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Jloktopcka aucepranuja je ypahena y MHctutyTy 3a xemujcke Hayke [IpupomHo-

MaTemMaTHukor (pakynrera, YHuBepaurera y Kparyjesiy.

Ca BeNMKUM TIOIITOBAaEKEM, HCKPEHO C€ 3axBajbyjeM MeHTopy nap 3opunu [l
[TerpoBuh, penoBaom mpodecopy IlpupomHo-maTematnukor dakynrera y Kparyjesimy, 3a
IpeIOKEHY TEMY U MPYKeHY HeceOMYHY MOAPIIKY TOKOM H3pajie U MUCama 0BE JOKTOPCKE

JcepTalyje.

Uckpeny 3axBanmHocT ayryjeM u mnpodecopy ap 3opany Mapkosuh ca Jlp»kaBHOT
yauBep3utera y HoBom [lazapy Ha Bennkoj momohu mpu u3pajyl ¥ KOPUCHUM CaBeTUMa

TOKOM IHCama AUCepTaluje.

[TocebHo ce 3axBasbyjem mpod. ap Hparany Amuhy ca I[lossonpuBpentor ¢dakynrera
Ceeyunnuiura Josipa Jurja Strossmayera y Ocujeky Ha KOPUCHUM CaBETUMa TOKOM HU3pajie

JIOKTOPCKE uCepTalyje.

3axBasbyjem ce u mpodecopy np Henmespky ManojnoBuhy, penoBHoM mpodecopy
dakynrera MemMIMHCKMX Hayka y KparyjeBmy, kKao W Hay4HUM capajHUOUMa JOp
Bnanumupy Ilerposuhy u np Mapky ’KusanoBuhy ca Ilpuponno-maTemMaTHukor Qaxynrera

y KparyjeBily Ha KOpUCHUM caBeTHMa TOKOM H3pajie JrcepTalyje.

ITocebHO ce 3axBajbyjeM CBOjUM Kouyierama u3 McTpaknBayko-pa3BOjHOT IEHTpaA 3a

ononmxemepHUr - buolPL] Ha BeIHMKOj KOJIETHjaIHOCTH TOKOM U3pajie JUcepTaluje.

HajBehy 3axBaJlHOCT AyryjeM CBOJUM pPOJUTECJbMMA W TpHjaTeJbMMa Ha BEIIUKO]

noapmny TOKOM HU3paac U nucama ,Z[I/ICepTaI_II/Ije.
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H3BoOA

Muora npupogHa mnonudeHONHA  JedumBEma ce  cMaTpajy  JA00puM
anTHoKcuaanTuMa. O Kajga je YOueHO Ja Wrpajy KJbY4HY YyIory y oadpamOeHom
MEXaHH3My OWOJIONIKUX CHUCTeMa, BUMa ce mpuaaje jom Behw 3Hauaj. Mako ce y
IPUPOIN MOKe HahW IMIMPOK CHEKTap jeANeHa OBOT TUIA, 300T PAa3IMYUTUX JbYJICKHX
nmotpeba jaBiba ce cBe Behe uHTEpecoBame 3a CHENU(PUYHMJUM AaHTHOKCHIAHTHUMA
¢deHonHOT THMA, 300T Yera ce Ha HUXOBO] CHHTE3M JaHAC MHTEH3UBHO paau. MehyTtum,
MaKo Ce MOKa3ajo Ja CHHTETHYKHA aHTHOKCHJIAHTH MOKa3yjy W3y3eTHE OCOOMHE M UMajy
3HauYajHy NpUMEHYy (HIOp. Y mpexpamOeHOj MHAYCTPHUjU), MOpa Ce€ BOJIUTH padyyHa O
HbMXOBOM ITOTEHIINjATHOM IITETHOM e(eKTYy.

Y mocnenmoj JekaaM ce 3HayajHa Naxma 1nocBehyje  pacBeTshaBamy
AYIUCTHYKOT  aHTHOKCHJATHBHO-TIPOOKCHIATUBHOI  TIOHAIIakha  NPUPOAHHX U
CHHTETHYKHX (DCHOJHUX W TOJU(ECHOIHHUX jeaum-erha. HammMe, mokaszano ce ga ce mop
onpehenum in vitro ycioBrMa Heka (heHONMHA U MOJU(PECHOIHA jeIUbeba, TIOHAIIA]y Kao
I00pY aHTHOKCHJIIAHTH, JIOK ce y henuju, OTHOCHO HOPMAIHOM OHMOJIOIIKOM OKPYXKEHY,
MOHAIIA)y Ha Jpyrauvju HauuH. Y henmujckoj cpenwHU OBa jelumbera, Hajuemihe,
UCIOJbaBajy TMPOOKCHUAATUBHO JAEJCTBO, Tj. HHIYKY]Y XHIEPHPOIYKIH]Y aKTUBHUX
KHCEOHWYHUX BPCTa, IIPEe CBEra CYMepOKCH]I aHjOH pajiuKaa.

VY oKkBUpY OBe AMcepTaldje UCIHUTAaHE Cy aHTHOKCHIATHBHE W MPOOKCHIATHBHE
ocoOuHe (eHOTHUX jenumema. Kako Ou ce MCHUTAIM MEXaHU3MU aHTHUPAJIUKAJICKOT
JIeJIoBama MPUPOJHUX jeubeba (peHomHor TuMa ypalheHa je aHanu3a rajHe KUCeluHe
Kao HUXOBOI MpejacTaBHHKa. Takohe, Meromama Teopuje (yHKIMOHajla  TyCTHHE
UCIIUTaHa je aHTUpaJuKajcka akTHMBHOCT cuHTeTucaHux IludoBux 6aza. YV mumy
eKCTICpUMEHTATHOT HMCIUTHBAaKkha aHTHOKCUIATUBHE aKTHBHOCTH JOOHMjeHUX (EHOITHUX
jemumewa (IlIndoBux 06aza) kopumhenn cy DPPH Tect m umHXuOuuuja eH3zuma
JIMIIOKCHUTEHA3a, JIOK je HUXOBa NMPOOKCHAATHBHA AaKTHBHOCT TeCTHUpaHa INn Vitro Ha
henujckuM TMHMjaMa MPUMAPHOT KaHIepa JAe0esIor 1peBa U CeKYHIapHOT KaHIepa JI0jKe,

Kao 1 Ha 31paBuM hemnjama MRC-5.



JloOujeHn pe3ynataTtd Cy OJf HaydHOT 3Haudaja jep Aajy JONMPHUHOC pa3jalllbemny
AHTHOKCHJIATUBHOT, OJHOCHO aHTHPAJMKAJICKOT IOHAIIakma (PEHOIHUX jeIUbCHA |

BHUXO0BOT, in vitro TCCTUPAHOT IMPOOKCUAATUBHOI', OTHOCHO HUTOTOKCUYHOI ACJIOBAhA.



Summary

Many natural polyphenolic compounds are considered to be good antioxidants.
Since it has been noticed that they play an important role in the defense mechanism of
biological systems, they are given even greater significance. Although a wide range of
compounds of this type can be found in nature, because of different human needs, there is
an increasing interest in synthesis of more specific antioxidants of the phenolic type,
which is why their synthesis is in focus these days. However, although synthetic
antioxidants have been shown to exhibit exceptional traits and have significant
application (e.g. in the food industry), their potentially harmful effects must be taken into
account.

In the last decade, considerable attention was devoted to illumination of dualistic
antioxidative-proxidative behavior of natural and synthetic phenolic and polyphenolic
compounds. Namely, certain in vitro conditions have shown that some phenolic and
polyphenolic compounds behave as good antioxidants, whereas they behave in a different
way in a cell or a natural biological environment. Most frequently, in the cellular
environment these compounds exhibit a prooxidative effect, i.e. induce hyperproduction
of active oxygen species, primarily superoxide anion radicals.

Within this dissertation the antioxidative and protoxidative properties of phenolic
compounds were examined. In order to investigate mechanisms of antiradical action of
natural compounds of the phenolic type, analysis of gallic acid as their representative was
performed. Also, the methods of density functional theory (DFT) were applied for the
investigation of the antiradical activity of the synthesized Schiff bases. For the purpose of
experimental testing of the antioxidant activity of the obtained phenolic compounds
(Schiff bases), DPPH and lipoxygenase enzyme inhibition were used, while their
prooxidative activity was tested in vitro on the cell lines of the primary colon cancer and
secondary breast cancer, as well as on healthy MRC-5 cells .

The obtained results are of scientific importance because they contribute to the
clarification of the antioxidative and/or antiradical behavior of phenolic compounds and

their in vitro tested prooxidative or cytotoxic action.
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1.1. AHTHOKCHIAHTH

Hayuna uctpaxuBama U3 00JIacTH XeMHje, OMoXeMHje U MEIUILIMHE OJIYBEK CY,
Kao0 jelaH Of IIMJbEBA, UMaJla M TOOOJBIIAE 3IPABCTBEHOT CTama Jbyau. On TaBHUHA je
MOCTOjaJIa MMOBE3aHOCT YOBeKa M Omsbaka. Hajmpe je uoBek KOpUCTHO OMJBbKE 32 HCXPaHYy,
a KacHHUje U 3a Jeuewme. KuHecka Kmura o Kopemy U TpaBama ,,Pen Tsao”, ayropa Shen
Nunga (2900 roamna 1m.H.€.) cMaTpa ce HajcTapujoM (GapMakoIriejoM Ha CBETY. Y O0j je
nat onuc 365 OWIJbHUX Jpora, oJ KOjUX ce MHOTe W JaHac ynorpeOspaBajy. TpermaHu
OMJBHUM EKCTpaKTUMa M jelIUICHhHMa HM30J0BAaHUM W3 MPUPOIAHHUX H3BOpa Cy Iyro
NpeCTaB/baldi  HE3aMEHJ/bMBH M TOTOBO jenuHH BuUI Jieuewa [1]. Tpamunmonanna
MEIMIMHA j& 3aCTYIUbCHA IIUPOM CBETa W OHA CE 3aCHMBA HAa KOPHIINEHY MPUPOIHUX
npou3Boja. 3axBasbyjyhMl HCIUTHBABY XEMHUJCKUX, OHONOMKHX ¥ (HapMaKOJIOUIKUX
ocoOMHA TPUPOJHUX MPOU3BOJAA JIOOMJEHU CYy MHOTU TEPANCyTCKH arcHCH KOju ce
KOPHUCTE Yy CaBPEMEHOj MEAMIIMHM, Kao IITO Cy: MOpGUH U3 OmUjymMa KoOju ce nobuja
3acerameM uaypa Maka (Papaver somniferum) koju ce KOpPHCTH Kao aHAJIETHK,
JUTUTOKCUH M OCTAJM TJIMKO3WAM HW30JIOBAaHH W3 PA3IMYUTHX BpPCTa JIUTHTAINCA
(Digitalis spp.) xoju ce KopucTe 3a jedyene 00JeCTH Cplia, TAKCONI U3 Manu(pUUKe THUCE
(Taxus brevifolia) Hamao je mpumeHy y Jedemy KaHIEpa, KUHHUH H30J0BaH U3 KOpE
kuHrHOBOT npBeta (Cinchona spp.) ce mpuMmemyje 3a Jieuele Maiapuje, acClupuH H3
Kope Hekux Bpcra BpOa (Salix Spp.) ciyxu Kao aHAJITeTHK, AHTUIHPETHK |
anturHpnamatopuk, kopenH u3 kape (Coffea arabica) je najuemhe kopumthenn
crumysauc [2].

OBu mpou3BOAM MMajy 3HA4YajHy YyJOTy y ¢apMaineyTcKkoj WHIYCTPUJH, alld CY
HAIUTH ¥ IIHPOKY NMPUMEHY y POM3BOMBGN TUJETETCKUX CyIUIeMeHaTa U (yHKIIMOHAITHE
XpaHe.

Heke Ousbke, Koje Ha3MBaMO JIEKOBHTHUM, MMajy OJIarOTBOPHO JEjCTBO Ha
3paBjb€ JbYAM 3axBaJjbyjyhm BHCOKOM cajapxkajy pa3sHOBPCHUX (UTOXEMH)CKUX
jenvmbema, 01 KOjuX Cy Haj3acTylbeHHja QeHoNHa jeaubeba [3]. DenonHa jeaumena
Cy BEOMa paclpoCTpameHH IPOU3BOAM  CEKyHIAapHOT MeTa0onu3Ma Ousbaka H
AHTUOKCHUJIATUBHO JIENIOBalbe€ OMJBHHUX eKCTpakaTa YIJIaBHOM C€ Be3yje 3a HHXOBO

MPUCYCTBO. JeaHa OJ] TTIaBHUX KapaKTEPUCTHKA OBE IPYIE JeIUEHa j€ BeoMa H3paxeHa
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AHTHOKCHIaTHBHA W aHTHpaanKajacka akTuBHOCT [4]. [TocToje nuTepaTypHH Moaanu Koju
TOBOpPE O TEPANMjCKOM JICIOBalky OBHX jeIUIbEHA, KA0 INTO Cy: aHTHOAKTEPH]jCKO,
aHTUMH(IAMATOPHO, AHTUAIEPTH)CKO, AHTUMYTAreHo, aHTUBUPAIHO U aHTUKAHLIEPOTE€HO
[5].

[TpucycTBo aHTHOKCHIaHATa y )KUBHUM OpPraHM3MHMA j€ OJl BUTAIHOT 3HAadaja jep
aepoOHH OpraHu3MH IN VIVO KOHTHHYAITHO CTBapajy CIIOOOJHE paayKajie U PEaKTHBHE
BpPCTE€ KHCEOHHWKA, IITO MOXE Ja JoBeAe 1o omrehema henwja W TKMBA INTO Jajbe
y3pOKyje Benuku Opoja obosbemwa [6]. McrpaxkuBama y obmactu xemuje, OMOXeMHje U
MeauirHe noTBphyjy na Bohe, moBphe, 3a4MHCKO U JIGKOBUTO OMIbE, YKUTAPHIIE U APYyTe
HAaMUpPHUIIC OMJBHOT TOpPEKJIAa, Ka0 M HUXOBH EKCTPAKTH, CaIpKe AHTHOKCHUIAHTE:
3Ha4YajHe KOJMUMHe (PEHONHUX jeniberba, BUTaMuHe (ButamuH E, Butamun L), Tepriene
u gap. [7]. 3BaxBamyjyhm ToMe TmoOKa3yjy aHTHUHEOIUIACTHYHA, AaHTHBHUPAJIHA,
aHTUMH(IAMATOpHA,  aHTHAJEPrHjcKa W AHTHOKCHAAaTHBHa  cBojcTBa  [8].
AHTHOKCHIATUBHA aKTHBHOCT (PCHOJHHX jeIUIbCHa 3aCHHBA CE€ HA HUXOBOM PEIOKC
MOTCHIIMjaly, TIa CTOTa OHM MOTY Ja JAeNyjy Kao penykyjyhm areHcu, Mory na Oymy
,,CKEBEHIIEpH"* CHHIJICTHOT KUCEOHHUKA, J1a OTITYIITajy BOJOHUK U XenaTusyjy metaie [9].
ITopen Beh mnomenytux, «¢eHolHA jeAMmEea IMOCeqyjy JApyra OHOJOLIKa U
(dapmMakosomka /ejcTBa, LWITO yKa3zyje Ja OHM y 3HAa4yajHO] MEpPU yTUUy Ha OCHOBHE
henujcke GyHKIMje Kao MITO Cy pacT, Aeoda u/uiu cMpT henuje (arnonrosa).

AHTHOKCHIAaHTH CY jelHmbema Koja, NPUCYTHA Y MMM KOJIMYMHAMA Y
oarosapajyhem cymncTpaTy MoJI0’KHOM OKCHJAIMjH, 3HaYajHO HHXUOMPAjy UM MOTIYHO
CrpeydaBajy OKCHIAIUjy TOT CylcTpara.

AHTHOKCHIAHTH Cy TIPBH IyT yMOTPeOJbEHH y NIEBETHACCTOM BEKY y MPOWU3BOIU
ryme, kaja je npuMeheHo Ja HeKH MOJIKYJIH MOTY Jia YCIIOpe JIerpajialiijy Mpou3Boja u
noOoJblIajy mpolec ByikaHu3auuje. JlaHac 3HamMo Ja peakuuje Koje ce O/ABMjajy Y
IpoIiecy MPOU3BOJIHE TyMa YKIbYUyjy ClI000HE pajuKalie, KHCEOHUK, U aHTHOKCH/IaHTe
kao peaktante [10]. V mBajeceToM BeKy aHTHOKCHIAHTH Cy YBEJICHH M y TpOIECe
MPOM3BOJKE Y MpPexpamMOCHO] WHAYCTPHJU, KA0 KJBYYHO CPEACTBO 3a Cy30Hjame
OKCHJATHBHE JIeTpajalnje CKIaJuIlITeHe XpaHe. Y TOM CMUCIy, Tpeba uctahu, 1a je y To
BpeMe MEXaHHM3aM OKCHJallMje Kao M AaHTHOKCHJIATHUBHH e(eKaT MOorao OUTH ONMCaH

camMO EMITMPHJCKU U J1a Cy CaMO HACHTU(HUKOBaHA HEKa JeIUI-EHa, OJHOCHO YBEIEHE
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onrosapajyhe mporeaype Koje MOTy JIOBECTH J0 yCIopaBama Jerpajalnje U yKeriocTH
npousBoaa [11]. V neBerHaecToM BeKy IIaBHH (POKYC je OMO Ha WMCIUTHBAKY BE3E
u3Mmel)y XeMmHjcke CTPYKType ¥ aHTHOKCHAATHBHE/TIPOOKCHIATHBHE aKTHBHOCTHU
AHTHOKCH/IaHATA.

Tpunecerux roauna aaaeceror Beka Anoept Cent bephu (Albert Szent-Gyorgyi) je
aHanu3upajyhu mporec mpomene 0Ooje jabyka (TaMmeme), OTKpuo BUTamMuH LI, m TO
oTkpuhe npeacTaBiba MPEKPETHHUILY Y PaBOjy 3HaHa O aHTHOKCHUIAHTUMA.

AHTHOKCUIAHTH, KaKO MPUPOJIHHU, TAKO U CHHTETUYKH, IPEACTaBIbajy HE3a00MIa3Hy
TeMy MHOTHX Hay4YHHX CTyAHja. 3acTYIUbCHO j€ MHIIJBCHE J1a CYy JeIUbEHha Koja
MOKa3yjy aHTHOKCHIATHBHE OCOOWMHE OJJIMYHA CPEJICTBA 32 MHXHOUIHM]Y MPEKOMEPHOT
HACTaHKa PEAaKTUBHUX KHUCEOHWYHUX BpcTa. Mako HEKe CTyAWje JOBOJE Y IHTabe
IYropouHy ymnoTrpeOy aHTHOKCHIAHTA, TOCIEIHIEe HUXOBOT HEIOBOJFHOT YHOCA CYy
ounrienHe. 3abenexeHu cy OpojHU IPUMEPH YCIICIIHOT KOpHIThema aHTHOKCH IaHATa 33
yOnakaBambe TATOJIOIIKHX IOCIEANIA OKCHIATUBHOI CTpeca. AHTHOKCHIATHBHA
aKTUBHOCT BehwHe (PEHONHMX AaHTHOKCHAAaHATa Oryie[]a Ce Yy CIHOCOOHOCTH J1a yMambe
omreheme HACTaIO JejCTBOM CIOOOMHUX pajuKaia u Aa yBehajy mHTEH3HMTET edekara
KOjU yCIIOpaBajy CTapeme.

Kpajem nBameceror Beka (1995) bepu Xamusen (Barry Halliwell) je mepunucao
aHTHOKcHaaHate Kkao: ,,Cyncmanye Koje, Kkada ¢y 3ACMynmeHe Y  HUNICUM
KOHYenmpayujama y 00OHOCy HA CYNCmpam Koju nooaedxce OKCUuoayuju, mMoey 3Ha4ajHo
oonodcumu U UHXUOUpamu 1e208y oxcuoayujy U oBa NePUHMULMjA je OIILTe
npuxBahena [12]. V nuteparypu ce Hawiasd W Ha Apyre AePHHUIU]E KOjE OMHUCY]y
AHTHOKCHUJIaHTE, Ka0 Ha PUMEP J1a CY TO ,,CYNCHMAHYe Koje OUPEeKMHO X8AmMajy uiu 0enyjy
UHOUPEKMHO MAKO WMo UHXUOUPAjYy NPOOVKYUJY DeakmuHux 6pcma KUCEOHUKA
peaynucarbem anmuoxcuoamuere ooopane [13].

AHTHOKCHIAaHTH TIOCTIE peakllhje ca pPaauKaIoM Ipela3e caMd y paJuKalCKe
o0nMKe KOoju Cy CTa0WIHHjU OJf paaukaia Koje ,XBarajy”“. JemaH o7 HauuWHa
cTabmwin3aiyje paguKaICKUX OOJMKa MOJIeKyJa aHTHOKCHIaHaTa je rpaheme
WHTPAMOJIEKYJICKAX BOJOHUYHHX Be€3a ycCJed KOJjUX MOIJIEKYIH  CIOpHje TMOMIEKY

OKCHJAIH]H.
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VY OHOJOMKUM CHCTEMHUMa aHTHOKCHAAHTH JENy]y Kao WHXHOUTOPU peakivja
oKcuaanyje (HOp. TPEBEHTUBHU AHTHOKCHUIAHTH Y peakiuju uHXuOunuje rpahema
CJIO00HUX JIMMTUAHUX paJMKaia); MPEKUIajy JJaHIaHe peakinje ayTooKcuaanuje y dhasu
mpornaranuje; eJIMMHHUINY JIeJCTBO CHHIJIETHUX OOJNHMKa KHCEOHUKA; JIeNyjy
CHHEPTUCTHYKU Ca JPYTUM aHTHOKCHIAHTHMA; JeNyjy Kao PEayKIIMOHAa CPEICTBA M
NPEBOJIC BOJIOHHWK TICPOKCH] y CTaOWIHA jeIUbCHa; Jelyjy Kao XelnaTropu joHa

npeNia3HuX MeTalla U Ka0 MHXHOUTOPH NMPOOKCUIaTHBHUX eH3uMa [12-14].

