 8 h. Yield 7.64 g (72%). TLC Ry 0.5,
myp. 184-186 °C (reported 166.5-167, 181-182. 178- 181
°C) [18. 21.22]. 'H NMR spectrum (300 MHz. DMSO dg)
is consistent with literature data (22). 13C NMR spectrum
(75 MHz, DMSO dg): & (ppm) 14845, 145.19. 145.04,
124.02, 5891, 3298, 30.15. EA: Calculated 3336% C,
3.73% H 8.65% N found 33.26% C, 3.84% H, 8.80% N.
ESI-MS: m/z 243.1 [M*] (cal-:ulated for [’C.ng]BI’N]O+]
243.01).

Biochemistry

The 10% rat brain homogenate was used as a source of
ACHE. The brain homogenate (0.5 ml) was mixed with 20
pl of 1sopropancl solution of tabun (O-ethyl-V,N-
dimethylphosphoramidocyanidate, obtained from  the
Military facility Bmo, 95 % purity) or paraoxon (0,0-
diethyl-O-(4-nitrophenyl)phosphate,  analytical  standard
99.2% from Sigma-Aldrich) and distilled water (0.5 ml).
The mixture was incubated at 25 °C for 30 minutes to
achieve 95% inhibition of AChE. 2.5 ml of solution of
sodinm chloride (3 M) was added to the mixture with
distilled water upto the volume of 23 ml. Finally, 2 ml of
solution of acetylcholine iodide (0.02 M) was added. The
enzyme activity was measured at pH 8.0 and temperature 25
°C on autotitrator RTS 822 (Radiometer, Denmark). The
same procedure was repeated with enzyme further subjected
to 10 min incubation with the reactivator.
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