Tokom eBonynuje aepoOHH OPraHMU3MHU CY Pa3BWIIM CIIOKEHE aHTHOKCHUIATHBHE
CUCTEME 3alITHTE Ja Ou Cce CYNPOCTAaBUIM TOKCUYHOM JeNIOBamkby PEaKTUBHUX BPCTa
KUCEOHHUKa (eHr. ‘reactive oxygen species”- ROS). Tu 3alITUTHH CHCTEMH CE€ MOTY
MOACIUTA y JABE TpyIe: YHyTpallmke (CHIOTeHe) W croJbalimke (er3orene). EHmorenu
eH3UMH  (Karajas3a, TJIyTaTHOH TIEPOKCHJa3a WM  CYNEPOKCHI  OU3MyTasa),
MeTanonpoTenHu (Ha 0a3u Oakpa M rBokha) M aHTHOKCHUIAHTH KOjU HE HCIOJbABA]Y
€H3UMCKY aKTUBHOCT (koeH3uM Q10, peTuHON-BUTAaMUH A U ypea) cra/iajy y YHYTpallhe
cucTeMe 3alTuTe. AHTHOKCHIIAHTH KOje C€ y OpraHu3aM yHOCE ITyTeM HCXpaHe WIH
yrnorpebom cymieMeHaTa (acKkopOWHCKa KucenuHa-BuTamuH LI, Tokodepon-sutamun E,
beHonHe KucenuHe, GpIaBOHOUAU | Jp.) Claaajy y ersoreHe cucreme 3amrure [15]. Ha

CIIMou 1.1 IIprUKa3aHa Cy KOpucCHa CBOj CTBa aHTHUOKCHUAaHTa.
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AHTUMHDNAaMaTOPHU
yTuaj:

Ievere paka

AnTuanjabeTcka,
XEenaTornpoTeKTUBHa,
HethponpoTeKTUBHA U
aHTUMKUKpoOHa
aKTUBHOCT

XBaTatbe peakTMBHUX

BPCTa KMCEOHMKa 1
ycropaBatbe
cTapeta
AHTHKaHLeporexsu
yTuuaju:
CnpeyaBa BuTanHe
curHanHe gorahaje u

& npoy3poKyje
S anonTosy
)
/ [

AHTUOKCUOAHTU:
MyHO3aWTUTHN
yTuuajn
— \\\‘\‘ A
~ CenexmisHa
nHxubnumja npotenHa
< / Koja ce yCnewHo
N/ KOPUCTH 33 TpeTMpakLe
Anuxajmepose Gonect,
KaHuepa aebenor upesa
PasyMeBay-b_e W naHkpeaca
npoueca Hactajakba
KaHLeporeHux
henja

Crmuxka 1.1. KoprcHa cBojcTBa aHTHOKCHAaHATA

1.2. IIpookcHAAHTH U OKCHIATHBHHU CTPeC

XeMujcke BpCTe KOjeé MHIAYKY]Y OKCHJATUBHU CTPEC MPOJYKIIMJOM PEAKTUBHUX

PaMKaJICKUX BPCTa WM UHXUOUILIM]JOM aHTHOKCUJAIIMOHOT cucTeMa o10paHe feuHuITy

ce kao npookcuaanty [16]. Yiory npookcuaanata y OMOIOIIKAM CHCTEMUAMA YTJIABHOM

uMajy peakTHBHE BPCTE KMCEOHMKA U a30Ta. [IpookcuaanTi Mory OUTH Kiacu(pUKOBaHU

y Z1Be Besuke rpyne. [IpBy rpyiy unHe er3oreHu, a Apyry €HA0reHH NpookcuaanTu. OBe

JIB€ BEJMKE Tpyle Cy Jajbe MOoJeJbeHE Ha BENUKU Opoj moArpyna. AHTHOKCHJIAHTH

crajajy y rpyIy er3oreHux npookcuaanta (ciauka 1.2).
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Cnuxka 1.2. Tlogena npookcugaHaTa

OxcugaTHUBHU CTpeC MpeicTaB/ba MPOIEC MPEKOMEPHE MPOU3BOIBE CI000IHUX
paauMkana Koja mpemaniyje ofOpamMOeHe KamaluTeTe OpraHu3Ma INTO JOBOAH 10
omrehema BaXXHUX OMOMOJIEKYJIA Kao INTO Cy HYKJIEUHCKE KHCEIWHE, aMUHOKHCEITUHE,
monekymu JIHK, mnporemnn wu ap. OpxpkaBamkeM paBHOTEXE u3Mel)y HacTaHKa
PEaKTUBHUX PAJUKAICKUX BpcTa (MPOOKCHAAHATA) U [IENOBakba AHTUOKCHUIATHBHHX
cucreMa oA0paHe OJip)KaBa Ceé HOPMAIHO (PYHKIMOHHCAHmE OMOJOMIKMX cucTeMa (T3B.
pEelOKC paBHOTEXA WIM PEJOKC xomeocTasza). Ilomepamem paBHOTEXkE y OWIO KOM

npaBiy Moxke mohu no omrehema hemmja m opranmsma y nenuHd. [lomepamem

16



paBHOTEXE Yy NIpaBIly MopacTa KOJMYMHE IMPOOKCHIaHATa HAcTaje OKCHAATUBHU CTpEC,
JIOK TIOMEpameM PaBHOTEKE Ka MOpacTy KOJIMYMHE aHTUOKCHJaHATa HACTaje PeIyKTUBHU

crpec (Crnuka 1.3) [17].

OKCUAATUBHU U PeaYKTUBHU CTPec

lpookcudaHmu AHMuUOKcudaHmu

MpookcudaHmu T T AHmMuoKcudaHmu

OKCcMAaTUBHU PepKyTMBHMU
cTpec cTpec

Cnuka 1.3. yTI/II_[aj IMPOMCHEC KOJIMYNHEC IIPOOKCUAAHTA U AHTHOKCHIaHTA Ha PABHOTCIKY

(BeJMKa CTpeNHIia) ~-OKCUIATUBHH WU PeIyKTUBHH cTpec [17]

bpojua marodusmonomka crama Kao LITO Cy HEypoJereHepaTuBHE OOecTH
(AnmxajmepoBa 6osect, aMmuoTpoduyHo snatepansa ckieposa (AJIC), layHoB cuHIpOM,
uta.) [18, 19], mamurue 6omnectu, nujaderec [20, 21], cenca [22], aprepockiepo3sa [23] u
npoiiec crapema [16] HacTajy kao mocieania OKCHIaTUBHOT cTpeca. [lopen mpeTxoaHo
HaBEJCHUX PEaKTUBHUX PAMKAJICKUX BPCTa, Y3POIM HACTajalba OBAKBHX TEIIKUX CTaba,
MOT'Y OWTH M MTPEKOMEPHO HM3JIarahe CYHYEeBOj CBETIOCTH, TYBAHCKH UM, MEANKAMEHTH,

joHusyjyhe 3paueme, 3aral)eme Ba3ayxa u Jp.

1.3. AHTHOKCHIAHTH KA0 MOTEHUHjAJTH! MPOOKCUAAHTH

[To Singh-y, aHTHOKCHIAHTH Cy MpEUUId MYT OJ YyJEeCHUX MOJIEKysa, MPeKo
CjajHMX MOJeKyida 10 (pu3uonomKux Mojekyida [24]. Hema cyMme 1a OBH MOJCKYJIH

UMajy BUTAJHY YJOTY Yy METa0OJIMYKUM MyTeBMMa W 3allITUTH henuje, aau 1mocroje u

JI0Ka3l KOJU Cy MpHUMOpAIM HAayyHHKE Jla TeMeJbHUje HCINTAjy HUXOBY YIOTY H
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MOHAIamke Yy KUBOM opranu3mMy. Ha cioumu 1.4 mpukaszanu cy HeKH o Moryhux pasiora

KOJH JIOBOJIE /IO IITETHOT JIejCTBA aHTHOKCHIaHATa.

Hucka cucTematcka YTuuaj
BropacnonoXMeocT KOHLeTpauuie |
HauuHa ynotpebe

AHTUOKCWOAHTU:

Ynosopewaun Gpure

Cnaba Y npucycTy

pacTBOpPILUBOCT Y npenasHux Metana
BOAN Mory Aa ce
noHalajy kao
NpOOKCHAAHTH

Crnuka 1.4. [ToreHnyjaiad MTETHA YTHUIAj aHTHOKCUIaHATA

[Ipookcumantu cy JnepUHHCAHHM KAao XEMHjCKa JeIUIbemha Koja Y3pPOKYjy
OKCHUJATHUBHU CTpPeC, OOWYHO (HOpMHpaEmEeM pPEaKTUBHHX BpPCTa MM WHXUOUIIH]OM
AHTHOKCHIATHBHUX cucTeMa [25]. Ci1o0oqHM paauKaiu ce cMaTtpajy MPOOKCHAaHTHMA,
aJli ¥ aHTUOKCHJIAHTH C€ MOTY TOHAIIATH Kao NmpookcuaaHTu. Hekn ox Beoma mMohHuX
AHTHOKCHUJIaHATa KOjU TIOKa3yjy W TPOOKCHUIATHBHY aKTUBHOCT Cy BHTamMuH L[ m a-
Toko(depon. Buramun L] uckazyje cBoje MPOOKCHIATUBHO AEJIOBamkEe y KOMOMHAIM]H ca
jonuma rBokha m Oakpa penaykyjyhu mx [26]. Bucoke koHIeHTpauuje o-Tokodepona
MOTY TIPEBECTH OBO JeIUIEHE€ y MPOOKCHAAHT, jep Kaja pearyje ca ClIo00THUM
panuKainMa M caM IOCTOje paJuKall, ¥ ako HeMa OBOJFHO aCKOpPOMHCKE KHCEITHHE 3a
IBETOBY pEreHepanrjy OH OCTajeé Y OBOM BHCOKO pEaKTHBHOM CTamby M H3a3HBa
ayTOOKCH/IAIN]y JIMHOJICUHCKE Kuceune [27] .

Hako He mocToju J10ocTa JoKas3a, CMaTpa ce Ja U KapoTeHOMIU Takohe Mory na
UCTOJbe TPOOKCIATHBHH e(eKkar Kpo3 ayTOOKCHIAIM]y Yy TPUCYCTBY BHCOKHX
KOHIIEHTpaIlKja XuAPOKCcH paaukaina [28]. Hak u praBoHOMIM MOTY J1a Ce MMOHAIIA]y Kao
MIPOOKCHUJAHTHU, HAKO CE CBAKO O] jeIUI-EHha U3 OBE IpyIle Jpyrayuje noHauma y cpeIuHu
y K0joj ce Hana3u. [lonupenonn koju ce Hajase y XpaHu Takole MOTy Jia ce MOHaIajy

18



Kao MPOOKCHUJIAaHTH Y CUCTEMHMa KOJH CaJpiKe peIoKC akTHBHE MeTaie. [ Boxkhe n O6akap
KaTajau3yjy peloKc peakiuje (eHojlla y MPHUCYCTBY KHUCEOHHKAa U MOTY JOBECTH J0
(dbopmHpama peaKTUBHUX KHCEOHWYHHMX BPCTa U (PEHOKCH paJMKaja, KOju MOTY JIaKO Ja
omrrere JIHK, mactu u npyre 6uosnomnike monekyse [29].

Mornekynu Koju Moka3yjy IpOOKCHAATUBHY aKTUBHOCT MOTY HACTaTH Yy HPOLECY
oOpaze xpaHe (TepManHa oOpajaa, NeXuaparanuja, CKIJANIITeHEe, UTI). ToM NMPUIMKOM
Moke jgohu g0 monmmepusanmje w/wim aerpaganuje ¢enona [30]. Jpyrum peunma,
peakiyje Koje ce OJBHjajy NpU OBHM IHPOIECHMAa MOTY MPEOOpaTUTH IHjETETCKE
noynvdeHone U3 aHTUOKCHJIAHTA Y NPOOKCHAAHTE M Kao MOCIEAHIla Tora Joja3d N0
daBopuzalyje TUIUAHE TEPOKCUIAIN]E U IPYTUX OKCHIATUBHUX peakiivja.

VY 3aBUCHOCTH OJ1 IPUPOJIE HYTPUTHEHATA KOJU C€ YHOCE y OPraHM3aM U HbHXOBHX
KapakTepUCTHKAa KOje MOTy OWTH aHTHOKCHIATHBHE WJIM TPOOKCHUAATUBHE, hemmje
pearyjy pas3Bujajyhn KoOpHuCTaH WIM INT€TaH OATrOBOp. HyTpuTheHTH Kao MTO Cy
KapOTeHOUAH, TOKO(EpoId WM JepUBaTH ackopbara MOKaszyjy aHTUOKCHUIATHUBHE WU
MPOOKCHJATHBHE  KapaKTEPHCTUKE y 3aBHCHOCTH O] PEAOKC  IOTEHIHMjaja
WHJWBUIYAIHOT  MOJIEKyna © npupoje henuje. BehmHa  aHTHOKCHIATHBHUX
HYTpUTHEHATa KOjJU JeNy]y XEMOIPEBEHTHUBHO CIpeyaBa IpeKoMepaH pacT hemnuja.
TpeHyTHO ce er3oreHn aHTHOKCHJAHTHU, Mel)y Kkoje ce cBpcraBajy M moiudeHoIHa
jenumema, CMaTpajy jeAMmbehUMa KOja MMajy M NO3UTHBAaH M HEraTWBaH yTHIA] Ha
3IpaBJbe JbyAW. Bpcra, KOHIETpamnMja W CTPYKTypa €r30T€HUX aHTHOKCHIAHATa MOTY
6utu outyuyjyhu ¢akTopu Koju yTudy Ha 6ajgaHc u3Mel)y KOpUCHUX U IITETHUX JejcTaBa
OBUX jequmera [31]. M3 enngeMHUONIOIIKUX U AUjETETCKUX CTYH]ja, YMHH ce Meh)yTum na
€r30reH aHTUOKCUIAHTH Yy (U3MOJIOMIKUM (XpaHJbUBHM) KOJIMYMHAMa HMMajy BaXHY
yIOTYy y O4YyBamy WM TIOHOBHOM YCIIOCTaBJbalkhy PEIOKC XOMEOCTa3e, €CEHIIHjaTHOT
CTama 3a OJIPyKarbe 3IpaBUX OMOIOMIKKX cucTeMa [31].

YumeHnIa 1a HeKe CYICTaHIE KOje ce Hajlaze y XpaHH MMajy NMPOOKCUIATUBHY
aKTHUBHOCT je TOCeOHO MHTepecaHTHa. Heku oa mpumepa KoOju TMOKa3yjy Ja HEKH
MOJMU(EHOIHN aHTHOKCHIAHTH MOTY UMAaTH MPOOKCHIATUBHY aKTHBHOCT 1O oapeheHnM
yCIOBMMA, Kao WITO CYy BHCOKE KOHIIEHTpalWje WIM MPUCYCTBO METAIHHMX jOHA,

npukasade cy y Tademu 1.1 [32].
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Tabena 1.1. AHTHOKCHAAHTH KOjH MOKa3yjy MPOOKCUAATUBHY aKTHUBHOCT

deHoJIHE KHCEJINHE

Pedepenue o npooKkcHIaTUBHOCTH

0- KyMapHuHCKa

1 Simi¢ et al.[33]
KUCEITMHA
Fukumoto & Mazza[34]
2 P-KyMapuHCKa Mozuraityte et al. [35]
fucemma Simiz et al.[33]
3 M- KyMapuHeka Simié et al.[33]
KHCEJINHA
Depymmrcka Fukumoto & Mazza [34]
4 eI Maurya & Devasagayam|[36]
Mozuraityte et al.[35]
Fukumoto & Mazza [34]
5 Kadeunncka kucennna Maurya & Devasagayam|[36]
Mozuraityte et al.[35]
6 CanuuuiHa KucelmHa Simi¢ et al.[33]
7 P-xuapoxcubesoesa Simié et al.[33]
KHCEJINHA
8 Banwimncka Fukumoto & Mazza[34]
KHCEJINHA Simi¢ et al.[33]
9 Cupunrimcka Simi¢ et al.[33]
KHCEJINHA
10 Hporokarexuticka Fukumoto & Mazza[34]
KHCEJINHA
11 ["anHa kucenuHa Fukumoto & Mazza[34]
12 XJoporeHcka Fukumoto & Mazza[34]
KHCEJINHA Sakihama et al.[37]
13 M-XUIPOKCHOEH30eBa Simié et al.[33]
KHCEJINHA
14 EnaruHcka KucenmHa Fukumoto & Mazza[34]

Tpeba momenyTu na ce, nopea (peHOTHUX KHCEIMHA HaBEIEHUX y Tabenu, U HEKU
ol ¢naBoHOMAA MPHUCYTHU Y XpaHU, HIOP. KBEPLETUH M MHUPHLETHH, MOHAIIAj)y Kao
npookcuaaHTy. [IpooKcHIaTHBHA aKTHBHOCT TI0j€IMHAYHUX JUjETETCKUX MOTU(PEHONA H
IBUXOBa MOTYNHOCT J1a Y3pOKyjy AUCQYHKIM]Y MUTOXOHJApHja M3 uera Jojla3u U J0
aromnro3e, NmpeiokeHa je kao Moryhu antukanuep mexanmzam [29]. Takobe, mocroje
NoJIall KOjU yKa3yjy JAa Modu(eHOIM KOjUu ce Haja3e y XpaHH MOTy Ja MOOWIH3Yjy

eHJIoTeHN 0akap y JbYACKOM OpraHu3My, IITO BOAM 10 okcuaaTtuBHOT omrehema JJHK.
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Hawume, mokazano je ma peceparpon karanusyje peaykuujy Cu(Il) mo Cu(I), mro je
npaheHo ¢hopMHUpameM OKCHIOBAaHHUX MpOJyKaTa pecBepaTposia, Koju Takohe KaTanusyjy
penykuujy Cu(Il). OBako Hacramu pecBeptapon - Cu(Il) cucrem moxe aa m3azoBe
nerpagannjy JHK y henujama xao mro cy aumdorutu [38], u Ha Taj HAYMH U3BPIIU
HHaKTHBaNH]y 6akTepuodara [39].

[lo3Harto je ma cy 3aBpIIHE TadykKe OKCHIAlHje OHOMOJIEKYlIa XPOMO30MCKE
abepanuje, Koje MpeACcTaBibajy CTPYKTypHE MPOMEHE XPOMATHHCKOT MaTepHjalia Koje Cy
BuybMBe mox MuKpockoriom [40]. CymcraHie Koje MNpOy3poOKyjy OBE MEXaHH3ME
Ha3uBajy ce kiacroreHu [41]. JemHa on CTpYKTYpHHX OCOOMHAa KOja KapaKTEpHIIE
AKTHBHOCT KJIACTOTEHA je MPUCYCTBO AueHUINUpPaHCKe rpyme y dhiaaBoHouauma [42].

Takohe, mocroje nuTEepaTypHH MOJANM KOJU YyKa3zyjy Ja aHTHOKCHJIAaTHBHA
aKTUBHOCT JiepuBaTa OWJHbHHMX TOJH(EHOJIA HE MOXKE y MOTIIYHOCTH OOjaCHUTH HHXOB
YOUCHU aHTHKaHIeropeHu edekar. Crora ce cmarpa Ja OM Jpyrd MEXaHU3MHU MOTIIH
OUTH OJTrOBOPHU 3a pa3nuyuTe (apMakoJOUIKe OcoOMHE Koje MONMU(EHONH TOKa3zyjy.
XeMOINpeBeHTUBHA AaKTHBHOCT OWJPHUX JiepuBaTa MOJU(EHOJIA KOJU CE€ KOPUCTE Y
UCXpaHU Ce MPUIHUCYje KOMOMHOBAHOM LUTONMPOTEKTHBHOM e(eKTy Ha 3apaBe henmje u

[UTOTOKCHUYHOM e(eKTy Ha KaHieporeHe henuje (cnuka 1.5).

IO/ IHPEHOJIH
) ITIpookcHJaTHBHA
AHTHOKCHJAaTHBHA | AKTHBHOCT
AKTHBHOCT “
‘ . Das®
& '
/ _— RN | ssiivi iy anae e
*® Heommactaana = ° ® o = AR =% -
Hopvatma TPaHChopmanmja et * ¢
heamja S % Ao
Kanneporene
heamje

Cnuka 1.5. Moryhu MexaHM3MH XeMOTIPEBEHTHBHE aKTUBHOCTH OMJbHHX TTOTH(EHOIIA

HajBumie aHTHOKCHAAHTa KOjU ce Hamase y Omibkama cy peaokc (OKCcHIo-
PEIYyKIIMOHU) areHCH, KOJU y HEKMM CllydajeBUMa IITUTE Off PEaKkTUBHHX BpcTa
KHCEOHHKa, JOK Yy JAPYyrdM IIOCIENlyjy HacTaHak Cio0oaHux pagukamna [43].

AHTHOKCH/IAaHTH C€ MOHAIIAjy Kao MPOOKCHUJIAHTH Y MPUCYCTBY joHa Oakpa katanuzyjyhu
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packuname JJHK manna [44]. Heke ocobune IHK kao miro cy Be3uWBame M PaCKUIAME
JIHK nanma u reHepucame peakTUBHUX BPCTa KHMCEOHHKA Y MPHCYCTBY jOHA MPeEsla3HUX
MeTaja Cy CJIMYHE OHMMAa KOje TOKa3yjy HEKH AaHTHUKaHIEp JIEKOBH Kao IITO CYy
oneomunue u aapuamuiai [38, 45]. TTokasano je Ha JbyACKUM JTMHUjaMa henrja KaHiepa
U JKMBOTHECKMM MOJICIIMMA JIa HEKH MOJM(EHOIM MOTY Ja M3a30BYy amontosy [46, 47].
Takohe, Tpeba moMeHyTH Ja je aronTo3a, HMHHIMpaHa noiudeHomnMa, mpaheHa
MOPacTOM PEaKTUBHUX BPCTa KUCEOHUKa yHyTap hemuja [48].

Kcenobunorcka (enonHa jeaumema U BUXOBU XUHOHCKU JIEPUBATH Cy TO3HATH
10 TCHOTOKCUYHOM M MYTareHOM e(DeKTy IITO je TMOCIeUIa ’bUXOBUX MTPOOKCHIATUBHUX
ocobmna [49]. TlporieHa NTPOOKCHIATHBHE AaKTUBHOCTH (UTOGEHONA H3BpIICHA je
ynopehuBameM MOTYhHOCTH Tpu OWJbHA KaTeXoja CIMYHHX CTPYKTypa (XJIOpPOTEHCKE,
kadenncke u quxuapokadenncke kucenune) na omrere JJHK y mpucycTBy joHa Oakpa.
Hako oBa jenumerma UMajy ciaudyaH peaokc norennujan [50], oHu ce Beoma pasiukyjy y
BUX0BO] crocoOHoctn jga omtere JIHK. PeaktuBHE BpcTe KOje Cy OIroBOpHE 3a
omrehewa JHK cy xuapokcwinHu paavkan WM BpPCTE ca CIMYHUM OKCHUIAIMOHUM
noreHiujaaoM [51]. ¥V mpucycTBy 0akpa XHPOKCHIHHM pajukai ce (hopMHpa CepujoM
peaknuja npukasanux Ha lllemu 1.1, u Tako HAcTanM XHIPOKCUIIHU DPaJMKall U3a3uBa

omreheme JIHK.
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[llema 1.1. Peaknuje ¢popmupama XUAPOKCHITHOT pagiKaia y MPUCYCTBY Oakpa

[Ipn okcupanuju karexoja, KOjy WHUIMpA IBOBAJCHTHU Oakap, TCHEPHUIIY Ce
cemuxuHOHU. OHHM MOTY JlaJbe Jla pearyjy ca MOJICKYJICKAM KHCEOHHUKOM, IPH YeMy Ce
dbopMupa cynepokcu aHjoH paaukan. OBa peakiija UMa ayTokaranusyjyhu kapakrep, ¢
003MpOM Ja CYNEpPOKCH]T aHjOH pPaJiuKall OKCHUYj€ OCHOBHO jeIUEHHE 0 CEMUXUHOHA U
BOJIOHHKIIEPOKCHIA. Y TIPUCYCTBY jeIHOBAJIEHTHOT Oakpa, BOJOHUKIIEPOKCHI CE
KOHBEPTYj€ y XHJIPOKCWI PaIUKall y peakiuju Tima OeHTOHOBE peakiinje.

[IpookcuaaTuBHa aKTUBHOCT (DEHONHUX jeAWHECHa 3aBUCH O MoryhHoCTH
XelnaTupama, KarmaluTera peayKIfje MOJIEKyJICKOT BOJIOHUKA U MOTYRHOCTH 3 peAyKYjy

METal.

1.4. Cnoboanu paguKajin Kao NPOOKCUAAHTH

ATOMCKE, JOHCKE HUJIM MOJIEKYJICKE BPCTE KOj€ UMajy je/laH WM BHILIEe HECTIapEHUX
€JIEKTPOHA Y aTOMCKO] MJIM MOJIEKYJICKO] OpOUTaIu Ha3uBajy CE€ C10O0OHU PAOUKATU.
OBe BpcTe MOT'y HacTaTH MPOCTOM OKCHUIAIM]jOM WIJIM PEAYKIMjOM aTOMa MM MOJIEKYyIa,
Ka0 ¥ XOMOJINTUYKUM PacKHJIaleM XEMHjCKe Be3e u3Mel)y aroma ucTe, OJHOCHO CIIMYHE,

€JIEKTPOHETaTUBHOCTH. XOMOJIMTUYKO PACKUIABE j€ U3Y3€THO €HJI0TEPMaH MPOLEC, CEM
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y cly4ajeBMMa CH3UMCKE peryialuje, Te je moTpedHa BelnKa cHepruja akTuBanuje [52].
HecrabumHocT €1000JHMX paauKana TOTHYE OJ HECIIAPCHHUX EJIeKTPOHA, a OHH Ce
CMaTpajy U Y3pOKOM BHCOKE M HECEJCKTHBHE PEaKTHBHOCTH CIIOOOIHUX paaukaia. Ha
OCHOBY peJIaTUBHE CTaOWIHOCTH CIIOOOIHU paJuKadd ce€ Jelie Ha Henocmojane
(kpatkoxuBehe) u nocmojane (nyroxusehe). Ilpema HaenekTpucamwy ce Jene Ha:
HEyTpajiHe, IIO3UTHBHO HACJIGKTpUCAHE JoHE (paJuKal KaTjoOHH) M HETaTHBHO
HaeJIeKTpUcaHe joHe (paAWKan aHjoHW). PaaMkaim MOTYy TpPEHEeTH eJCKTPOH Ha
MOJIEKYJICKY BPCTY Ca CIapeHUM OpojeM eJIeKTPOHA U TaJla Ce MOHAIIA]y Ka0 PEAYKIIMOHU
areHCW, a MOTY W MPEY3eTH EJICKTPOH OJ TaKBE MOJIEKYJCKE BpCTE, NMPH YEeMy Ce
MOHAIIIA]y Ka0 OKCHUJIAIIMOHH areHCH, CTBapajyhu oneT HOBY paJMKaJICKy BPCTY.

Y JbyICKOM OpraHu3My CIOOOJHU paguKalId Ce€ HENpPEeKUAHO CTBapajy Kao

nocaenuua Metaboandkux mnpoueca. OHU MOTy HACTaTH U €HJOI€HO (HIP. MPOU3BOJHA

CyHepoKcHJ aHjoH pagukana, O, , Koju ce Beoma Op30 TpaHCHOPMHMILIE Yy pEaKTHUBHE

KHCEOHWYHE BPCTE€ KA0 IITO Cy XHIPOKCWIHU pamukan, "OH, W XUApONEpOKCHIHU
pajmMKai) WM er3oreHo (moja AejcTBOM joHu3yjyher 3padema, 3aralhema, TyBaHCKOT
IMMa, JIEKOBa, Jpora, XepOunuaa, NeCTULNAa, KOH3epBaHaca, aTuTHBA UT/).

Y OHOJOUIKMM CHUCTEMHMMAa paJMKalld pearyjy ca HEeyTpalHUM OHOMOJIEKYIHMa
omrehyjyhu ux u crBapajyhu HoBe panukane. JeqHoM HacTanu ci10060aHU pagukan (paza
WHULIMjaruje) y pa3u mporaraiuje MoxKe Ja U3a30Be HU3 JaHYaHHUX peakiuja pearyjyhu
ca apyrum moiekynuma. CynapoM JBa paaukaina y ¢ga3u TepMUHAILM]E MPEKUAajy ce
JaH4YaHe peaklMje Ipu YeMy HacTaje HepaJHuKaJlCcKa BpCTa.

[Tatonomka omTehema Kkoja M3a3uBajy OoJIeCTH KOJA JbyIu IOBE3aHa Cy ca
JeTIOBalkeM  CIOOOAHMX paaukana. Tako, Ha TpuUMep, CI000IHO-PATUKAICKOM
okcyaanrjoM hennjckux npoTerMHa U1 MeMOpaHa MOry HacTaTtu omrtehema TKUBa Koja cy
OJI'OBOpHA 3a HAcTaHaK MHOTMX 000JbeHa Koja Cy Oyrd HHU3 TOAMHA ONKCHUBAHA Kao
000Jbeba HEMO3HATUX €TUOJIOTHja (PeyMAaTOMIHU AapTPUTHC, 3allajbeHCKa LPEeBHA
obospema, [lapkuaconoBa 6omect u apyre). OKCHAANNjOM JTUTIONPOTENHA MaJie TYCTHHE
(JIIJI xonectepona) moBehaBa ce pu3WK 3a HACTaHAK aTEPOCKIEPO3€, JOK OKCHUIAAITMOHO
omreheme Mosekyna ae3okcupubOonykinenHcke kucenune (JAHK) moxe pompuneru

HAaCTAaHKY KapIUuHOMaA.
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CnoGomHu pasuKand HMajy BeoMa BaXKHY YIOTy M Yy IPOIECy cTapema
opraun3ma. OHH Y3POKYjy yMpekaBame NOJMICNTUAHUX JIaHAlla MOJIEKyJa MpOTenHa
YUMe ce Mema BbHUXO0Ba (DYHKIMOHATHA M CTPYKTypHa yiora. Takole, ydecTByjy u y
XEMHUJCKUM peakKlidjaMa Koje MOTY YTHIaTH Ha (U3NYKe, XeMH]CKEe U OMOJIOIIKE OCOOMHE
npexpamOenunx, (hapMareyTCKuX M KO3MeTHUKHX mpomsBoaa [53, 54]. Ha ciuuu 1.6 cy

MIpHKa3aHe peakiiyje Koje JoBoje 10 popMupama peaKTUBHIX BPCTa KUCEOHUKA.

pH 7.4

0, +e+H'— HO, H + 0,

e +2H*'

LH
\( 5
L g» LOO' —» LOOH

H,0,——» OH + OH’
e+H" :
T H,0+0,

\—> OH" +
S

Fe2* + H,0, » Fe’* +OH’ + OH’

Crnuxka 1.6. Peakniyje xoje moBoje 1o hopMupama peaKTHBHAX BPCTa KHCEOHUKA.
(3emene cTpenuile TpeACTaBibaj)y JUIHMAHY mepokcuaanujy. Haber-Weiss-oBa peaknnja je
npeicTaB/beHa IJIAaBUM CcTpeiuiama, a Fenton-oBa peakinmja je IpelcTaB/beHa IMPBEHUM

crpenuiiama. SOD je ensum cynepokcua aucmyrasa, a CAT je eH3uM Karanasa.)

C0601HM paguKain, y Koje ce yopajajy peakTHBHA jeuibeba kuceonnka (ROS)
U peakTHBHA jeMibera a30Ta (eHr. “reactive nitrogen species”- RNS), cy peaktuBHe
BpCTE KOje ce, MHaye, BeOMa 4YeCTO jaBJbajy M Kao MPOAYKTH MHOTHMX HOPMAaJTHHX
henujcKkux OKCUIATUBHUX TIpolieca.

PeaktuBHe Bpcre kuceonmka (ROS), Tabema 1.2, ce dopmupajy vy
MHUTOXOHJIpHjaMa KaJa Ce KHCEOHUK pelnyKyje AYK €JIEKTPOH-TPAHCHOPTHOI JIaHIa Y
npouecy hemmjckor mucama (Illema 1.2) wnm ka0 WHTEpPMEAWjepU y YHTABOM HH3Y

SH3MMCKHUX M JPYyrux peakmuja [55].
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Tabena 1.2. PeakTHBHE BpCTE KHCEOHHMKA U a30Ta [56]

PeakTHBHe BpCcTe KHCEOHHKA
Cynepoxcuaau paaukan atjos, 'O, Bononux nepoxeun, H,O,

Xunpokcuiuu paaukan, “OH Xunobpomua kucenuHa, HOBr
Xunponepokena paaukan, ‘OOH Xwunoxsopacta kucenuna, HOCI
Kap6onaTtnu pagukan, CO; Oson, O,

Ilepoxcunnu paaukan, RO, Cunrnercku kuceonuk (O, lAg )
Ankokcunau pagukain, RO Oprancku nepokcua, ROOH
Yrbenauokenn paaukain, CO;” [Tepoxcuautpur, ONOO~
Cunrnerckn knceonnk, O, ', [epokcunurpar, O,NOO’

[TepokcumoHokapbonat, HOOCO,

PeakTHBHE BpCTE a30Ta

Aszormonokcuz, NO Asoracta kucenuna, HNO,
Aszor nuokenn, NO, Hurposun xatjon, NO*
Hutpar pagukan, NO; Hurpokcui anjon, NO™

Asot Terpaokcun, N, O,
Junutporen Tpuokcun, N, O,

[Mepokcunurpur, ONOO™
ITepoxcunutrpar, O,NOO
[Mepokcunurpatna kucennaa, ONOOH
Hurpouujym katjon, NO;

Anxwui nepokcuanTput, ROONO

Hutpun xnopun, NO, Cl
[epokcHaleTHI HUTPAT,

CH,C(O)OONO,

0 “= 0z 5= Hy0z £ HO™ + OH ;%= 2 H,0

[lema 1.2. Pexgykiuja MOJIEKYJICKOT KUCEOHHKA Y Mpolecy NejcKor Aucama

ROS wmory HactaTM W Kao NPOAYKTH MeTal-KaTalM30BaHUX peakiuja, y
HeyTpodminMa 1 Makpodarama TokoM uHbpekuja. Takohe, MOry HacTaTH Kao OATOBOP

Ha joHmsammoHo 3pauewe (UV, X, vy), 3araheme okoamHEe, WM Kao pe3yirar
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(bU3KOIOMIKUX U HaToNOmKKX mporeca [57]. YV 6uonomkum cucremuma ROS mokasyjy
0cOOMHE M TOKCHYHHX W KOPHUCHHX jeaumberba [58]. KopucHo nejcTBO ce ucmosbaBa
y4ECTBOBAKEM Y Pa3BOjy MMYHOTI CHUCTEMa OpraHu3Ma 3a oxdpany oja marorena [59].
VYKomuko cy 3acTymbeHH y BehMM KOHIIEHTpalujamMa MOTry Aa u3a3oBy omrtehema
henmjcke CTpyKType, HYKIIGMHCKUX KHCEJIHMHA, MPOTEHHA, JIMMUAA W XJIOpoduia Ko
ompaka [57]. Konrponucame paBHOTE)Ke H3Mel)y oBa JBa aHTarOHHUCTHYKA JICjCTBA j€
M3Y3€THO Ba)KaH AacCIeKT 32 (YHKIMOHHCAE BHUTATHUX NETHjCKUX U OMOXEMU)CKUX

npoiieca.

1.4.1. Cynepoxcun aHjon pagukai, O,

Kaja ce MOJEKYICKOM KHCEOHHKY [0Ja jeaH ENeKTPOH y AHTHBESHBHY T
opOHTally HacTaje peakTHBHUjH OOJIHK, cymepokcnn aHjoH paaukan (‘O ) (Illema 1.3)

KOjI/I cc y OMOJIOIIKUM CHCTEMHMAa Mponu3Boaxn CH3UMCKUM IIYyTEM Y3 rmomoh
HI/IKOTI/IHaMI/II['a,[[eHI/IH'I[I/IHYKJ'IeOTI/I,I[-(bOC(I)aT OKCHnJgasc, KCaHTHUH OKCHIaa3c U1

nepokcuaase [60].

+e

0,-2°0,

[lTema 1.3. HacTajame CynepOKCHIHOT aHjOH pajrKaia

VY 3aBucHocTH of mpupoie u pH BpenHocTH Meaujyma oBa BpCTa pajuKaia
UCKa3yje pa3IuuuTe Kapakrepucrtuke. Bpeme nomyxusora "O, y BOJEHO] CpElUHU ca
pH = 6, xana je 3actymsbeH y KoHmeHtpanujama 10 u 1 puM msnocu 0, 2 - 20 ms,

HaBeneHUM pexoM [61]. Ha mmxum pH Bpennoctuma mnportoHoBamem O, Hacraje

peakTuBHUjU niepokcuian paaukan (HO; ) (Ulema 1.4) [62]:

‘0, +H" > HO;

Illema 1.4. HacTajame nepoOKCHUITHOT pauKaja
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Cynepokcui aHjOH paaMKal MOXe Ja Jelyje Kao PEeayKIIMOHO CPEICTBO
crocoOHO ma penykyje rBokhe mnm Oakap (Illema 1.5) m na Ha Taj HAYMH WHHUIKPA

DEeHTOHOBY peaklujy.

‘0, +Fe* (Cu®") —» Fe** (Cu*)+0,
[llema 1.5. [lejcTBO CYynEepOKCUIHOT paivKall aHjoHa

VY opranckum pactBapauuma nosehaBa ce pactBopseuBocT “O,, yMMe pacte U

ET0Ba PEAYKIIMOHA CIIOCOOHOCT.

Cynepokcuji aHjoH paaudKal UMa OCOOMHE jakor HyKJIeo(puia, caMUM THM H
CIOCOOHOCT J1a HalaHe MO3UTHBHO HaeleKTpHucane enTpe. Kao okcnaannono cpeictro
MOJKE J1a pearyje ca jeIumembhMa Koja nMajy ciocoOHoCT qoHupama H ' katjona (amp. ca
ackopbarom u Tokoeposiom) [63].

Peakuuja y x0joj CymepokcHa aHjOH paJuKal pearyje cam ca coOOM Ha3uBa ce

AMCMyTaldja win aucnpornopironucame (Ilema 1.6) [64]:
‘0, /HO, + 0, /HO, —* 5 H,0, +0,

[lema 1.6. ducmyTanmja CyrepoKCHIHOT paJyKall aHjoHa

OBo je croHTaHa peakiija U KOHCTaHTa Op3WHE j€ pelaTHBHO HUCKA, M ToBehaBa ce y
KHCEJIO0] CpeMHU re ce (opMupa MEepoKCHWIHM paaukain. Ha oBaj HauumH cmamyje ce

HBETOBa PEAKTUBHOCT je€p HACTa)y HEpPEeaKTUBHU MOJEKYICKU KuceoHUK (O,) U BOJOHUK

nepokcun (H,0, ).
1.4.2. Boponuk nepokcung, H,O,

3a pa3iuKy oa CYHCpOKCHI aHjOH paavkaiia, MOJICKYJT BOIAOHHK IICPOKCHIA
npumnaga Hepa,[[I/IKaJICKOj BpPCTH. Moxxe HacTaTH €H3UMCKHUM IMyTEM WK KAaO0 PE3yliTaT

JIUCMyTalije CYNepoKCU aHjoH pajauKkaia. Y OHOJOLIKUM CHCTEMHMA j€ 3aCTYIJbEH Y
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penaTuBHO HUCKHM KoHIeHTparjama (10 M), anm moke m3a3Batu omreheme henwmja.
TokcMuHO XEMHJCKO J€jCTBO BOJOHUK IE€POKCHJIA HUCIOJbaBa C€ y JAUPEKTHUM U
WHIUPEKTHUM peakijama ca ormoMoliekyinuma. Heke o1 TUPEeKTHHX peakiuja y Kojuma
yUeCTByje Cy Jerpajanuja MpOTEeWHAa, WHAKTUBAllMja C€H3WMa, OKCHIAIja MOJICKYia
JHK, nmumuma, -SH rpyma u kapookcunnux kucenuHa. Haber-Weiss-osa u Fenton-osa
peakiMja, y KOjUMa HAcTajy BHCOKOPEaKTHBHH paaukanu [64], cmamajy y rpymy

WHIUPEKTHUX PEaKInja.
Haber-Weiss-oBom peakuujom (peakuujom H,O, ca 'O,) Hactaje Beoma

peaKTHBaH U TOKCHYaH XuaApokcuianu pagukan "OH (Illema 1.7) [65]:

H,O0,+°0, > 'OH+0OH +0,

[lema 1.7. TTpuka3 Haber-Weiss-oBe peaxkituje

Bononuk nepokcuj ce moHama Kao cjabo OKCHIAIMOHO M €1a00 PeayKLHOHO
CPEZACTBO KOj€ j€ pelaTUBHO CTAOWIIHO Y OJICYCTBY JOHA IIpeIa3HUX MeTaja. Y MPUCYCTBY

JOHA PeJOKC-aKTUBHUX NpenasHux Merana, Hip. 0akpa(l) u reoxha(ll), H,O, npenasu y

BeoMa peaktuBHe ‘OH paaukane (Illema 1.8) [56]:
H,O, +Fe** (Cu*) — unmepmeoujepnu komnnexc — Fe* (Cu*)+ OH+OH "~
[lema 1.8. [Ipuka3 Fenton-ose peakiuje

Fenton-oBa peakiiija ce KOHCTAHTHO OAWIPaBa y IN ViVO yCIOBHMA alu je OpraHu3MH

YCIEIIHO KOHTpoIuIy orpanndanajyhu pacnonoxusoct reoxhe(1l) jona u H,O, [56].
1.4.3. Xugpokcuanu paaukas, "OH
XUApOKCUIIHM  pajukal Hajuemhe HacTaje y €H3UMCKUM peaklujama,

JTUCMYTAIjOM CYIEPOKCHJI aHjOH pajauKana, y Fenton-oBoj peakuwju, pas3iarambem
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BOJIOHHK TIEPOKCHIa, BUCOKOCHEPTETCKUM pa3jiarameM BoJie - paauoiusa Boje (Illema

1.9), u nenoBamem UV 3pauerba Ha BOJOHUK Iepokcu [56, 66].

e +H*

H,0, — 2°OH

H,0— OH+H" +e,, —H,0,

[lema 1.9. Hactajame XHIPOKCHIHOT pajMiKaa: pasliiarame BOJIOHUK NepoKcuaa (rope) u

pamuo3a Boje (oie)

VY nopehemy ca Ipyrum pajuKaiiMa XUAPOKCHUITHHA PaTuKal UMa Haju3paKCHU)H
UTOTOKCHYaH edekaT. XUIPOKCHIIHU PAIHKall je BUCOKOPEaKTHBHA BPCTA Ca M3PA3HUTO
KpaTKUM BpPEMEHOM IOIYKHBOTa (10'9 s) 300r 4era y in Vivo ycioBuma, Beoma Op30
pearyje ca MOJICKyJIMMa KOju ra OKpyxkyjy [67].

Kao jako oOKcHIAIMOHO CpEACTBO XHJPOKCHIIHH paguKkail pearyje Op3o ca
OpPraHCKMM W HEOPraHCKMM MoJeKynuMa y henuju, ykspyayjyhu wmonekyne JHK,
NpOTEUHEe, JIMNHJC, AMHUHOKHCEIIMHE, YIJbeHe Xuapare U Metane. Haj3HauajHuja
XEMHjCKa peakiidja OMOJIOMIKUX MOJIEKYJla U XHUAPOKCUIHHMX paJiKana je OJBajame

BojonukoBor aroma (Illema 1.10):

RH+HO ->R" +H,0

[Tema 1.10. Peakmuja OMONOMIKAX MOJIEKYJIA U XUAPOKCHIT paiuKaia

RH mpencrasiba 61ito kojy Bpety Mosiekyna y henuju, anp. JJHK, rayratnon unu amMmuHo
kucenuny. Ha oBaj HaunH OH pagukan packuaa BoJOHUYHE Bese y Mojekynuma JHK

nosoaehu 1o pacrurTarma jtania u omrehema [53].
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1.5. Ilpupoana peHoIHA jenubeHa U BbUX0BA AHTHOKCHIATHBHA AKTHBHOCT

[IpuponHa QeHonHa jequmerma ce KOPHCTe Kao aHTHOKCHAAHTH BeoMa ayro. Y
KyhHO] ymoTpeOu Beoma je paclpoCTpamkeHO 3audibaBambe Meca, pube, cupa, Kao H
APYTUX HAMUPHHIA PaJy OuyBarba U Jyxer Tpajarba [68]. [IpupoaHu aHTHOKCHIAHTH CY

UICHTU(PUKOBAHHU Y CKOPO CBUM OMJbKaMa, MUKPOOPraHU3MHUMa, [eYypKama, a 4ak u y

TKHBY KUBOTHIba [69].

Ilonena INpUPpOAHHUX AHTHOKCHAAHTAa Ha KJIaC€ W HCKU OJ IIPCACTAaBHHKA KJlaca

Mpe/ICTaBJbEeHU Cy Ha ciuuu 1.7.

1 AHTUOKCUAAHTU ]
|

I

4“

L KOBAKTOP | kml".umJIE{H,IEPHBATﬂi
| MPUMAPHHU EH3UMK " CEKYH[IAPHH EH3MMM| KOEH3IDM Q10 ?giggggﬁ II\‘HCE.IIHL\
C OKCWD BNCMYTASA  FMYTATMOH PEAYKTA3A AMHAHEPATA TOKOTPHEHO.TH
¢ Y OCDAT- == PETHHO.I
i
o3 CETEH
|  KAPOTEHOHTH

OPTAHO- p-KAPOTEH

CYMIIOPHA “THKOIIEH

JETAHEDHA D

®NABOHOMAN T TS 3EAKCAHTHH
HHIO.II
[ onagoronn | | onasasonn | [ asToumsann | LIVTATHOH ST EROTERICE
KBEPLIETHH KATEXWH LMJAHUOWH z
KEMMN®EPON MENATOHNONH NENAPTOHWOWH VPHHCKA KHCETITHA
| ®FHO.THE ma:mm|
|mo¢.1monou;ml Iqm.m.momx I | emxspomm | I
TEHNCTENH XECNEPWUONH KPU3MH ]
TPORKCHITHHAMHHCKE XHIPOKCHEEH3IOEBE
(K CEJDTHE FKHCEJTHHE

DEPYNNHCKA W p- KYMAPWUHCKA

KUCENNHA

TANHA KNCENWHA
ENATMHCKA KMCENUHA

Crnuka 1.7. TTogena npupoHux aHTHOKCcHIaHTa (Peun npeacTaBsbeHe 3eieHOM 00joM
MPEICTaB/bajy €r30reHe aHTHOKCHIAHTE, 0K Cy HapaHIaCTOM 00jOM MpeICTaB/beHU

MIPEACTABHUITY €HIOTCHIX aHTHOKCHIAHATA).
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Benuky rpymy TpUpPOAHHMX AaHTHOKCHIAHAaTa 4YHWHE (EHOJHA jeIUEbCHA.
HajBaxxauje rpyrne NpUpOJHMX AaHTHOKCHJIAHATa 4YuHE eumamur E, ¢rasonoudu n

Genonne Kucenute.

Tokodeponu cy HajBUIle TpOyyaBaHa U HajBUIIIE KopulTheHa TpyIa aHTHOKCHIaHATa
[70]. 3ajento ca TokoTpueHOIMMA YMHE BUTaMUH E KOMILIEKC. Y OKBHPY CBake O] OBE
JIBE TPYyIE jeNbCHha jaBJbajy c€ YeTHpU u3omepa (o-, B-, y- u 6-). OHM Cy MpUCYTHH, Y
Mam0j 1 Behoj KOJIMYUHH, CKOPO Y CBUM IMpexpaMOeHUM HaMmupHuuama. Toxodepomu
UCKa3zyjy CBOja aHTHOKCHJATHUBHA CBOjCTBAa JOHUpPajyhM BOJOHMKOB aroM ca
XHUIPOKCUJIHE TPYIEC Ha JIMIUIHU TEPOKCHIHKU panukain. HoBodopmupanu paaukai o-
ToKo(eposa CTa0MIM30BaH je JCTOKaIU3aIjoM EJIEKTPOHA IPEKO apOMaTHYHOT
npcrena. OBaj pamukan GopMupa He-paJuKalCKe MPOU3BOJE, YKIbY4yjyhu crabuiHe
MEPOKCHJIC, KOjH MOTY OUTH PEIYKOBaHH JI0 TOKOXHHOHCKHX U TOKO(EPOICKHX JruMepa.
CrocoOHOCT JIOHMpama BOJOHHMKOBOI aroMa TOKOQeposiia y MacTHMa, YJbHMa H

JIMIIONIPOTEUHUMA ClIeTu pe: & > B~y > a [71].

v-Toxodepon ce, mHave, Hajuemhe KOPHUCTH y HCXpaHH y 3eMJbaMa CEBEpHE
Awmepuke, 0K je a-ToKO(hEepoI Haj3acTyIJbEHU]H Y HCXPaHH HApPOJa eBPOIICKHUX 3eMaJba.
a-Tokogepon je OMONOIIKM HAajaKTUBHUjU OONMMK BUTamMHHa E, a Heke oj Omibaka y
KOojuMa ce Moke HahM y BHCOKOM Caap)Kajy Cy MIIEHUYHE KIUIE, CYHIIOKPET H
madpanuka [71]. VYV smnuamma  o-Tokodepos  Tokasyje 0coOMHE PacTBOPHOT
AHTUOKCH/IAHTa KOJU 3ayCTaB/ba MPOU3BObY PEAKTUBHUX BpPCTAa KHCEOHHKA KOjH

HACTajy y NMpoLecuMa OKCHJIAIH]je JTUMUA.

A

i
N
i 9 /\o 3
CHs

CHy

a-Tokogepon y-Tokodhepon

Cnuka 1.8. Heka jenumema u3 rpyne ButamuHa E
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@D1aBOHOUIU TIPEJICTABIbA]y BEIUKY TPYIy MPUPOTHUX (PEHOTHUX jeNUbEemha Koja ce
Hajase y Omsbkama. Cmatpa ce na je 10 maHac u3osioBaHo rnpeko 9000 dbiaaBonowma. Y
TOTOBO CBakoj Owsbli npoHaheHu cy (UiaBoHONM Wy Mamoj Mepu (¢uiaBoHu [72].
WuTepecanTHoO je 1a nojeanHe Ouibke Mory caapskatu u 10 50 paznuautux (IaBoHOHUA.
®dnaBaHOHU W (DJIABOHU YECTO CE Haja3e 3aje/IHO, HIp. y arpyMHMa M TOBE3aHU Cy ca
cnenupUYHUM €H3MMHUMa, 3a Pa3nuKy on (raBoHa M (UIaBOHOIA KOJjU HE MOTY

MCTOBPEMEHO MOCTOjaT Y MHOTUM OuJbkama [73].

HO. o)
O | X
0
OH O OH O OH O

OH
OnaBoHK driaBoHONIM Hzodnasonu

OH O 0]

(drapaHOHH

OH
KatexuHH (rpaa1eHe jelHHULIE TAHHHA)

HO.
o M
C OH

JIMXHAPOKCHXAJIKOHH AHTOLIMjaHHAMHH Ayponu

Crnuka 1.9. Jenumema u3 xiace GruaBoHouIa
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deHoIHE KUCEIHHE MpeCcTaBibajy MOceOHY Kiacy aHTHOKcuaaHara. OBa rpyma
jenumema jaBjba ce y NMPUPOAM, U MOJe/beHa je Ha JBE MOAPYIE: XUIPOKCULIIUMETHE U

xuapokcudensoere kucenune (Ciuka 1.10) [74].

RO .20
HO.__O
N X
R-r -OH |

l P R— 7 OH

\

\

Cmuka 1.10. ®DeHonHE KHCENHWHE: XHUAPOKCHOEH30€Be KucennHe (IeBO) U

XUIPOKCHIIMMETHE KUCEITUHE (ICCHO).

Haj3zacrympennje cy y OusbHOM Mmatepujany (Crmuka 1.11) y obnuky ectapa,
erapa, Wik y OOJHMKY CTPYKTYpHHX KOMIIOHEHTHU IENyJI03¢, IIPOTEHHA W JIMrHuHA [75].
[Tonekan ce mory Hahu U y cl000IHOM OONUKY. Yiora pEeHOJIHUX KUCeNuHa y in Vivo
yCIIOBMMa jOII yBEK HUje TO3HATa, ajli MMa HEKHX J0Ka3a KOjU yKasyjy Ha HUXOBY
BUILIECTPYKY yJaory u ¢yskimjy. Cmarpa ce Ja cy yKJbyueHe y CHHTE3y IpOTEHHa,
CH3MMCKY aKTHBHOCT, (OTOCHHTEe3y, y Tmpolec anenonatvje wuta. [76]. Buie
eMUIEMHUOJIOIIKAX UCTIUTHBAKA j€ TIOKa3alno Jla KOH3yMHUpame OMJFHUX MPOU3BOJA KOjH
o0mITyjy (PCHOIHUM jeIUbCHhbUMa yTHYE MPEBEHTUBHO HA OYYBamE 3/IpaBJba YOBEKA U

CMameHhe PU3UKa HACTaHKA HEKUX OOJIecTH, YKIJbYyUyjyhu KaHIep W KapIuoBacKyJIapHE

Oonectu [77].

Cnuka 1.11. TIpupogHu npou3BOAH KOjU cajipske (PEHOTHA jeIUbebha
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HcrpaxkuBama cy mokazana na ¢eHOJIHAa jeAnmkemha BeoMa J00po pearyjy ca
cII000THUM paJuKaluMa, MPH YeMy HACTajy Mame PEaKTUBHU (PEHOKCUJIHU paJUKAaIIH.
3amTuTHa ynora (EHONHHUX jeAWIbeha y OHOJOUIKMM CHCTEMHMa IpUIHCYyje ce
CIOCOOHOCTH CIIapHBarba €JICKTPOHA, XEIaTHOT Be3UBamba Ca JOHMMA MpeasHUX MeTaia
(Fez+, Cu?®, Zn2+), aKTHBHpama AaHTHOKCHIATHMBHHX ¢H3MMa [/8] um uHxuOupama
okcugasa [79]. 360r cBoje aHTHOKCHAATHBHE aKTHMBHOCTH cMmaTpa ce naa (eHOJHa
jenumbemha MMajy aHTHOAKTEPHjCKO, aHTUAICPTHjCKO, AHTHKAHIICPOTEHO ICNIOBambe, a

Takol)e ce 3Ha J1a UMajy U BEJIMKH yTUIIA] HAa YKYC 1 00jy xpane [80].

Behuna anTrokcunanara Omsbaka ce MOXKE eKCTPaxoBaTH U3 3ajeleHo-cynieHor
MaTtepujana, OpU UYeMy je Bpio OuTHO wu3abpaTu oxaromapajyhy mpoueaypy 3a
eKkcTpaknyjy. Ekcrpakmmja ymoTpeOOM jecTHBOT yjba WM MAaCTH € TMPUIHYHO
jemnoctaBHa. [Ipu TauHO AepUHUCAHUM YCIIOBHMA, OWMJbKE M 3aYMHU CE€ MOTY M3MEIIaTH
ca TPUIIIHMLEPUANMA U HAKOH eKCTpaKIuje U GUIATpHpama Tako JOOHjeHe CYIICTaHIIe ce

Mmory kopuctutu [68, 81].

[locToje Tpu Haj3acTyIUbEHHjE€ TEXHUKE EKCTPaKlMje KOje ce KOpPUCTE 3a
nosmdeHose: eKCTapKlpja pacTBapayMMa, eKCTpakldja Ha 4YBpCToj dasu, u
cynepkputnuHa ekcrpakuuja. Kopumrhewem CoxiieToBor amapara KOMOWHYJYy ce JiBa
nporeca, GUITpUpame U MoTaname, yuMe ce nosehasa epukacHocT ekcrpakiuje. Heke
eKCTpaKIMje ce MOTy H3BECTH pacTBapaunMa KOjU HMajy pPa3IMYUTe TOJAPHOCTH
(ToyeH, ameToH, eTaHOJ, METaHOJ, eTHJAleTaT W Bojxa). Tako je, Ha MpHUMED,
YCTAHOBJBEHO Jla j€ 3a eKCTpakuMjy (eHona M3 ceMeHKu rpokha Hajoospa cieneha
KOMOHMHAIMja pacTBapaya: METaHOJ/BOMa/XJI0poBoaoHUYHA Kkucenuna (70:29:1) [82].
Excrpaknuja wa uBpcroj ¢asu (enr. Solid Phase Extraction- SPE) je cemapartuBHa,
CEeNIeKTUBHA M e(pHUKAaCHa METOAa y MpHUIIpeMH y3opaka. OBa eKCTpakifja IMpeCcTaBIba
($U3MUKy eKCTpaklMjy Koja YKJbydyje pacrnozeny u3Mel)y uBpcre u TeuHe ase, y K0joj
u3Mely uBpcte (hase M M30JI0BaHE CYICTAHIE MOCTOjU jaya MHTEpaKiMja Hero usmelhy
M30JI0BaHE CYIICTAHIIE W pacTBapada y KoMme je Ouo pacTBopeH. Bucoka CeleKTHBHOCT
eKCTpaKIfje W M30J0Bamka CYICTaHIIE Ce MOCTHXKE ofadupoM oxaromapajyhe cyrcraniie
KOja BPIIM aJCOPIIIHUjy H30JI0BaHe CyICTaHIEe (copOeHTa) M pacTBapaya (WM CMelle

pactBapaua). CynepkputnyHa ekcrpakuuja (enr. Supercritical Fluid Extraction-SFE) je
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TEUHO-YBPCTA €KCTPaAKIHMja Y KOjOj j& TeUHOCT-DIYUl y CYNEPKPUTHIHUM CTamy. Yak u
KaJ| je y30paKk y TeYHOM CTamy Moryhe je H3BPIIMTH CKCTPaKIHjy y3 MPETXOIHO

HaHOUICHE y30pKa HA UHTEPHY YBPCTY MOJJIOTY.

Xuaponectuianvja OWJBHUX — MaTepujajia MMa  HEKOJMKO  TPEIHOCTH.
[Tomudenonn ce MOry KOHIICHTPOBAaTH M3 €TAPCKUX yJba KOja Cy OJATOBOPHA 3a YKYC
MHOTHX TpexpaMOeHMX mpou3Bojga. Takohe, jeaumema 00HMjeHA MPOIECOM
XUIPOJIECTIIIAIIN]E CY PACTBOPJbHMBHja y BOJCHOM MEIWjyMy HETO OHA €KCTpaxoBaHa
OpPraHCKUM pacTBapadynMa, U YECTO Cy pacTBOPJbHBHja Yy OJHOCY HA CHUHTETUYKE
aHTHOKcHUaHate. [ eHepaiHO roBopehu, mpoleaypa ce cacToju OJl ISCTHIIAIM]E BOJE M3
BOJICHOT PacTBOpa KOjU CaJlpyKU OPTraHCKa jelUEbCHa, TP YeMy Iapa ca coOOOM HOCH H
OprafHcka jefumema. [lapa ce MoXe CTBapaTH y CHCTEMY WHTCH3UBHUM KJby4arheM BOJIC

MOMEIIaHE Ca MAaTEPHjaJIOM KOjU CaJpKH jeHECHha Koja Tpeda N30JI0BaTH, U BaH Hera.

1.6. CuHTEeTHUYKA (l)eHOJ'IHa jeIlI/Il-beH)a H BHUX0BA AHTHOKCHJIATHBHA

AKTHUBHOCT

On kana je yoyeHO Aa (EHONHA, OJHOCHO MONHU(EHONHA, jeIUmbeHha WUIrpajy
KJbYYHY yJOry y oJ0pamMOeHOM MeXaHHM3My OHOJIOIIKMX CHCTEMa, OBa JEUIEHA CY
Halla BENUKY MNPUMEHYy W y HHAycTpuju. Ha ermkerama MHOTHX mpowm3Bolaya
npexpamMOeHuX MPOoU3BOJa, XpaHe U nuha, 4ecTo cToju “Oorat M3BOp aHTHOKCHIAHATa .
ITpou3Boau momyT yiba, MAaCTH U XpaHE KOja CaJp>KU JHUMHUIE Ce, IPU 3arpeBamy WIH
300T 1yroTpajHOT CKJIAIUILTEHa KBAape jep ce, Mo TaKBUM YCIOBHUMA OJIUIpaBa MPOLEC
OKCHJallMje JIMIUAA U Jerpajanyja HacTaIuX OKCHUAAIMOHUX IPOU3BOJA. 3axBasbyjyhu
yOpaBO CBOjOj CTAOMJIHOCTH, AHTUOKCUIAHTH CY HaAUUIM I[IUPOKY TMPUMEHY Y
npexpaMOeHo0] MHAYCTPHjH Kao CPEJACTBa Koja CIpedaBajy mpomaaame xpane [83], a
HCTOBpPEMEHO MM000IbIIaBajy IleHa OPraHoJIENTHYKA CBOjCTBA. [IpBH aHTHOKCHIAHTH KOjU
Cy ce KOPUCTHJIU 32 KOH3EpBUpamke XpaHe cy OMiIHu 3auuHu. MelyTum, OHM Ccy 3aMemheHU

CHHTETHYKUM CyIICTaHIIaMa Koje cy jedTunmje, yrBpheHe uucrtohe u mocenyjy
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yjenHaueHHja aHTHOKCHIATHBHA CBOjcTBa [84]. OBa jenumema ce YeCTO Ha3uBajy U
aJUTUBHUMA U 03Ha4yaBajy cioBoM E u onroapajyhum tpouudpennm 6pojem.

CUHTETHYKM aHTHOKCHUAAHTH Cy IOYeIH Ja C€ KOpHUCTE Yy mpexpamOeHoj
WHAYCTPHjH deTpAeceTux roamHa XX Beka. O camor moyeTrka mHHXOBE ynorpeoe,
MIPBEHCTBEHO Cy KOPHUINNEHM Kao JOJalld MacTUMa M XpaHH Koja caipxu MacTh. JlaHac
Ce OBa jeIUICHhAa KOPHUCTE y MpexpamMOCHO] WHIAYCTpUjHU, Hajuemhe kao 3ameHa 3a
NPUPOJHE AHTHUOKCHIAHTE. VaKo CHHTETHYKM AaHTHOKCHUIAHTH IIOKa3yjy H3y3eTHe
0coOWHE MpU KOH3EPBUPAIY XPaHE M CIPEYaBajy HEHO TPYJbEHE U MPOMaIame, MOpajy
ce y3eTH y 003Up W MOTCHIHjaIHN IITeTHH eeKTH ayropouyHor kopumihema [84], 360r
yera MHOTH HMCTPXHBAYU TPEUCHHTY]y 0€30€THOCT HEKHUX BpJIO TOIMYyJapHUX
CHHTETHYKHX (EHOJIHUX AaHTUOKCHJIAHAaTa Kao IITO Cy, Ha TNpuMmep, OYyTHIOBaHU
xunpokcutonyeH (BHT, E321), OyrunoBanu xuzapoxcuanuson (BHA, E320), terc-
oyrunxunpoxurod (TBHQ, E319) u ranatu [85].

CuHTETHYKH (PCHOJIHM aHTHOKCHJIAHTH YECTO CaJpiKe W oaromapajyhe amkui-
rpyrme jep ce, 3axBasbyjyhu mruMa, moOobllIaBa U BUXOBA PACTBOPJEUBOCT Y MAaCTHMa M
ysbuma [86]. HajpacTBopsbHBHjU aHTHOKCHUAAHT y yiby je 2-(1,1-aumerunerwn)-1,4-

6enzenaunon (TBHQ) uuja je ctpykrypa npukazana va Crnunu 1.12.

HO OH

Crnuxka 1.12. terc-byTunxuapoxuHoH

2,6-lu-terc-0yrun-4-metmndenon wimm OytwioBaHu xuapokcutonyeH (BHT)
(Cnuxa 1.13), najuemthe Hamasum NpUMEHY Y HIpPOU3BOJAKBM MacTU U OWJBHHUX Yiba,
*Bakahux ryma, XxpaHe 3a >KUBOTHI-E UT/., allU C€, Takohe, ynorpedspaBa U 'y KO3METHUIIH
u (apmaneyrckuM npousBoauMa. OBO jenmb-emhe MHXMOUpa OKCHIATHBHE MPOMEHE Ha
onropapajyhum mnpousBoauMa uH3a3BaHe KucenuHama. lckyctBo je mokaszano jna
KO3METHUKH IpernapaT KOJU caJpike OBO CPEICTBO MOTY M3a3BATH aJepPrUjCKe peakiuje

Ha KOXH.
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Cruka 1.13. 2,6-/Tu-terc-6ytun-4-metnndenon

HNunyctpujcku ce BHT yrnmaBHoM no6uja peakiujom 4-meTuiadeHona ca n300yTUICHOM,
y IPUCYCTBY CYMITOpHE KUCEIIMHE Kao Katanuzaropa (peakuuja 1.1):

+
CH4(CgH4)OH + 2 CH,=C(CH3), = ((CH4)3C),CH3CgH,0H

Peakuwmja 1.1. MaAycTpujcko nobujame BHT-a

ByrunoBanu xunpokcuanuzon (BHA) je BepoBarHO HajBuIe KopuiiheH
AHTHOKCHJIAHT y TIpexpamMOeH0j MHIYCTpHjU. 300T CBOje paCTBOPJHEUBOCTH y MAacTUMa U
yJbMa UMa HIMPOKY NpuMeHy. OBO jelumbEeHE je TEpMOCTa0MITHO U UMa Haj00JbU edeKkaT
y TepMHUKH oOpaljeHHM HaMUpHHIIaMa jep UM oMoryhaBa QyKu pOK Tpajama. 300r Beh
MOMEHYTUX OCOOMHA OBOT CHHTETHYKOI AHTUOKCHJAHTA, OH HaJA3d TPUMEHY Yy
MIPOU3BOIY OMJBHUX YJba, YJba 32 MPIKEHE, XpaHe 33 )KUBOTUIbE, )KUTAPHIIA, KBaKahnx
ryma, maxyJbuiia, Kao M y JIakoj UHAYCTPHJU y HPOU3BOJBM KO3METHUYKUX MPOU3BOJA.
BHA, 3ajenHo ca npyrMM aHTHOKCHIAHTHMa, CIaJa y TpYINy aHTHOKCHJAHAaTa dYHja
ynoTpe0a m3a3uBa 3HauajHe Hecyriacuile. [locToje u cTyauje Koje cyrepuury 1a je oBaj
AQHTHOKCHIaHT KaHIIEPOTeH 3a JbyACKH opranu3am [87]. TTox osnakom BHA ce, 3anpaso,
nojapasymeBa  cMema  2-Tepu-OyTui-4-XuApoKcHaHu3ona M 3-Tepu-0yTui-4-
xuapokcuanusona (Criuka 1.14).

\O ~

O

OH OH

Ciuka 1.14. byTunoBaHu XuApOKCHAHU3OJIH
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[Mponwn-ranar (E310), wnu npomnuin-3,4,5-rpuxunpokcudenosoar (Cnuka 1.15),
J€ CHHTETHYKM aHTHOKCHJAHT W JIEPUBAT TajHE KHCEIHMHE KOja je cama 1o cebu modap
anTrokcunanT. OBaj JIepuBaT rajgHe KHUCEIWHE TOKa3yje HM3y3eTHY aHTHOKCHIIATUBHY
aKTUBHOCT y XpaHW M OWJPHOM YJby, HApO4YMTO y KOMOHMHALMjU ca acKOpOWII-
nanmurtarom. [Iponui-ranar nokasyje Mamy pacTBOPJBHBOCT y yJbUMa y Hopehemy ca
BHA u BHT, u oBa merosa ocoOMHa IMOCHENIyjeé CHHEPTUCTHYKO JejoBame ca BHA.
ITopen mera, kao aAUTUBU (HIp. 32 OYyBamka KBAJTUTETa Ciajojena Wid npepaheHor
Meca) ce yecto kopucte u oktui-ranar (E311) u noneuun-ranar (E312). Ilokazano ce,
MehyTuM, la OHM MOTY HM3a3BaTH ymajly CIy30KOXK€ Kelylla U HeKe MpoliieMe Ko

acMarnu4dapa.

OH

HO OH

Crmuxka 1.15. T'anHa kucenvHa (J1€BO) M MPOTMI-TANAT (JECHO)

Haxne, 300r yuMmbeHHUIA KOj€ YKa3yjy Ja CHHTETHYKH aHTHUOKCHIAHTH MOTY
MIPOY3POKOBATH 3ApaBCTBEHE MpoOIeMe KOJ JbyAH, cBe uenihe je mwruxoBa ynotpeda moj
3HakoM muTama. [lopex Tora, y peakuMjaMa HUXOBE CHUHTE3€ YINOTpeOJbaBajy ce
pacTBapaud M KaTalM3aTOpd KOjU HHUCY OMOKOMIATHOMIHM, a 300r HM30CTaHKa
PETHOCEIEKTUBHOCTH M HHUCKHX TPUHOCA, M30JI0Bamkhe W MpeuyninhaBame MPOM3BOJA je
KOMIUTUKOBaHO. 300T cBera OBOT T0jaBMJIa ce moTpeda 3a pa3BOjeM HOBUX MeETO/Aa
CHHTE3€ KOje 3a70BOJbaBajy cranmapne 3eneHe xemuje [88]. Konuent 3enene xemwuje
3aCHOBAaH j€ Ha MepaMa CMamerba OTIAJHOT MaTepHjaja, OMAacHOT JeJ0Bamka MOJA3HUX U
HOBOHACTAJIMX CYIICTAHIA, €HEPrHje W TPOIIKOBA YKJbBYUYEHHX Yy XEMHjCKE IpOIIece.
CuHXa U capaJHUIIM Cy Pa3BWJIA HOBE METOJIE 3a CHHTE3Y (DEHOITHHUX jeIHmbEeHha KOje

3a7l0BOJbaBajy oBakBe ctaHiapiae [89]. deHunmponaHoOWIN MPENCTaBbajy PasHOBPCHY
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Tpyny TPHPOTHUX Tpom3Bojma, a CuHXa H capaHHIU CY YCPEICPEAHIH CBOja
UCTPaXHMBamka Ha Pa3BoOj OMOAKTUBHHUX (DEHWITPONAHOWIA KAao IITO Cy (EHHIIPOICHH,
(heHuImponmany, MMMETHA KUCEITMHA U BheHU JIEPUBATH, JICPUBATH IIMHAMII aTKOXO0JIA U
[UHAMANJIEXHU1a, ¥ CII. JlepuBaT IUMETHE KUCEIIMHE U IUMETHOT aJlJIeXH/ia ce, MHaYe,
4yecTo MOry HahM y MpUpOJU U OHM TI0Ka3yjy 3HATHO Behy aHTHOKCUIATUBHY aKTHBHOCT
y OIHOCY Ha JepuBaTe XUAPOKCHOeH30eBe KucenuHe 36or nmpucycrsa -CH=CH-COOH
rpymne. OBa jeaumena Mocenyjy: aHTuOaKTepujcka, aHTU(hyHraHa, aHTHOKCUATUBHA U
aHTukanieporeHa ceojcrsa [90]. Ha Illemu 1.11. mpukasaH je HOBH IPUCTYI 32 CUHTE3Y
MUMETHOT anjexuaa nonazehu oy apwinpomnana. [{luMeTHHn anmexuj ce mpumpemMa one-
pot peaklujoM Koja ce€ caToju W3 AEXUAPOTEHHU3AlMje U OKCUIAIMje apWiINporeHa ca
BHIITKOM  JTUXJIOP-5,6-TUIIMjaHOOCH30XHHOHA, CTHUMYJIMCAHE YITPACOHHKAIUjOM, Y

NPUCYCTBY IHOKcaHa u cuphetHe kucenune [90].

CYBHU JINOKCaH

S

R

R= OMe, OEt, OCH,0, OH u cmn.

[Mema 1.11. Cunresa unHamaiaexuia mnoyiasehu oa apuinponaHa

ITopen Beh rope criomenyre ,,3ejieHe METOZE™, 3a CHHTE3Y (PEHOJIHUX jeAUIb-EHa
yrnoTpeOJbeHe Cy M JOHCKE TEYHOCTH. JOHCKE TEYHOCTH Cy Ce IOKa3aje Kao BeoMma
KOPHUCHHU KaTadu3aTOpH WJIH Kao ,,3€JIeHH pacTBapadyd’ y OpPraHCKMM W  MeTaj-
OpPraHCKUM peaklujama. Ymorpeba JOHCKMX Te4YHOCTH Moryha je y pa3auuuTHM

noJipy4yjuMa Kao IWTO Cy (apmaineyrcka WHAYCTpHja, OHMOTEXHOJIOTHja, MEIHUIIMHA,
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HanotexHosoruja. Ha Illemu 1.12 mpuka3aHo je HacTajame HEKMX (DEHOTHUX jeIUCHA

nexapOoKcHIalujoM KapOOKCUITHUX KUCEINHA Y MPUCYCTBY JOHCKUX TEYHOCTH.

Ry

] B Re
HooC OHCKa TEYHOCT - bo/1a

V"
COZ OR' Ry
R,-R,=OMe, OH

R= R=H, CH,

Huponu, Apun eTeHu U JepuBaTtn ApeHa

Ry

Rs R;-Ro=H, OMe, OH
= AN R
K

X=OH, N0, CI
R=H, CH,, CH,-C¢Hs

ema 1.12. JTlexapOoKkcunalmje HeKHX KUCEIHHA Y IPUCYCTBY jJOHCKHX TEYHOCTH

JoHCKe TeYyHOCTH ce MOTy KOPHUCTUTH U 3a JEXHIpaTalujy aikoxona. Y by
pa3BHjama e(pUKACHOT TMPOTOKONA JAeXuapaTanuje OeH3WI-alkoxoja/amerara Yy
onromapajyhe apuiankeHe pasWjeH je MPOTOKOJ 3aCHOBAaH Ha KOpHUIIhewmy jOHCKE
tegHocTH. OBa MeToJa KOPUCTH |-XEeKCHII-3-METHIMMHUIA30JINYM-OPOMHU]] Kao jOHCKY

TEYHOCT KOja je HeyTpalHa U Moxke jaa ce perukimpa ([llema 1.13).
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OR"

R' R'
AN N X
MHKpOTanac ‘
1-XeKcun-3-meTunnmMmmuaason MyM—
< K F Spownn . A F

R = H! OCHJ! OH? NOZ' CEHE
R'=H, CH,, C,H,, C;H,
R” = H, COCH,, COC,H.

[ema 1.13. JlexuapaTaryja aqKoxoia y IPUCYCTBY jOHCKAX T€YHOCTH

Bunundenonu, rpyna (QyHKIMOHAIHUX CTHpPEHa, Cy jeAHa O] Hajoosbe

HUCIIMTAHUX TI'pyla q)eHOJ'IHI/IX je,I[I/II-beI-ba " BbUXOBa IIPUMCHA je BEOMa pacnpoCTpamCHA Yy

npexpamOeHoj HHAyCcTpUju. Pan Ha pa3Bujamy jeJHOCTaBHE U e(pUKAaCHE METOOJIOTHje 32

IbUXOBY CHHTE3y KOja TOJa3u 0 4-XHIPOKCH CYICTHUTYHUCAaHUX OeH3anaexuaa Ouo je

3axTeBaH 3amatak [89]. Cunresa je yHampelleHa W MOXE Ce HM3BECTH y JBa KOpaka y

jeIHOj MOCY/IH, U IO yThllajeM MuKpoTtanacHux 3paka (Illema 1.14). 4-Bunuindenonu ce

KOPpHUCTC U KaOo I/IHTepMe,I[I/IijI/I 3a I[IPUIIPEMY HEKHUX OHMOAaKTHUBH

u komosmmepa [91].

HUX MOJICKYJa, IIOJIMMEpa

Knoesenarei-Jloebueposa

peakiHia Rz Ry _-COOH
!
HO
€0, R,
Knaciunn npotokon Ry
" 3awTura denona
! Ry OH
Xunonuu/GakapHa c
R cro R COOH ommmoaKaDa co
AcOH ! 240-260 crenen
+ CHy(COOH), —bl'[llll'[e pre— T —_—
P COOH Ynamame 3autare dexona
HO Re Mukporanacsu |, co,
3paun Re
Ry a
3
Ry
Rz
Monudukopatu npoToKoN X
T ——————————————
o, Ko R

Ry

R1:R2:R3:R4:OME‘, H, OH, Br, NO,

Illema 1.14. Cunresa 4-puHuideHosa U3 4-XUAPOKCH OeH3aIIeXu/1a
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XUIIPOKCUIIOBAHU CTHJIOCHU TIPEJICTABIha]y BaXKHY TPYITY MPUPOJIHUX jEIUHCHA
3axBasbyjyhu MIUPOKOM CHEKTpPY OMOJIOMKUX ocoOnHa. [locToju Benmmku Opoj mpoTOKOIa
3a CHHTE3y OBUX OMOAKTHBHUX CTWIOCHA, alM HajucTakHyTHja je IlepkuHoBa peaxiuja
n3mely Oerzanmexuna u GpeHmnaneraTHux kucenuHa. Hosu acrekt knacuyne [lepkuHoBe
peaknuje oOyxBaTa HEOOMYHY HMCTOBPEMEHY KOHACH3alM]y M JEKapOOKCHJIAIU]Y IITO

omoryhasa jeqHOCTaBaH MPUCTYI pasHUM OroakTHBHUM cTHiIOeHnMa (Ilema 1.15).

R

R! R6 R®
R? CHO R
COOH R2

nunepuaviH

PEG MHKpoTaiac

R RS R® R10
R3
R RO
R'vmm R* unu R® nnm R® unu R® unn R = OH R4
R'-R"=H, OMe,-OCH,0-,0H, CI, NO,

[Tema 1.15. CuHTe3a XUAPOKCIIIOBAHUX CTHIOEHA

1.7. KapakTepucTuKe 100pHX aHTHOKCHIaHATA

HezaBucHo o wu3BOpa 04 KOJUX TMOTHYY, 3a J00pe aHTUOKCHUIAHTE

KapakTepucTudHo je cinenche [92]:

1) Hemokcuunocm — OBO je BeoOMa BakaH acCIeKT KaJa ce pa3Marpa HOTEHIIHMjasiHa
ynotpeba HEKOI jeumbemha Kao aHTHOKcHAaHTa. OcoOMHE jeMbema KOje Ce KOPUCTH
Tpeba na Oyay TakBe Ja OHO OyJe HETOKCHMYHO Mpe M IOCI€ aHTUOKCHIATUBHE
akTuBHOCTH. Takole, jako je OuTHO mpenBUaeTH Moryhe MHTepakije ca JIEKOBUMAa KOjU

Ce UCTOBPEMEHO KOH3YMUPA]y.

2) locmynnocm - AutnokcumanT Ou Tpebaso ga Oyae JTOCTyIaH Kaja je TO MOTpeOHO.
OBa KapakTepHUCTHKA 3aXTeBa Ja C€ AHTHOKCHUIAHTH MOTY JIaKO YHETH HCXPAHOM WIIH
npousBecTH IN Situ. Kao mrto je Beh momenyTo paHuje, MOTy Ce YHOCUTH KPO3 JHjETETCKE

CYIUIEMEHTE.
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3) Mecmo u konuenmpauyuja - Ilopen tora mro Tpeba na Oyae mpucyTaH, eduKacaH
AHTUOKCUJIAaHT Tpeba na Oyzae y aaeKBaTHO] KOJWYMHU 3acTyiubeH y henmjama. OBo je
Ba)XXHO, jep Cy OHHU BPJIO PEAKTHBHU U UMajy KpaTaK MOJIy-KUBOT y OMOJIOIIKUM CUCTEMA.
Crora je BeoMa Ba)XHO Jla aHTUOKCHJAHTU OyAy MPUCYTHH Y THM MOJPYy4jUMa Kako Ou

eduKacHoO npecpenu cio0oaHE paJrKalle Ipe Hero IITO CTUTHY A0 OMOJIOLIKE METe.

4) Paznoeépcrocm - Jlob6ap aHTHOKCHAAHT OW Tpedao JIako Jia pearyje ca pa3jinduTUM
cI000THUM paJMKaTuMa U J]a UMa MOTYNHOCT JIeaKTUBUpamka CBUX CII0O00IHUX paJuKaia

MPUCYTHUX Yy OHMOJIOIIKUM CUCTEMHUMA.

5) Bp3una peaxuyuje — bp3uHa peakiyje JenoBama aHTHOKCHIAHTA je BeOMa BakHa 300T
epukacHe 3amTuTe Omoiyomke Mere. CaMO ako aHTHOKCHJIAHT MMa OCOOMHY Ja Opixke
pearyjy ca CIIOOOJHMM paauKaniuMma o]l OMOJOIIKOT MOJIEKyJa MOXE C€ CMaTpaTu

e(hUKaCHUM.

6) Ilponas kpo3 ¢puzuonowky éapujepy — Joul jenHa oa OUTHHX KapaKTEPUCTHKA
AHTHOKCHJIaHTa j€ CIIOCOOHOCT TpeBaswIakKema (QU3MONIOMIKUX Oapujepa u Op3u
TpaHcnoptT y henuje rae cy HajHeonxoaHuju. OBO je je pa3ior 300r kora cy aMpupHIHI
MOJIEKYJIH (XUAPODUITHU U TUTO(IIHA KapakTep) MoceOHO MmoxebHU. BaxkHy yinory numa
¥ BEJIMYMHA MOJIEKYla aHTHOKCHJAHTa, U OHa Tpeba OWTH ONTHUMalHa 3a TPAHCIOPT

npeko henujcke memOpane.

7) Pezenepauuja - V3pa3 pereHepaiidja ce OJHOCH Ha aHTHOKCHIAHTE KOjH MOTY Ja
CaKyluba)y BHILIE pAAUKAICKUX BpCTa. AHTHOKCUAAHTH KOJU UMAJy (PU3NOJIOMIKHU
MeXaHu3aM KOjUM O0OHaBJbajy CBOj IPBOOUTHU OOJHMK Cy BeoMa €(pUKACHHU y PEAYKIHjH
OKCHJATMBHOI CTpeca, jep UMajy CHOCOOHOCT XBaTama BHILE O] JeAHOT CI000IHOT
panukana. Peakuujom wu3Melhy aHTHOKCHIAHTa U CJIOOOJHUX paaMKala HacTajy
OKCH/IOBaHM OOJMIIM  aHTHOKCHJAaHaTa KoOjU MO JepUHUIUJU HMa]y HIXKY
AHTUOKCHJIATUBHY CIIOCOOHOCT O] MMOYETHOT jeIUIbEHha, alld Y HEKUM CIIy4yajeBUMa TaKo

OKCHUIOBAaHC BpPCTC W [HOaJbC MOTY C(I)I/IKaCHO ACAKTUBUPATH C.IIO60,[[H€ paguKac.

44



8) Munumanan 2youmax - TeHepanmno roBopehn, MeTaOONIMYKH MPOLECH Yy
(bU3HOJIONIKO] CPEIMHN YTUUY Ha CMAmbEHhe KOHIIETPAIMje CBAKOT XEMHU]CKOT jeUbEbha.
JloOpu aHTHOKCHMAAHTH Tpebamu Ou 1na uMajy MOryhHOCT pecopmuuje mocie
¢untpurapama Kpo3 OyOpere. MeTaOomuTH aHTHOKCHAAHATa KOjU  TIOKa3yjy
AHTHOKCHUJIATHBHY aKTHBHOCT M Jajbe Cy €(DUKACHU Yy XBaTamy CIOO0OJHUX paaUKala,

HIIP. MCJIATOHUH.

1.8. MeToje oapehuBama aHTHOKCHIATHBHE AKTHBHOCTH jeIMIbeha

Janac mocroje pa3iM4MTe BpCTE TECTOBAa 3a OfpeuBame aHTHOKCHIATHBHE
aKTUBHOCTH M CBU HMMajy CBOje NMpeaHOCTH W MaHe. He mocToju jemqHa meronaa koja ce
MOJK€ U3JIBOJUTH, ITa C€ CMATpa Ja je HajOOJbe PEIICHE J]a CE KOPUCTE Pa3IMINTE METOIC.
Heke merone ce KopucTe 3a CHHTETHYKE aHTHOKCHIAHTE WIIM CIIOOOJHE pajuKale, HeKe
cy cneuupuyHe 3a JMNHIHE MEPOKCHIAlMje U 3a HBUXOBO H3Boheme moTpedHe cy
KUBOTHUICKE WK OMJbHE henmje, TOK HeKe METOJIe 3aXTeBajy MUHUMAIHY MPUIPEMY H
MaJjie KOJIMYMHE peareHaca u Op30 jA0Bojie 10 pesynrara. Y Tabenu 1 Hamasze ce HEKU O
Haj3HAYajHUjUX U HajBUIIE MPHUMEHUBAHUX TECTOBA KOjU Ce KOpHCTe 3a ojapehuBame

AHTHOKCUAATUBHEC AKTUBHOCTU CUHTCTUYKUX UK IPUPOJHUX jeI[PII—LeH:a.

Tabena 1.3. Ilpuka3 Heknx Metona 3a onpehuBame aHTHOKCHIATUBHE aKTHBHOCTH

Tecm Mexanuzam Pegpepenya

ABTS .

22 -asuno6uc-(3-eTunGeN30- HWHAKTHBAITHja CII000HUX [93]

THA30JIMH-6-CyJIoHAT) pajiraia [94]

DPPH WHaKTHBAaLKja CI000IHUX [93]

(2,2-mupennn-1-nuKpuixuapasi) panukana [94]

Cl;,COo0O HWHAKTHBAITHja CII000IHUX [95]

TpuXIIOpMETHII IEPOKCH PaIHKAT paaukasia

T"aIBHHOKCHIT paInKaJT MHAKTHBALK]a CIO0OHNX [96]
paauKaia
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1.8.1. ABTS meroaa

2,2 -a3unobuc-(3-etrnben3o-tuazonun-6-cyndonar) (ABTS) (Ciamka 1.16),
Moxe dopmuparu mmiaBo-3eneHn ABTS pamukan katjon ABTS™, xemmjckom wmmm
€H3MMCKOM OKCHJalMjoM. 3a XeMHujcKy okcumanujy ABTS-a, najuemhe ce kopuctu
pactBop Kanwjym-miepcyidara wid KaimjyMmM-iepMaHranara. Kama ce MemaBuHa
pa30iiaku eTaHOJIOM, JOCTHIKE CE€ MAaKCUMyM arcopOaHIle Ha TajJacHO] MyKWHU ox 734
nm. OBa arncop6banna ce aedunuiie kao pedpepentHa ancopoania (Ars). Kaga ce ABTS
panuKai KaTjoH Mella ca aHTHOKCHIAHTOM, J0Ja3H J0 penykiuje reHepucanor ABTS
pamMkan KaTjoHa, a amncopOaHIla ce cMmamyje g0 CTabmiHe BpeaHOCTH (Agetect)-
AHTHOKCH/IATUBHA AKTHUBHOCT CYIICTAHIIC y NPOIEHTHMA C€ H3padyyHaBa HAa OCHOBY
dopmyite (1-Agetect/ Arer)x100. OBo je HajjenqHocTaBHUja npuMeHa ABTS panukain karjoHa
32 WCIUTUBAKHE YKYITHE AHTHOKCHIATUBHE CIIOCOOHOCTH Yy XpaHH W Y30pIUMa KPBH.
Wutepakiuja u3mely antrokcumanta u ABTS pamukan katjoHa MoKasyje YKYyIHY
AQHTHOKCHJIATUBHY CIIOCOOHOCT MOJICKYJa, W HE MOXXE JIaTH KBAHTUTATUBHY OICHY

CIIOCOOHOCTH TMOjeMHAYHUX XUAPOKCHIHUX rpyma [97].

. {
\\S/OH N
S =
AU S
S S;;o
N //l
> O o

Cnuxka 1.16. Ctpykrypa ABTS-a

Tponokc  (6-xuapokcu-2,5,7,8-reTpaMeTHIXKpOMaH-2-KapOOKCHIIHA ~ KHCEITHHA),
(Cnuka 1.17) je koMepHHjaTHU CHHTETHYKH aHTHOKCUAAHT, OJHOCHO y BOJU PAacTBOpaH

ACpUBAT BUTaMUHA E.
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HO

Ciuxka 1.17. Tponokc (6-xunpokcu-2,5,7,8-Terpame THIXpoMaH-2-KapOOKCHITHA

KHCEIIMHA)

[Ipu oxpehuBamy aHTHOKCHUIATHBHE AKTMBHOCTU HEKHUX jeAHbCHA, TPOJIOKC Ce

4eCcTO y3uMa Kao peepeHTHN aHTHOKCUIAHT Koju pearyje ca ABTS panukain kaTjoHOM.
1.8.2. DPPH meTona

DPPH (2,2-mudenwnn-1-nukpunxuapasuin) paaukan (Cnuka 1.18) je crabuman
paauMkan Ha cOOHOj TeMIEpaTypu KOjU Y CBOjOj CTPYKTypu HMa N-I[EHTap U KOjU Cce
KOPHUCTH 32 UCHHUTHBAaWmE CIIOCOOHOCTH jEIMI-EHa 3a XBaTama pajaukana. 300T cBOT
HecnapeHor enekrpona, DPPH pamukan pacTBopeH y eTaHONy MOKa3yje arcopriujy y
BHJIJMBOM JIETy CIIeKTpa (JbyOmdacta 60ja) Ha TaimacHO] AyUHU o1 517 nm (Ars OKO
1.0). HdonaTkoM aHTHOKCHUIAHTa CMamyje ce arncopOaHIla pacTBOpa 10 CTaOWIIHE
BpeTHOCTH (Adetect), IITO CE€ Takohe oriena y mpoMeHH 0oje U3 JbyOMuacTe y XKyTy.
CrnocobHoct anTHOokcuianTta na yxBatu DPPH pamukan (%) uspauynaBa ce momohy

. H
N—~N NO, N—N NO,

Cnuxka 1.18. Ctpykrypa DPPH panukana(jieBo) 1 leroBor peayKkoBaHOr 00JiMKa (JIeCHO)
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Ha ocHOBY aHTHOKCHIATHBHE CITOCOOHOCTH 32 Pa3JIMYUTE KOHIIETpAlHje y30paKa
n3paxkeHe y nporentuma, oapehyje ce ICso. 1Cso mpencraBiba KOHIIETpAIM]y y30pKa Koja
je motpebHa 3a maxubupame 50% DPPH pamukana. OBaj mojgaTak ce KOPUCTH Ja ce
MCKa)Xe aHTHOKCUJATHBHY KalalHUTeT UCIIUTHUBaHE cyrcTanie. Mane BpenHoct ICsg 3a

HEKO jeIUbEhe N0Ka3yjy Jla ce OHO MOHAIa Kao JaKk aHTUOKCUIAHT.

Y HOBHje BpeMe YMECTO J0CTa HECUTYpHOT ojapehuBama KOHIICHTpAIlUje
(beHONMHUX jenumema MpH Kojoj ce mouyeTHa KoHueHtpauuja DPPH cmamm Ha 50%
(ECs0/ICsp BpemnocT), yBeICHE Cy HOBE METOJE KOje Ce 3acHHMBajy Ha ojapehuBamy

KOHCTaHTe Op3HHE U APYTUX KHHETHYKUX Mapamerapa peakuuje [98].

1.8.3. Peaknmuje ca TpUXJIOPMETHJI IEPOKCH PATUKATIOM

Tpuxnopmerun mnepoxkcunnu paaukan (Clz3COO’) ce Takohe kopuctu 3a
UCIUTHBAKE AHTHOKCHIATUBHE aKTHMBHOCTH PAa3IMUUTHX jeaumerma. OBaj pagukan ce
reHepuine y MemiaBunu koja caapxu 1% CCly (v/v) u 5% (CH3),CHOH (v/v) y 10 mM
KH,PO4-KOH nydepy ma pH = 7.4. Cmarpa ce na ce TPUXJIOPMETHI TEPOKCUITHH
panukan (GopMmupa UHTepakuujoM ozarosapajyhux aremaca ca OH koju ce renepuiie

pamuonu3om (Illema 1. 16).

(|)H c|)H
"OH +CH;CHCH; —= CH;CHCH, + H20
0

I
CCly |- (CHLCCH; + HY)
€aq +CChH—="CHCl; +CI

o

CLL,COO"

[lema 1.16. I'enepucame TPUXJIOPMETHII MIEPOKCH paaukana momohy ‘OH
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TpuxmopMeTusi MEPOKCHIIHA PaJMKal HUjE€ JOBOJHPHO CTaOWIIaH Ja ce OouyBa Ha COOHO]
temneparypu. KoHcranTe Op3uHe 3a peakiiyje TPUXJIOPMETHI IEPOKCHIIHOT PaiKaia ca

HEKUM NPUPOTHUM (EHOIMMA, pHKa3ane cy Ha ciaunu 1.19 [95].

0
4 O.
OH
OH
OH
0
| 0 OH
OH |

: OH OH
3.82x10° 3.92x10° 4.67x10° 5.63x10° 8.37x10°

Cnuka 1.19. KoncranTe Op3nHe peakiyje pa3nuauTux GeHona ca TPUXIOPMETHI TEPOKCH

paguKaIoM
1.8.4. Peakuuja ca raJIJBUHOKCHJ PaJHKAIOM

lanBunokcun paaukan (cauka 1.20) Ha coOHOj Temmeparypu je cTaOuiIaH
paauMkan ca paJuKaJCKUM LIEHTPOM Ha aToMy KuceoHMKa. lIpuMeHa rainBHHOKCHI
panukana je ucra kao u DPPH - mokasyje cmocoOHOCT aHTHOKCHJIaHATa Jla pearyjy ca
cJI000THUM pajuKaiuMa. AHTHOKCUIAHTU CMamyjy MHTEH3UTET CUTHaja TaJBHHOKCHUII
panuKanga y CHEKTpuUMa eJIEKTpOH IapaMarHeTCKe pe3OHaHLUje, MpU YeMy Ce€ MepH
KOHCTaHTa Op3uHe peakiuje u3Mely TrajaBUHOKCWII pagukaiga U aHTHOKcuaaHTa. Ha
IpUMep, KOHCTaHTe Op3uHA 0-TOKO(]eposia 1 YOUXMHOHA y peaklyju ca OBUM PaJUKaIOM

cy 1.0x10% n 6.0x10°M™s™ [96].
\
*0 o}

Cruxka 1.20. TanBuHOKCHII paauKaia
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Ha ocnHoBy cTpykType Ha ciaunu 1.20 BUOAMMO J1a KHCEOHHMK Ca HECIApEHHUM
€JIEKTPOHOM Y CBOM OKpPY)K€HbY UMa Tepl-OyTHUil rpyme, Koje CTBapajy CTEpHE CMETH-E 3a
MPUCTYI PEAKIMOHOM IIEHTPY TaJIBMHOKCWI pajJuKaja, IITO UMa 3a MOCIEAMIY J1a OBaj

paJuKal pearyje caMo ca MambHUM MOJICKYJIMMA.

HOpC,I[ METOAa OIMMCaHUX Yy NPETXOJHOM TEKCTY, BAXKHO je IIOMCHYTH U UCIIUTHUBAEKC

WHXUOUIM]E JTUTIOKCUTCHA3E.

1.8.5. Nuxuduumja qunugHe nepokcuaanmje

Jeman on rmaBHMX Tpolieca KOjU je YKJbY4YeH y OKcHIaTuBHa omrehema henuja je
nepokcuianyja ymnuaa. Peaknyjama nepokcuaanyje Aojasu 10 MPOU3BOIE CI000IHUX
pamukaia Koju paszapajy JHIuAe Koju ce Hajtaze y MemOpanama. Kao Hyc mojaBa oBHX
peakyja ociobahajy ce pasHU JerpaJaiioHUH MPOU3BOIH: ATKOXOJH, AIJICXUIN, KETOHH,
aJKaHK ¥ ecTapckd paaukaind. JlaHuaHa peaknuja Koja je WHHMIMpaHa H3BajarmbeM
BOJIOHMKA Ha3WBa Ce MEpOKCHIalMja unuaa. Peakipje nepokcuaanyje JIMmmaa J0BoIe 10
CMamema TPOMYCTIFMBOCTH henmjcke MeMmOpaHe, JOK TPOM3BOAM KOjU HACTa] Y OBUM
peaxijama HHXHOUpPajy CHHTE3y MPOTEHHA, XEMOTAKTUYKUX CHTHAJIA U aKTUBHOCT €H3MMA.
MHora mnpupoJHa jenumema Koja Cce MOTy eKCTpaxoBaTH M3 OHJbaka, HApOYHMTO
jenumera (PEHOIHOT THIA, UMa]y 3HAYajHy YJIOTY Y 3aIITHTH JMITUIHUX KOMIIOHEHTH O]
okcypauuje. deHonmn MoOry Jna pearyjy ca MepokcH paaukaiuma ¢dopmupajyhu
XUAPOMEPOKCHUIE, IPH YeMy J0JIa3u JI0 MpeKuaa JaH4YaHe peaknuje. 30or MoryhHoCcTH
rpahema BuIIe Me30MEpHUX OONMKa, TaKo HacTalu (EHOKCH paauKal je Beoma

craOuiaH.
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Crmuxka 1.20. Pazmuuntu ctabniian Me3oMepHU o0Hn GEeHOKCH paguKaia

1.8.5.1. WNuxuduuuja JUNOKCUTeHa3e coje

Em3uMu koju kopuctehu KHCEOHHK KaTalu3yjy OKCHIAIM]y He3acMNeHHWX MacHHUX
KHCeIMHa ca CiS,Cis-1,4-TIeHTaIMeHCKUM CHCTeMOM (KOJI OWMJbaka JIMHOJNHE a KOJ JbYIU
apaxuIOHCKe KMCeMHe) Ha3uBajy ce smnokcurenasama (LOX). V xkuBoTumckum hemrjama
LOX wumajy BaxkHy ynory y OWOCHHTE3M Ouoperymaropa (HIp. JEYKOTpHEHa U
nurnokcuHa). OBa jeMmbeha ce CMaTpajy MOCpeaHUIIMMa HEeKHX OOJIeCTH, Kao IITO CYy
OpoHxujamHa acTMa, ncopujaza u umduamanuja [99]. Taxohe, mejcTBOM OBUX €H3WMMa
HACTa]y XHUAPOMEPOKCUAM KOjU 3HAYajHO JOMPUHOCE CTBapamy aTePOCKIECPOTHIHUX

Je3uja, ITO YTUYe Ha Pa3Boj HEKOJIMKO XyMaHuX kanuepa [100].

51



Ha Cmumm 1.21 npukaszaHo je akTHBHO MECTO JIMITOKCHTeHa3e M30JI0BaHE M3 COje Kora

ynan  TBOXNe(IIl)-joH KooOpnMHOBaH 3a TpPU XUCTUAWHA, M30JICYIIMH, aclaparH W jeIHy

XUJIPOKCUJIHY IPYILY.

N
lle
o OH
N/
Fe,
7> | v\
N 0 N
—/ S
Asn NH;

Cruka 1.21. AKTUBHO MECTO COjHHE JIMIIOKCUTEHA3E

FeHepanHo HpI/IXBaheH MCXaHH3aM I[ejCTBa CH3MMa JIMIIOKCUI'CHa3¢C je PAIUKAIICKU

. . +

MeXaHH3aM KOju YKJbydyje mpeysumame H-aroma n3 MacHe kucenuHe momohy Fe®'-
. 2+

XUIPOKCUIIHE Tpyle, IITO JO0BOAM [0 peaykiuje rBoxkha mo Fe™ wu rpahema

MICHTaIUCHIUTHOT paaukaia, [llema 1.17 [101].

Lox-Fe¥'-
AKTUBHO MECTO
H H H
R R’ 0, R R’
- /
Lox-1 —_— H+
H 9.0
P HOO
Lox-Fe?* Lox-Fe2* Lox-Fe**
~ o //\ R’ : //\ /
> I, . 2 — —
‘00 °00
pamuKaI NepOKCHI-PAJHKAI

R=-(CH,),CH,4
R=-(CH,),COOH

[ema 1.17. Mexanu3zam JiejcTBa JUIOKCUTEHA3e
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Tako poOWjeHM paauKal Ja’be pearyje ca KHCECOHHMKOM TIpH YeMy HacTaje

MEPOKCUIIHU paJiMKal MacHe KucenuHe. PenyKiujoM NepoKCHUIIHOT pajuKana moMohy
2+ - . .

Fe’-jona HacTaje MEpPOKCHIHM aHjOH a 3aTUM ¥ XHJIPOIEPOKCHIHU JIUCH, Y3

perenepanujy Fe®'-jona (akrusae hopme mmmnokcurenase) [102].

NHXHOUTOPCKA aKTHBHOCT jEN-CHha UCTIUTY]E ce IN VItro Tako mITO ce MCITUTUBAHO
jeIMIbEhe PACTBOPH Y €TAHOJY M IOMeIla Ha COOHOj TemrepaTypu ca Na-JIMHOJIeaTOM U
€H3UMOM. 3aTuM ce IpaTH KoHBep3uja Na-lnmHojieara y 13-XUApOINEepoKCH AephBatT
muHonHe kucenuHe UV cnekrpodoTomerpujcku (Ha 234 nm) U mopean ca KOHBEP3UjOoM

KOJy yCJOBJbaBa JENOBamk€ CTaHAAPAHOI HHXUOMTOpa (Hajuemthe kadeHe KucenuHe)

[103].

1.9. MexaHN3MH AaHTHOKCHIATHBHOTI 1€JI0BAKA

Kao mro je Beh moMeHyTO y MpeTX0MHOM JIeNTy TEKCTa, MOJICKYJICKE BPCTE KOje Y
peakiyjaMa ca paguKaiiMa HUMajy CHOCOOHOCT (opmupama CTa0WIHUJUX paJuKaa
HasuBajy ce antuokcumantu (AOH). Hajuemhe, HOBOHAcTamu CTaOWIHHjH DPaIUAKaIl
HACTaje Kao IOCIeAnIia MpeHoca aToMa BOJOHUKA. [IpeHoC BOIOHMKOBOT aromMa MOXe
OUTH OIUCaH ca HEKOJHUKO pa3IMYUTUX MexaHu3ama. Heku oJ BUX ce cacToje u3 jeJHor
KOpaka, aly je 3HauajaH Opoj MexaHu3aMa Koje YuHe JBa Kopaka. Y JlajbeM TeKcTy hemo

omnucartu ciiegehe Mexanusme:
e Tpancdep atoma BooHuKa - eHr. Hydrogen atom transfer (HAT),

e KymniuoBaHu nmpeHoc NpoToHa u enekTpoHa - eHr. Proton Coupled Electron

Transfer (PCET),
e [lpenoc jennor enexrpona - eHr. Single Electron Transfer (SET),

e [lpeHoc jenHor enekTpoHa mpaheH NPEHOCOM MpPOTOHA — €Hr. single

electron transfer followed by proton transfer (SET-PT),
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e (CekBEHIMOHAIHU I'yOMTaK NMpoTOHA npaheH ryOuTKOM ENeKTpOHA — EHT.

sequential proton loss electron transfer (SPLET),

e Oo0Opa3oBame pamukaickor agykra — eur. Radical Adduct Formation
(RAF)

° CGKBGHHI/IjaJ'IHI/I FY61/ITaK IIpoToHa IIPE€HOC aroMa BOJOHHMKA — CHI.

Sequential proton loss hydrogen atom transfer (SPLHAT).

1.9.1. Tpaucdep aToma BOAOHHKA

Jenan on Haj3acrymibeHujux je HAT mexanusam, koju je oapeheH eHTaImujom
xomonutrukor packuaamwa O—H Bese (BDE) monekymna antuokcumanta (AOH), mro ce

MO3K€ MIPEJICTaBUTH peakuujom 1.2:
A-OH - A-O"+ H’ (1.2)

OBaj MexaHW3aM UMa KpYyIHjalHy YIOTY Y AaHTHOKCHUIATHBHO] AKTUBHOCTH
MHOTHX XEMHUJCKUX jelUmbeHha, Koja je Haju3pakeHuja KoJ MOJU(PEHONHUX jeUbEHha Y
HeyTpadHoM o00muKky. OKpyXeme y KOMEe ce peaklidja JellaBa BeoMa YTHYE Ha
Mexanuszam peakuuje. Mmajyhu y Bumm oBy ummenuily, Mmoxke ce pehu nma je HAT
MEeXaHHM3aM TJIaBHU pEAKIMOHUM MeXaHu3aM (QEHOJIHHMX JeAUmeHha Yy HENOJapHOM U
JUMHUTHOM OKPYXKElY, Tj. Y OKpYXewmYy Yy KOME Cy TMpoLecH JenpOoTOHOBamba
3aHempasbuBu. IlocToje pesynTaT Kako €KCHEpUMEHTAIHMX, TaKO M TEOPUJCKUX
HCTpaXMBamka KOjU TMOTBphyjy Ma je 3a aHTHOKCHUAATHBHY aKTHUBHOCT (DEHOITHHUX

jenumema oaroopan ynpaBo HAT mexanuszam [104].

1.9.2. KyniioBaHu NpeHOC MPOTOHA U eJIEKTPOHA

Tpeba ncrahu ga peaknuje koje ce onsujajy no HAT u PCET mexanusmy umajy

WCTe TIPOM3BOJE, alu ce MelycoOHO pa3nukyjy mo peaknuonum myteBuma. Komg HAT
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MeXaHU3Ma MPOTOH U EJIEKTPOH Ce MPEHOCE 3ajeJIHO Kao aTOM BOJOHHKA, JOK C€ KOJ
PCET mexaHu3ma eJIeKTpOH U MPOTOH MPEHOCE Y JeTHOM KOPaKy, ajld Kao JIBE OJIBOjCHE
gectuiie. T0O 3HAYM Ja MPOTOH M EJIEKTPOH MYTYjy Pa3IMYUTHM TyreBuMa. Peakmuja
MpeHoca aToMa BOJOHWKA m3Mel)y OCH3WJ pagukana U TONyeHa je nobap mpumep 3a
objammeme peakiuja koje ce oasujajy mo HAT mexanmsmy. C apyre crpaHe peakiuja
npeHoca aroMa BojoHHMKa u3Mehy deHokcn panukana u GeHomna je mpuMmep 3a peakiujy
koja ce oasuja mo PCET mexanusmy [105]. 3a oOjammeme pasznuke usmehy HAT wu
PCET mexanu3ma Hajuenthe ce kopuctu ananuza SOMO op6Outana (eHr. single occupied
molecular orbital) nmpenasnor crama (Ciouka 1.22). YV peakuuju Koja ce oasuja usmely
OCH3MJI paJMiKalia U TOJyeHA PaBaH CUMETPHje KOja Callp)Ku yIIbeHUK-BOJOHUK-YIJbCHUK
BE3y je OPTOTrOHAJIHA y OJHOCY Ha OeH3eHOBe pcTeHoBe. Kon peakiuje nsmely dheHokcn
pangukaia u (heHoJIa TeOMETPHja MPEJIa3HOT CTamka je CKOpO TUIAHApHA, a IPOTOH KOjU ce
MPEHOCH HaJIa3W CE Y PAaBHU Ca KHUCEOHWKOBUM aroMuMa. Y peakuuju usmely dheHokcu
panukana u (eHosa, reoMeTpHja MpeasHor crama ce hopmupa umely XuapokcuiHe
rpyIie U yCcaMJbEHOT €JIEKTPOHCKOT Tapa Ha KHCEOHHUKY (PeHOKCH paaukaina. To 3Hauu 1a
MIPOTOH TIpenas3u ca (eHoIa Ha yCaMJbEHHU eJIEKTPOHCKHU nap ¢eHoken pagukana. C apyre

CTpaHe, €JEeKTPOH Mpena3u u3 2p opOutane ¢eHola y KOjoj ce Haja3u ycaMJbEeHU

eslekTpoHCKH nap 10 SOMO op6utane peHoKkcH paauKania.

Crnuka 1.22. SOMO kox HAT mexanu3ma 3a CTpyKTypy Npesa3Hor CTamba CHCTeMa
6ensuin/Tonyen (1eso) 1 SOMO kon PCET mexanusma 3a CTpyKTypy
MpeJIa3HoT CTama cucTeMa (heHOKCH/(PeHOI (IeCHO)

CMmaTpa ce Ja OBe peaklMje HMMajy BeOMa BaXHY YJIOTY Y XEMHjCKHUM U
OMOJIOIIKMM TIpollecMMa M J1a je OBaj MEXaHMW3aM PeJIeBaHTaH 3a pa3MEHy BOJIOHMKOBOT
aToMa y THPO3WJI/TUPO3UH Mapy, KOjU YUECTBYje y XEMHUJCKUM IMpOIleCUMa peayKTasza

pubonykieotuaa [106]. PCET mexann3am vMa BakKHY YJIOTY Y MpOIeCHMa OKCHIaTHBHE
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3amrure ButamuHa E w yomxwmuona [107], eymarununa [108], auapunamuna [109] u

cyndencke kucenune [110].

1.9.3. IIpeHoc jeaHor eaeKTpPOHA

SET je mexaHW3aM KOjU C€ 3aCHMBA Ha EJIEKTPOH-aKIIEITOPCKOM KapakTepy
co0OIHOT pajguKana, U Ha EIeKTPOH-TOHOPCKOM KapakTepy aHTHOKCHIaHTa. Tpeba
HarjacaTé Ja IOCTOje JBa HaumHa Ha ocHOBY Kojux ce SET Mexanuszam ojBuja.
Hajuemrhe ce omurpaBa peakiiyja mpeHoOca €JICKTPOHA ca aHTHOKCHJAHTa Ha CIOO0O0THH

paauKan u oBaj MexaHu3aM ce yecTo HazuBa SET-I.

A-OH+R—-A-OH™+R" (1.3)

Ha oBaj nHauumH ce ¢dopmupa pagukan KaTjOH aHTHOKCHUIAHTA M aHjOH CJIOOOJHOT
panukana.

Taxohe, mocroje u ciaydajeBu KOJ KOJHX C€ OBaj MPOIEC JCMIaBa y CYIPOTHOM CMeEpy,
IIpU YeMy HacTaje pajuKall aHjOH aHTHOKCHAAHTA M KaTjoH ciio0oaHor paaukana. Oaj

mporec ce Taga Hasusa SET-II:

A-OH+R—A_-OH+R' (1.4)

SET-I peakumoHu myT ce cmarpa TJIaBHUM AaHTHOKCUIATHBHUM MEXaHH3MOM
CHOJIHMX M30Mepa KypkymuHa [111], a cMaTpa ce W W3y3eTHO BaKHHM 3a PEaKIHje
nepusara enapaBoHa ca OH pamukamom, ‘OCCl3 u CH3COO™ pagukanom [112],
IUTAaHAPHMX aHaAJora KaTeXxuHa ca mepokcui pagukanuma [113], u peakiuje kapoTeHOU 1A
ca CCI1300’ [114] u "'NO; pamukanom [115].

Ca ppyre crpane, SET-II mexanuszam ce cMarpa OATOBOPHHM 3a pEaKIvje
CYIEPOKCHIHOT ParKail aHjoHa ca KapoTeHnMma [116], u kcantonnma [117], 3a peaxiuje
NO paaukana ca YpUHCKOM U Ka€MHCKOM KHCEITHMHOM, TPOJOKCOM M T€HHUCTEHHOM

[118].
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SET mexaHu3aM Kao peakIMOHM MyT OJrOBOPAH 33 AHTUOKCHIATUBHY AKTUBHOCT
Ce PETKO jaBJjba, alld C€ 3aTO YECTO MOXKE CYCPECTH Y KO Yralliju ca IPYrUM XeMU]CKUM

IIPOLECHMA.
1.9.4. IlpeHoc jexnor ejexkTpoHa npaheH npeHocomM NpoToHa

OBaj MexaHu3aM ce ofurpasa y nBa kopaka. [Ipu kopak SET-PT mexanusma je
oapeleH CHEPIrUjoM OTIYINTaka eJIEKTPOHA, OAHOCHO jOHH3alMOHNUM moTeHnujaiom (1P),

IITO CE MOXE MPEJACTABUTU PEAKITH]OM 6:
A-OH — A—OH " +¢e~ (1.5)
[IpousBo/ oBe peakiyje je paarKat KaTjoH.

Hpyru kopak SET-PT mexanu3Mma je onpeheH eHTannujom Tuconmjamuje mpoToHa

(PDE) panukan katjoHa, IITO c€ MOXKE MPEICTaBUTH clieiehoM peaxiijom:
A-OH" - A-O'+ H" (1.6)
IIpou3Box oBe peakiyje je pajuKaa aHTHOKCHUIAHTA.

[TocToje momanm Koju yKasyjy Ja je Ipyrd Kopak OBOT MEXaHHW3Ma BeoMa Op3 KOJI
Oajkanenna [119] u kBeprueruna [120]. Mehyrum, SET-PT Huje ykibydeH camo y
AHTHOKCH/IATHBHY aKTHBHOCT XEMHjCKUX jeIUbeha Beh yTHue W Ha OKCHIATHBHA
omreherma GHOMOINIEKyla HACTada JEjCTBOM PEaKTHBHHX pajaukana kao mto cy OH.
Hokazano je na je SET-PT rnmaBHum MexaHu3zaM y peakuuju usmel)y ryaHosuHa u
XHIPOKCWIHOT pamukana [121], mro je omoryhwno ma ce oOjacHe HEKH

CKCIICPUMCHTAJIHU ITOJaIlU.

1.9.5. CexBeHUMOHAJHH I'yOMTAK NMPOTOHA NMpaheH ryOMTKOM eJleKTpoHa

Jour jepan o MexaHHM3ama KOju ce€ cacToje U3 BHIE o jenHor kopaka je SPLET.
[TpBu kopak SPLET mexanm3ma je xereponmutnuko pakuaame O—H Bese, u oapehen je

PA Bpennomthy, ogHocHo apunureroM A—O mpema npoToHy.
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A-OH —» A-O +H" 1.7
[Tpou3Bo/1 OBE peakxiiyje je aHjoH.

Hpyru xopak SPLET mexanusma je oapel)eH eHTannujoM OTIyIITama eIeKTPOHa

(ETE) u3 aHjoHa, IITO C€ MOXE MPEJACTABUTH ciieiehoM peakIijoM:
A-O - A-O' +e (1.8)
[Tpon3Bo/ OBE peakitje je paarKa.

[Toctoju Benmku Opoj pe3ysTara KOju ce MOTy CMaTpaTH JI0OKa3uMa Ja je YIpaBo
OBaj MEXaHM3aM KJbY4aH y 3alITUTH o1l okcuaaTtuBHor omrehema. SPLET mexanusam je
UJACHTU(PUKOBAH Kao JOMWHATaH y BpIICHY aHTHOKCHUIATHBHE AKTUBHOCTH OpOjHUX
jenumema y nmojapHuM yciaoBuma. Heku npumepu ¢y Kypkymun [122], anuzapun [123],
XUIPOKCHOCH30€Be U IUXUApPOKcHOeH30eBe kucenune [124,125] pecseparpon [126],
mopuH [127], ¢naBoHounu [128], Buramun E [129], kBepuerun u enukatexun [130],

ranHa kucenuna [131] u epoaunon [132].

1.9.6. O6pa3zoBame paguKAJICKOr aTYKTa

[TorenmnujamHa yimora OBOT MeXaHM3Ma 3aBHCH O] CTPYKType aHTHOKCHIAHTA,
KOHKPETHO 3aBHCH O] TNPHCYCTBa BHUIIECTPYKHUX B€3a y MOJEKYJTy AHTHOKCHIAHTA.
Takohe, BakHy yJOTy KOJI OBOI' MEXaHH3Ma UIpajy M OCOOMHE CIO0OO0AHMX paJMKaia.
I'enepanno rosopehu, enekTpoduiaHM cl100OO0AHM pajuMKadM MMajy HajBehu moTeHuujan
yuemha y peakiyjama ca aHTHOKCHJAHTHUMa Koje ce oaurpasajy no RAF mexanusmy.
PeaknnoHn ImeHTap MOJIEKyJla AaHTHOKCHAAaHTa Tpeba na Oynae Jako JIOCTymaH, a
cio0oiHu pagukan 0u Tpebao aa Oynae Malld WIM Cpellibe BeJIMYMHE Jja Ou ce uzberie
MOTEHIMjaJTHE CTEPHE CMETH-E KOje MOTY Jla OMETajy peakiijy Koja ce oJurpana 1o OBOM

MexanuzMy. RAF mexanusam je npezcrasibeH Ha lemu 1.18.

A-OH+'R—[A-OH-R]

[lema 1.18. Peakuuja no kojoj ce onsuja RAF mexanuzam
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OBaj MexaHHM3aM aHTHOKCHIATHBHOT JENIOBaKka j€ 3aCTYIUBCH KO Pa3IHuUTHX
aHTHOKcHaaHTa. [IpeTmocTaBiba ce /1a je BeoMa BakaH KOJ KapoOTEHOHJIa KaJl pearyjy ca
‘OOH pagukanom [133], rayratmonom u 2-MepkanrtoeraHosn taosnoM [134], ankw,
QIKOKCHJIHUM W aJKWINEPOKCWIHUM pagukaniom [135], xao u y peaknuju ca
OensuanepokcuanuM paaunkaaoM [135]. Takohe, cmarpa ce na je RAF nHajBepoBaTHHjH
MexaHnusaM 3a xBarame OH paaukana reuctuHckoM kucenunom [136], xadeunom

[137], menaronunom [138], xuapokcubensmn ankoxonuma [139], ka0 ¥ KapHO3UHOM

[140].

1.9.7. CexBeHuujanuu ryouTak mnporoHa mnpahed mnpeHocom arTroma

BOJOHHUKA

OBaj MexaHH3aM Ce CacTOju U3 JIBa KOpaka, a MPBU KOpakK je WACHTHYAH IPBOM
kopaky SPLET mexaHnu3ma u orjieaa ce y JenpOoTOHOBakY aHTUOKCHUIAHTA, JOK C€ APYTH
KOpaK orjiena y MNPeHOCy BOJMOHHWKOBOr artoMma. Pasnmmka wmsmel)y SPLET-a um oBor
MeXaHU3Ma j€ YIpaBo y IPYroM KOpaKy, OJHOCHO Y YECTHIU KOja C€ MPEHOCH Y APYroM
kopaky oBor mexanuszma. Kom SPLET Mexanusma y JOpyroM Kopaky IpPEHOCH ce

CJICKTPOH, a OBAC A0JIa3U 0 IMPEHOCA aTOMa BOAOHUKA.

A—(OH); > A—(OH)O + H* (1.9)

A—(OH)O + R — A—(0)O +HR (1.10)

SPLHAT mexaHu3aM je 0] OBUM MMEHOM ITOMEHYT camo jeauom [141], u To ko
aHTOILMjaHUMHA, aJI1 CE ONHUCYje HEroB YTULA] Ha HeyTpallucame clI000IHUX paauKana
U KOJ JPYTUX jeluiberba. JemaH of mpuMmepa je peakimja ramnHe kucenmHe ca OH
pamukaiom [142]. Takohe, mocrtoje momamu Koju TOTBpHYjy 1a je oBaj MeXaHU3aM
3HAYajaH 32 AHTUOKCHIATHBHY aKTUBHOCT elaruHcke kucenuHe [143], mpommn ramara
[144], xadenncke u apyrux peHonHUX KucenuHa [145].

SPLHAT ce cmarpa komnerutuBHUM SPLET wmexanusmy, c o003upom Ha

YUECHUILY /1a UM j€ TIPBH Kopak 3ajenHudku. Ctora ce cMarpa Ja CBaKd YMHHJIALL KOJU
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nonpuHocu moBehamy nenpoToHoBama (aBopusyje oba mporeca. 3ampaBo, Koju he
MEeXaHHM3aM MPEOBIAJUTH 3aBHCHU OJ MOTYNHOCTH JENPOTOHOBAHOI AHTUOKCHIAHTA Na
IpeHece BOJOHUKOB aTOM WIIM €JIEKTPOH. YKOJIMKO JACTPOTOHOBAHM AHTHOKCUIAHT
MoKa3yje BHUCOKY €JEKTPOH TOHOPCKY cmocoOHocT Beha je BepoBatHoha na he ce
peaknuja oaurpaBatu o SPLET mexanm3my. HacympoT Tome, Koa BpcTa KO KOJHX j€
Beha BepoBarHOoha ormymTama BogoHMKOBOT aromMa, SPLHAT je nomuHatHuju oOf

SPLET mexanusma.
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2. HAIIIH PAJIOBH
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2.1. YBoa

[usp OoBe MOKTOpPCKE AucepTandje OMO je WCHUTHBAKE AHTHOKCUIAATUBHUX,
OJTHOCHO AaHTHUPAIUKAICKUX, OCOOWHA TajHe KHUCEJIMHE, Ka0 MPEJCTBHUKA MPUPOIHUX
anTHokcumanta, u (enonnux IIudoBux O6a3a Kkao mNpeaCcTaBHUKA CHHTETHYKHX
aHTHOKcuAaHTa. Moryhu MexaHu3MH aHTHOKCHJIATHBHOT JIETIOBamkba OBHX jeIUbEHA CY
WCIHUTAHU AaHAJM30M IUXOBUX HHTEpaKIHja ca paguKaluMa HPUCYTHUM Y KHUBHUM
hennjama M >KUBOTHO] CpeIUHH. AHTHOKCHJIQTHBHH KalalUTET CATUIMIAIACXUIHUX U
BaHnmmHCKUX IlndoBux 6a3a ucnuran je npahewem peakuuje ca DPPH pamgukxanom u
UHXUOMLIMje  COjUHE  JIMIIOKCUIeHa3e.  3axBajbyjyhu  CBOJUM  CTPYKTYpHUM
KapakTepuCTHKaMa M raiHa kucennHa u ¢genonne llugpose 6a3e mokasyjy TeHACHUU)Y
dbopmupama KOMIUIEKca, 300T Yera Cy BeoMa MHTEPECAHTHE y 00JacTH MeTaa-OpraHcKe
xemyje. Y Be3M ca TUM, CHHTETHCaHe canuuuiuaeH-anwinHcke lludose Oaze cy
yrnotpebsbeHe Kao JIMraHau 3a jgobujame oarosapajyhnx komiuiekca 6akpa. Ha kpajy, in
Vitro je TECTHpaHO UTOTOKCUYHO M MPOOKCUAATUBHO JICIIOBAE JIUraHaia U HarpaheHux
XeJIaTHUX KOMIUIEKca Ha helMjcKUM JIMHHjaMa MPUMapHOT KaHIepa aedenor mpeBa u

CCKYHAAPHOI' KaHLIEpa ,Z[Oj KC.

2.2. AHTHOKCUIATUBHE 0COOUHE rajIHe KUCEJINHE

[Ipuponna ¢QeHonmHa jenumerma NpUBIaYe JOCTa MNaXHEe U BeoMa Cy
MHTEpECaHTHa 3a (apMaleyTcKy, KO3METHUKYy U IpexpaMOeHy HHAYCTpHjy. Y OBOj
TPyl jelHMIbekha BeoMa BaXHY YyIOry HuMajy (eHoNHe KucenuHe (BaHWIMHCKA,
MUPOKATeXyWHCKa, [-pesopumiHa, M TanHa kuceauHa — ['A) koje cy Beoma
pacripocTambeHe y OMJBHOM CBETY M IPEACTaB/bajy CAacTaBHU €0 JbYJICKE HCXpaHe.
AHTHOKCHIaTUBHA e(QHUKacHOCT (PEHONHUX KHCEIMHa I[IOBe3aHa je ca OpojeM
XUJPOKCWIIHUX Tpyla y MOJIEKYly, Kao U ca HHXOBOM crnocoOHomhy oTmymiTama
BOJIOHUKOBHX aToma [146].

INanna kucenuHa (TpuXxuapoKcuOeH30eBa kucenuHa, Cnuka 2.1) ce moxxe Hahu y
IUIOAY KMHECKOT XpacTa, JuInhy 4aja, XpacTy M JIpyruM OMJbHUM BpCTama, a Takohe ce

Moxxe Hahu M Kao cactaBHH Jeo xuaponusyjyhux tanumHa [146, 147]. 3axBasmyjyjyhu
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cnenupUIHUM CTPYKTYPHUM KapaKTEepUCTHKaMa II0Ka3yjy TEHACHIH]Y (opMupama
komiuiekca [148]. Namna kucenuHa je Hamula MPUMEHY y (apMaleyTcKoj M XEeMHjCKO]
UHAPYCTPUjU, KaO0 M y TpPOU3BOAKM XpaHe. Takohe, ragHa KucCelnWHAa HMa BEIUKY
IpUMEHY Yy MEIWIUHH M KOPHCTH C€ y 3alUTHTU henuja o] OKCHIATHBHOT CTpeca.
YoueHo je Jga moceayje W aHTHAIEPTHjCKAa, AaHTUTYMOpHa, aHTU(YHTaHa,
aHTUMH(IIAMATPOHA, aHTUCENTUYHA, aHTHUBHPYCHA M aHTHACMAaTWYHA CBOjcTBa. ['aiHa
KHCEJIMHA ¥ FeHU JIEPUBATH CIIpeyaBajy Aerpaalnnjy UHCYINHA, a TOCe0HO Cy e(UKACHH
y Jleuewmy nujadbereca, Icoprjase, CroJballllbuX XeMOPOHUIa, KAa0 U KOPOHAPHUX 000JbeHha
cpua, mepeOpaimHe TpoMOO3e, MKENyTadHOT 4YHpa, BUPYCHOT XEMATUTHCA, CCHUIIHE
JIEMEHIIMje U APYruX OOJECTH 3a YMju HACTaHAaK je OJrOBOpaH OKcuaaTuBHH cTpec [149].
Beza usmehy crpykrype 'A ¥ ®eHHX OHOJIOIIKMX OCOOWHA HHUjE y TOTIIYHOCTH
o0jamimeHa, aiaW TOCTOje JOKa3W Ja Cy IheHa (U3HOJIONIKA W AHTUOKCHIATHBHA
akTuBHOCT MelycoOHO moBesane [150]. V Besu ca Tum, mpBu 1eo cryauje Moryhux
MeXaHu3aMa aHTHOKCUJIATHBHE aKTHBHOCTH ['A mocBeheH je UCIHMTHBamy pEeakIMOHUX
eHTannuja uHauBHayanHux kopaka (BDE, IP, PDE, PA, u ETE) mro je, name,
HCKOpHUIINEHO J1a ce OJpeId W HajBepoBaTHHjH MexaHw3am. Jlpyru neo je mocehen
UCIUTHBaky YTHIdja Pa3IMYUTUX pajJKalla W pacTBapaya Ha TPU aHTHPAJUKAICKa
mexanu3ma (HAT, SET-PT u SPLET).

Hajcrabunnuja crpykrypa oapehena je koHGOpMAIIMOHOM aHAJIU30M Mojekyna ['A 'y

¢dyxuju Top3unonnx yriosa: H-O3-C3-C4, H-04-C4-C5, u H-O5-C5-C6 (Cnuka 2.1).

T'A2

Cnuka 2.1. HajcTaOMIIHUjU M30MEPH TaJIHE KUCEIIMHE
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JlBa HajctabmnaMja poTtamepa ramHe kucenmune (CA1 u T'A2) nmobujena
KOH(OpMAallMOHOM aHalIu30M MpezacTtaBibeHa cy Ha Cnunu 2.1. EHeprercke pasnuke
u3Mel)y poramepa y cBuM pacTBapaunMa cy 3aHemapsbuBe (TaGenma 2.1). Ha coOnoj
TEeMIIepaTypy HHTEPKOHBEp3Hja u3mel)y 1Ba HajcTaOMIHUja poTamepa OfBHja ce JIako, jep
je eneprercka Oapujepa cera: 28.4, 27.7, 31.0, u 25.9 kJ/mol y neHTuneranoary, Boju,
oenseny 1 DMSO, HaBeneHuM penoM. Y 1ajb0j TUCKYCH]HU Kajla ce Ka)ke MOJICKYI TajlHe

kucennHe muciu ce Ha ['Al poramep.

Tabena 2.1. Penatusne enepruje poramepa ranue kucenuse (kI mol™) y soxu (B), 6emseny (B), n
DMSO (1) y omHocy Ha nertuieranoat (I1E). TIpopauynu cy ypahenn na M05-2X/6-
311++G(d,p) HUBOY Teopuje

Por AE AH AG AESMP AHMP AGSMP

IE 0[E IIE B B 1 B B 1 B B il

I'Al 000 000 000 -243 88 -51 -245 86 -50 -237 90 -54
raAz 01 04 -03 -256 91 53 -252 94 50 -260 87 -5.7

Bpennoctu u3padyHaTux Ay>KHHA Be3a, yIJIOBa M JUEIPATHUX YIJoBa ymopeheHe cy ca
eKCIIEpUMEHTAIHUM BpPEIHOCTHMA U U3 THUX IOJlaTaka jacHo je Ja 06a Teopujcka Mojena
(M05-2X/6-311++G(d,p) u B3LYP-D2/6-311++G(d,p)) BeomMa YCHEIIHO PENpPOaYKY])Y
CTpYKTypy TraiHe kucenuHe. OBM mnopauu mnpeacrtaBjbeHn cy y Tabemn 3.3 vy
eKcrepuMeHTaIHoM Jeny. Oba Teopujcka MoJenna KBaIMTAaTUBHO UMajy UCTU pe3yiTart,
aJli BPEJHOCTH TEPMOJAMHAMHUKUX MapaMmeTrapa u3pauyHaTux kopuihewmem B3LYP-D2
¢yHkunoHana cy yriaBHoM Huxke. CTpykTypa potamepa ['Al je rmuianapHa u cajipxu aBe
yHyTpalwe BogoHn4HEe Beze: O4-H4:--O3 u O5-HS5:--0O4. NBO ananuza 'A1 nokasyje
Jla je MHTepakuuja u3Mely ycamibeHOr eNeKTPOHCKOTr mapa MU aHTuBe3yjyhe opbOurtaine
u3Mely kuceonuka u cycenne O-H Bese onroBopHa 3a ¢opmMupame HHTPaAMOJIEKYJICKE
Bese. Hawmme, ¢daBopu3oBaHa [JOHOp-aKUENTOpCKAa HMHTEPAKIMja je  IMPEHOC
HaeJeKTpucama M3 YCaMJbEHOT eJeKTpoHcKkor mapa Ha O3 (2p opbOutama), Ha oF
anuBe3yjyhy O4-H4 opOurtany. Koudopmamuje Koje HE TOCeAy]y YHYTpaIImbe

BOJIOHMYHE Be3e Cy Mame cTabuiHe y nopehemy ca anconyrHuMm MuHumymoMm (I'A1).
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2.2.1. Pagukanu, paauKaJj KaTjoH, U AHjOHH rajiHe KUCeJINHe

XomonutnikuM packunamem O-H Bese y monekyny Al HacTtajy Tpu paaukanta

(Cnuka 2.2).

Cruka 2.2. OnTUMHU30BaHe CTPYKTYpPE paauKalia rajHe KHCeJIMHE U oArosapajyha pacrnozena

CIIUHCKE I'yCTHHE Y BOJIU (TOpe) U y MEeHTHIeTaxoary (1oJe)

Wzpauynate BDE Bpeanoctu cy mnpuxazane y TabGenu 2.2. Ha ocHoBy noOujeHux
pesynarara Buau ce na cy BDE Bpennoctu yBek HajHmxe 3a 4-OH rpyny. Pagukan O4R
(Cnuka 2.2) je crabmim3oBaH ca ABe BojgoHHuYHe Beze. C 003upoM Ha TO Ja Hema
JOCTYIIHUX €KCIepUMEHTaIHuX nonataka 3a ['A, pobujene BDE Bpeanoctu cy
ynopeheHe ca IpyruM TEOPHJCKUM BPEAHOCTHMA HW3pAadyyHATHM Y BOJAM U OCH3EHY.
Ho6ujene BDE Bpennoctu 3a I'Al cy Huke Hero oHe BpeaHocTu aodujeHe ca B3LYP
meromoM 3a TA1 (344.3 u 334.6 kJ mol™, y Boxu u Genseny), penon (406.4 u 382.8 kJ
mol™), tujanmmun (376.6 1 365.6 kJ mol™), pecseparpon (368.8 u 356.2 kJ mol™) u
kaenrcky knucemnny(359.9 u 342.52 kJ mol™) [151].
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Tabena 2.2. 3pauyHaTy mapaMeTpy aHTHOKCUIATHBHUX MEXaHHU3aMa TaTHEe KUCECIIHE

npejcTasibern y kJ mol™

M05-2X B3LYP-D2
HAT  SET-PT SPLET HAT  SET-PT SPLET
BDE IP PDE PA ETE BDE IP PDE PA ETE

Boga

532 471
3-OH 365 13 129 417 341 21 131 361
4-OH 346 -6 109 418 322 1 110 362
5-OH 364 13 129 417 340 20 131 360
IlenTuneranoar

612 573
3-OH 352 6 240 377 329 8 235 346
4-OH 328 19 212 381 305 17 205 351
5-OH 351 5 240 376 328 6 235 344
DMSO

587 535
3-OH 354 79 83 425 330 69 86 380
4-OH 331 103 57 427 307 93 59 384
5-OH 353 -80 83 424 329 70 87 378
benzen

682 656
3-OH 351 78 399 361 328 62 374 343
4-OH 326 52 367 368 303 36 341 351
5-OH 350 76 398 361 327 60 374 342

SOMO opburase u criMHCKa I'YCTHHA CBUX JOOMjeHUX pajukaia nate cy Ha Cinukama 2.2
u 2.3. OHe pemnpe3eHTyjy €NeKTPOHCKY JeloKalu3alujy, a TUME H CTaObUITHOCT
nooujeHnx QeHomHMx paaumkana [152]. HecmapeHum enekTpoHW Cy  yIJIaBHOM

JIeJIOKaIN30BaHN MIPEKO KHMCEOHMKOBUX aToMa KOjU Cy OTIYCTHJIM BOAOHUK, U Opmo- U
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napa- yribeHukoBux atoma (03, C2, C4, u C6 y OR3; 04, CI1, C3, u C5 y OR4; u OS5,
C2, C4, u C6 y ORS). Bpennoct cnuHcke ryctuae Ha O4 y O4R paaukany je HUXKa OJf
Bpennocty Ha O3 m OS5 y oxarosapajyhum paaukanuma, 3axBajbyjyhur 60J60j CIUHCKO]
nenokanuzanuju. Camo OR4 pagukan Moxke JOJATHO Ja JIEJOKalInu3yje CBOje HecrapeHe

enekTpone npeko ase cycenne OH rpyme, 30H u SOH (Cnuka 2.2).
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Cimuka 2.3. SOMO opGuraine ucnuTanux pajukaia

I'youtrakom jennor enmexktpoHa ['Al nmomasu no dopmupama onaroBapajyher pamukan
katjona. IP Bpennoctu 3a ['Al y cBuM pacTBapadmnma npeacraBibene cy y Tadenu 2.2. IP
BpenHocTH 3a ['Al y Boau u OeH3E€HY Cy 4ecTO HUXKE O] OHMX Koje ce Mory Hahu y
nuTepaTypu 3a KadenHeky kucennny (572.2 u 664.2 kI mol™), nujanuun (583.7 u 797.7
kJ mol™), ermkarexum (540.9 u 634.6 k] mol™), u peceparpon (519.6 i 592.0 kJ mol™)
[151]. Taxohe, IP Bpemnoctn 3a T'Al Hmxke cy om oHux no0ujeHux ca B3LYP
dyrkmonanom (580.3 u 687.8 kJ mol™) y Bou u Genseny [151]. VHTepercaHTHO je 1a
cy IP BpenHoctn y oba mosapHa pacTBapada, U MPOTHYHOM U alpOTHYHOM, 3HAYajHO
HIDKE y OJHOCY Ha BPEAHOCTH y berseny, uak oko 100 i 150 kJ mol ™. OBo je ounrmenno
rocJieIuIla crabuimsalyje paauKail KaTjoHa y MojJapHuM pacTBapaunMma. [lokazaHo je na
Cy CIHMHCKa TyCTMHA U TO3UTHBHO HaenekTpucawe ['Al  pagukan katrjoHa
nenokanu3oBaHu mpeko OenseHoBor npcreHa (Cl, C4, u C5) U KUCEOHHKOBHX aTroma
xunapokcuine rpyne O4 u OS5 (Cnuka 2.4. u Cnuka 2.5.). HajBuma cnuHcka TycTuHa U
MMO3UTUBHO HAEJEKTPHUCAE CY JIOIMPAHU Ha yribeHnKoBoM atromy C4. To ykasyje aa je

npeHoc nporona BepoBaTHUju ca 4-OH nero ca 3-OH u 5-OH rpyna. OBy npeTnoctaBky
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notBphyjy u PDE Bpeanoctu u3 Tabene 2.2, o63upom na Hajumwke PDE Bpemnoctu y

CBUM pacTBapadrMa oJIroBapajy ynpaso atomy H4.

Cnuka 2.4. Pactionena ciiHCKe TYCTHHE Y paJiMKall KaTjoHY rajHe KUCEJIWHE Y BOJH (JIEBO) U Y

MIEHTUJIETAHOATY (JIECHO)
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BOJa

MOJIEKY.T PaaHKaJ KaTjOH

NMEeHTHJIETAHOAT
Cruka 2.5. ONTHMHU30BaHe CTPYKTYpE TajHE KUCETUHE U BEHOT paluKall KaTjoHa ca

oJrosapajyhuM HaeJleKTpUcambuMa

N3pauynate PA BpemHOCTH 3a CBE XUAPOKCHIIHE Tpylie cy npukazane y Tabemu 2.2. Y
CBUM pacTBapaunMa PA BpenHocTu cy yBek HajHmke 3a 4-OH rpymy, mro yka3syje na ce
NpoTOH Jakuie mnpeHocu ca 4-OH rpyme Hero ca apyre JBe XHJAPOKCUIIHE TpyIe.
3HauajHo HIke PA BpenHOCTH y MONApHUM pacTBapauynMa Cy MOCJIeIuIla WHTEPAKIIHje
XHIIPOKCHITHUX TPyIla M aHjoHAa ca MOJIGKYJIMMa pacTBapada. [IprpoHO HaelleKTpHcame
CBUX aHjoHa mpukazaHo je Ha Ciumm 2.6. Kao mTo je Beh pedeHo, HajCTaOWIHU]U aHjOH
je nobujen nenporoHoBameM ca 4-OH rpyme. Kox O4A anjoHa HeraTuBHO

HaeNekTpucame je nenokanuzoaHo npeko O4, Cl, C2 u C6 aroma apoMaTUYHOT
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MpcTeHa, MTO JAONPUHOCH CTaOWIHOCTH aHjoHa. DopMupame JBE BOJAOHHYHE Be3e ca

BOAOHHMKOBUM aTroMuMa CYCEAHUX XHIPOKCHUIIHUX TIpyHna aO0A4aTHO JOIPHUHOCH

CTaOUITHOCTH aHjoHa.

NEHTUJIETAHOAT

Cruka 2.6. OnTUMH30BaHE CTPYKTYpE aHjOHA TalHE KUCEIHHE U Paclo/iela HaeJIeKTpUCcamba

YHYTap BUX

2.2.2. AHTHOKCHUIATUBHU MEXAHU3MHU raJIHE KHUCEJIUHE

Peakumone eHranmuje TMoBe3aHE ca TPU MEXaHHM3Ma AHTUOKCUAATHBHE
aktuBHocTH ranHe kucenmune (HAT, SET-PT u SPLET) wuspauynare cy mnpema

jenHadyrHaMa Koje cy HaBeneHe y ommreMm neny (1.2, 1.5, 1.6, 1.7 u 1.8) xopunthewem
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ase DFT wmerome: MO05-2X u D2-B3LYP y komoOunammju ca 6-311++G(d,p)
0a3ucHUM ckyroM. CBe BpcTe HEONXO/IHE JIa C€ U3BPILE OBU POPAYyHH TeHEPUCAHE CY
u3 HajcrabunHuje KoH(popmanmje ramHe kucenuHe (poramep ['Al). HajepoBaTHHju
MEXaHHM3aM aHTHPAIUKAICKE aKTUBHOCTH (DEHOJHHX jeUbEHha MOXe OuTH oapeheH Ha
ocuoBy BDE, IP, u PA Bpeanoctu [153]. Hajumxe BpemgHOCTH OBa TpH MEXaHH3Ma
MOKa3yjy KOjH je MEXaHW3aM TePMOJIMHAMHYKHU (DaBOpU30BaH. JeaaH o]l peaycaoBa Koju
¢deHonHA jenumema Tpeba Ja HCIymaBajy Ja OM MMajid CBOjCTBA aHTHOKCHIAHATA je
dbopMupame cradmIHOT (EHONHOr paaWKana Koju ce ¢GopMUpa HAKOH XBaTamba
cimobonuor paaukana [154]. TAl uma mnanapHy koHdopMmaiujy Koja omoryhasa
MPOAYKEHY JIEJIOKAIN3alNjy HECMapeHOr eJIEKTPOHA W TOCJICIUYHYy crabmiHocT. M3
pesynrata npukazanux y Tabenu 2.2 jacHo je na cy y neHTmietaHoary, Boau, u DMSO-
y, PA BpegHOCTH XHIPOKCWJIIHMX Tpyla TajHe KHCeIWHE 3HAYajHO HIDKE [0
onrosapajyhux BDE wu [P Bpeanoctn. OBa uyumenHuna ykaszyje naa je SPLET
HAjBEPOBATHUJU PEAKIIMOHM MEXaHW3aM Yy TOJAPHUM pacTBapayMMa, Kao H Yy
HETOJapHOM pacTBapady IEHTHJICTAHOATy KOjU CHMYJIHPAa OKPYXEHE JIMIMUIHUX
MeMOpaHa. Y HemnoJIapHOM pactBapaudy, Oenzeny, BDE u PA BpemHocTH mokasyjy na je
HAT nomuHanTan MexaHu3aM y oBOM pactBapady. O03upom aa cy IP BpeaHocTu BuIie y
onHocy Ha BDE u PA Bpennoctu y cBuUM pacTBapaunma, Mmoxe ce pehu na SET-PT Huje
Moryh MexaHW3aM HHU Yy jeHOM OJ WCIUTHBAHUX pacTBapaya. JloOWjeHH pe3ynraTH

notBphyjy na je 4-OH rpymna HajpeakTUBHUjE MECTO TajHE KHUCEINHE.

2.2.3. AHTHOKCHIATMBHHM MEXaHU3MH TajlHe KHCEJIHHE ¢a PasjauduTHM

CJ1000IHMM pauKaJINMa

Benuku ytunaj Ha aHTHOKCHUAATUBHE MEXaHU3ME HMajy OCOOMHE CiI000]HO-
paJMKAaICKUX BpPCTa ca KOjuMa aHTHOKCHAaHTH uHTeparyjy [155]. Tlpomena entanmuje
peakuuje (AH) je mepa koja ce yCHNEIIHO KOPUCTU 3a pa3yMeBame€ OBHX Ipolleca.
Hupexkran mnpuctyn oapehuBama AH peakuuje je mnpuMeHa (QyHIaMEHTaIHE
TEpMOJIMHAMHUYKE Be3e. AKO je peakliMja er3oTepMHa, TO 3HauH Ja je HOBO(GOPMHpaHH
panukan cTabUIHMjU O]l TIOYETHOT, IITO yKa3yje Ja je peakiHoHH MyT (aBopu3oBaH. Y

CYIIPOTHOM, aKO j€ peaKkllfja €HJOTepMHa, PEakIUMOHM IyT je Mame BepoBaTaH, U
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HOBO(OPMHUPAHH paJUKal je Mame CTa0WIaH HEero Mojia3HW pagukain. Peakmuje 3.12 -
3.16 W3 eKCIepUMEHTAIHOT Jeja OBE JOKTOPCKE JHMCepTalje HUCY 3aCHOBaHE Ha
BPCTU/TUNY paJuKala KOju pearyje ca (peHomHuM jeaumemuma. Jla Ou ce mcmmrao
yTUIaj cnenn(uIHux ciIo00IHUX paJuKajia Ha aHTUOKCHJATHBHU MEXaHU3aM, YBEJICH je
peakTuBHH wiaH (peakTuBHa Bpcra): RO® u peakiuje, Kao u jeHaunHe OMONyY KOjuX ce
n3pavyHaBajy oaroBapajyhe AH peakumja gaTé cy y EKCHEPUMEHTATHOM JCIIy OBE
muceprangje (3.17 - 3.26). VYTumaj pasIMudTHX ~pagdKala  Ha  MEXaHHU3ME
aHTHOKcHIaTuBHOT nejctBa ['Al wucmmraH je momohy CyNepoKCHI aHjOH paauKaa,
XUIPOKCHIIHOT pajivKalia, ¥ METHWINEPOKCHIIHOT pagukana. Entanmuje peakiuja Al ca
MPEUIOKEHUM CII000JHIM paaukanuMa, ypahenu cy ca nse DFT metoze, a pesynratu cy

npenacraBibenu y Tabenu 2.3.

Tabera 2.3. Uspauynare enraamuje (kJ mol™) 3a peaximje TA1l ca H3abpaHnM paapKaiiMa

MO05-2X D2-B3LYP
HAT SET-PT SPLET HAT SET-PT SPLET
T'agHa kuceauHa AHBDE AH”:J AHPDE AHpA AHETE AHBDE AH|p AHpDE AHPA AHETE

Bona £=78.35

GAOH-4+0H -159 57 -216  -101 -58 -176 29 -206 -97 -80
GAOH-4+CH;00 -18 160 -178 -64 46 -31 139 -170 -61 30
GAOH-4+00" 48 311 -263 9 39 32 284 -252 11 21
DMSO £=46.83

GAOH-4+0H -162 172 -334 -174 12 -180 137 -317  -165 -14
GAOH-4+CH;00 -14 270 -284  -124 120 -28 242 -270  -118 90
GAOH-4+00" 71 547 -475 -32 103 53 506 -453 -29 82
Ilentuneranoar €=4.73

GAOH-4+0H -163 266 -429  -198 35 -180 231 -411 -190 9
GAOH-4+CH3;00 -18 356 -374  -143 126 -32 328 -359 -138 106
GAOH-4+00" 70 733 -663 -51 121 52 691 -639 -48 100
Bemsen €=2.27

GAOH-4+0H -164 378 -543  -228 63 -181 344 -525 -220 38
GAOH-4+CH;00 -22 459 -481  -166 144 -35 430 -465  -160 125
GAOH-4+00" 70 957 -887 -73 143 52 914 -863 =72 123

[Ipuoputeran MexaHW3aM aHTUpPaJUKaJICKOr nenoBawa ['Al mpouewmeH je Ha

ocHoBY AHppg, AHp, 1 AHpa BpennocT. Haume, HajHUKE 071 OBUX BPEAHOCTH YKa3yjy
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KOjU je Mexanw3aM HajBepoBartHHju. Entammuje peakumja “OH u CH300° ca TAl
MOKa3yjy Ja cy OBE peakiidje er3oTepMe y CBUM pacTBapaynma. Ha ocHOBY pe3yinrara
npejacraBbennx y Tabenu 2.3 jacHo je na je camo peakuuja “OH pammkana ca Al y
BOJICHOM pacTBOPY 3HA4YajHO €r3oTepMHHUja Kajga ce aemasa o HAT mexaHusmy Hero
kaza ce oxsuja npexko SPLET mexanusma. C apyre crpane, xkaga CH300® pearyje ca
I'A1 y Bomenom pactBopy BpeaHoct AHpa je 3a 46 kJ mol™ Hmka y OIHOCY Ha
onrosapajyhy AHgpe Bpeanoct. [IpomeHna nojgapHOCTH pacTBapaya yTHYE Ha €HTAIH]Y
oBHX peaknuja: AHpa BpPEIHOCTH ce CMamyjy ca CMameHEeM MOJapHOCTH pacTBapauya,
1m0k AHppe BpEeIHOCTH YIrJIaBHOM OCTajy KOHCTaHTHe. OBE UMIbCHHIIC YKa3yjy na je
SPLET npomuHaHTaH MeXaHuW3aM Yy HEMOJApHUM pacTtBapaunma, 10k je HAT
MPUOPUTETHUJU AaHTHOKCHIATUBHE MEXaHW3aM y Boau, a y DMSO-y oBa nBa MmexaHu3ma
CY KOMITIETUTHBHA.

VY cny4ajy CynepoKCH]I aHjOH pajJvKalia y BOJM, CHTAIUje peakiifja 3a CBa TpU
AHTHOKCHJIaTHBHA MexaHu3ma cy enuporepmue (Tabene 2.3). HoBodopmupanu pamukan
je Mame crtabwiaH ox mojasHor pagukana. Ca cMamemeM BPEAHOCTH JUEIEKTPHUYHE
KOHCTaHTE pacTBapava cMamyje ce U AHpa BpemHOCT, U oaroBapajyhe peakiuje mocrajy
ersorepmuuje. C npyre crpane, AHgpg BpeTHOCTH Cy TIO3UTHUBHE, U CKOPO HICHTHYHE Y
cBUM pacTBapauuma. OBe unmmeHulle yka3yjy aa je SPLET nmomuHaHTaH MexaHu3aM y
DMSO-y, OeH3eHy U TIEHTHIIETAHOATY, IOK BOJCHA CPEMHA HHjE IMOXKEJbHA 32 OMIIO KOjy
peakiujy CynepoKCcHu aHjoH paaukana ca [Al.

[To3HaTo je na monapHOCT pacTBapaya 3HA4ajHO YTHYE Ha TOK peakiyje Kaja cy
PEaKTaHTH WU MPOU3BOAM JOHCKe BpcTe. MimMajyhu y Buay OBy UME-EHHUILY JaCHO j€ 3aIlTO
cy AHgpe BpeaHOCTH CKOpPO KOHCTAHTHE 3a OJipeheHM paaukal y CBUM HCIHTHBAHUM
pactBapaunma. Y npBoM kopaky SPLET mexanuszma, moBehame 1moaapHOCTH pacTBapava
pe3yATHpa CMamkEeHheM CTAaOMITHOCTH peakTaHaTa, U JOBOAU 10 cMamema AHpa. OBO ce
MOKe 00jaCHMTH YTHIIAjeM CTPYKType pEaKTHMBHHX BpcTa. Hawmme, peakTuBHE BpCTE
(HO™, CH300, u *00") cy nomaTHO CTaOMIM30BaHE MOJIEKYIMMA pacTBapadya KOjUu MX
okpyxyjy. Ca nosehameM MOIapHOCTH, CTAOUIHOCT peaTUBHUX BpcTa ce nosehasa, mTo
IMPEKTHO yTH4e Ha yBehame eHTalje peakTaHara. Y THIaj OJApHOCTH pacTBapavya Ha
npyru kopak SPLET mexanm3ma je ananmsupas, takohe. C 003upoM aa ce cTaOMITHOCT

HOBO (popmupanor aHjona (RO ) moBehaBa ca moBehameMm MOMAPHOCTH, CTAOUITHOCT
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nmpojykara Takohe pacte ca mopehamem moiapHocTy pactBapada. OBO je TJIaBHH pasJior
KOJH YMHH PEaKIujy er3oTepMHHjoM, Tj. moBehaBa BpemHoctu AHgre ca cMamemeMm
MOJIAPHOCTH pacTBapada. Mako cTa0MIHOCT paiuMKal KaTjoHa pacte ca mnoehamem
nojlapHoCTH pacTtBapada, AHpp BpemHoctu mnokasyjy na SET-PT wmexanuzam Huje

OIlepaTUBaH AHTUOKCUJATUBHU MEXaHU3aM HU Y JeIHOM OJl UCIIUTUBAHUX CITy4yajeBa.
2.3. AuTHOKCcHAaTHBHE oco0uHe onadpanux ¢enoyHux lllndosux 6aza

Xyro Iud je nHayuynuk koju je 1864. roawHEe peakIHMjoM KOHJICH3AIIH]E
ApPOMATUYHUX aMHHA U aJJICXKJIa CHHTETUCA0 HOBO JEIUELEHE U TI0 BEMY je 1iela rpyra
jenumbema CInYHe CTpyKType nobuna Hasus Iludose 6ase [156]. Takole, oBa jenumemna
Cy TMo3HaTta M I[OJ MMEHOM HMMUHHM win a3zoMetuHu [157]. Ommra dopmyna oBux
jemumema je RHC=N-RI, rme cy R wu Rl ankun, apwi, UUKIOATKUAT WX
XETEePOIUKINYHA Tpyma. Bemuku Opoj OBHX aTpakTHBHUX jEHEbCHA j€ CHHTETUCAHO JI0
nanac. [lludose 6a3e nMajy Beoma BakHY yJIOTY Y METAJI-OPTAaHCKO] XEMHJH jep TTOCETY]Y
moryhHocT 1a Gpopmupajy Komiuiekce ca jounma merana [158]. Xemujcku u Onosomku
3Havaj llludoux 6a3a Moke ce MPUIHCATH MPUCYCTBY YCAMIBCHOT E€ICKTPOHCKOT Tapa y
sp? XUOpUIN30BaHO] OpOMTaIM a30TOBOr aToma as3oMeTHHcke rpyme [159].
OpraHcke CUHTE3€, XEMHjCKa KaTajiu3a W aHajiu3a, HOBE TEXHOJIOTHje, Kao |
MeIuIrHa U hapmaiigja, Cy caMo HeKe 0J1 00JacTh y KOjuMa Cy OBH UMHHH HaIILTH
npuMeny. JlokazaHa je BHUXOBa aHTUTYMOPCKAa, aHTUBUPYCHA, aHTUMalapHjcka,
aHTUHH(IIaMaTOpHA, aHTUBUPYCHA, aHTUIIPOIU(EPATUBHA U AHTUIIUPETCKAa aKTHUBHOCT
[160]. 3axBasbyjyhu oBuM Ouosiomkum ocodnnama, [lludose 6aze ce kopucre Kao
OCHOBHHU MaTepujai 3a CHHTe3y MHorux JjekoBa [161]. Takohe, mocroje momaim
KOju ykKa3zyjy na camuuuiangexunHe Iugose Oaze mokaszyjy aHTUMHKpPOOHY
akTUBHOCT [162].

AKO OBa jeTuIeHha CaJIpXKe JeIHY WU BHIIe (HEHOTHUX Tpyla MOTY Ja MOoKa3yjy
u anTHokcuaatuBHe ocobune [163]. Kao mro je Beh peueHo, peHonHa jequmena nMajy
CMOCOOHOCT Jla 3aycTaBe JeloBame CI000JHMX pajukana. Kao u xonx mpupoaHux
(EeHOMHUX jeIUbEha, TAKO U KOJI CHHTETHCAaHUX (PEHOHUX jeHbera (y OBOM CIy4ajy

HIudpoBux 6aza - SBO-H), anTHOKcHIaTHBHAa aKTUBHOCT C€ 3aCHMBA Ha HHXOBO]

74



CIOCOOHOCTH IPEHOCAa BOJOHMKOBOI aroMa ca XHJAPOKCUIIHE Tpyle Ha CcI000JHU
panukan (RO"). Tako no6ujenn GpeHOKCHIHU paauKai 61 TpebGao na Oyue CTaOMIHUjU U
Mame peakTUBaH O]l MoJyia3Hor paaukana. Crora, kao u ranHa kucennna u Illudose 6aze
noceayjy MOryhHOCT MOKa3WBamka aHTHUOKCHJATHBHE AKTHMBHOCTH INPEKO HajMambe TPHU
peakIMoHa MeXaHn3Ma, KOju Cy OIMCaHM peaknujama y ommrem aeny (1.2, 1.5 - 1.8).

VY nmrtepaTypu MOCTOjHM TMoAaTak Koju ykasyje na denonne Illudose 6a3e mory
OUTH TIOTCHLUjaJIHU JICKOBH 3a TPEBEHIM]Y HEKHUX OOJEeCTH H3a3BaHHX CIOO0OTHUM
panukaiuma [164]. Melytum, BuXxoBa aHTHOKCHIATHBHA aKTUBHOCT HUje OMiia IeTaJbHO
ucnurada 10 caga. Crora, UCliUTaHa je Be3a U3Mely BUXOBE CTPYKTYype M aKTUBHOCTH,
oceOHO je UCIMTaH YTHUIla] MOJ0XKaja XUIPOKCHMIIHUX Ipyla Ha PEakTUBHOCT OBUX
beHONMHUX jenumbema. McmuTaHO je JeceT CHUHTETHCAHWX CATHIWIATIACXHIHUX H
BaHwimHCKuX llndoux 6a3a xopuimhemeM eKCIEPUMEHTATHUX M TEOPHjCKUX METOJA.
Hajope je ucnuTaH aHTHOKCHIATUBHU Kamanurtera uzaOpanux (enonnux [udoBux
0a3a, y 3aBUCHOCTH O] CYNCTUTyLMje Ha o0a (eHosHAa IMpCTeHa — aJJAEXUIHOM MU
annmnuHCKOM. Excnepumentanna DPPH wmeroma wma Beoma 1o00py npuMeHy Yy
oJpehuBamy aHTHOKCHIATHBHE aKTUBHOCTHU jeAMiberba [165], ma je 3axBasbyjyhu TOome
n3abpaHa J1a Ou ce ymoTHyHWIa OBa UCHHMTHBamwa. Ako ce kopuuhewem DPPH merone
MOKa)ke J1a UCIIMTHUBAHO jeIUbEHhe UMa 100ap aHTUOKCUJATUBHU MOTEHLUjall, OHJIa UMa
CMHCJIAa W TEOPHjCKH WCIUTHBATH, OJHOCHO TMPEIBUACTH MEXaHHW3aM HHAKTHBAIlH]je
PCaKTUBHHMX KUCEOHWYHUX BpCTa MPUCYTHUX Yy kuBUM henmjama [166]. ITomaproct
pacTBapaua MMa 3Ha4yajHy yJiory u oapehyje koju Mexanuzam npeosinalyje. imajyhu oBo
y BHULYy, oApeheH je m yTumaj pacTBapaya Ha eHTaunuje peakuuja. Kopumhenu cy
MOJIApHU pacTBapauyd: BOJa W METaHOJ, JOK je OeH3eH KopullheH Kao HEeNoJIapHU
pactBapady.

Y peakumju ¢deHONHUX anAexuAa (camuUuIaNAexuJa W BaHWIMHA) W
apOMAaTUYHUX aMuHa (aHWIMHA, 4-(GIyopoaHWINHA, 4-HUTPOAHWJIMHA, TOJXYHAWHA, 2-
XUIPOKCUAHHUIINHA, 3-XUAPOKCHAHWIMHA WM 4-XUJIPOKCHAHWIMHA) Yy METaHOIYy,
cuHTeTHcaHa je cepwja on gecer llmdosux 6Gaza (1-10, Cnmka 2.7.), pu deMmy je
jemumeme 10 HOBOCMHTeTHCaHO. Omabup OBHUX jeMICHA je 3aCHOBAH HAa HUXOBUM
CTPYKTYPHUM KapaKTepHCTUKaMa, Kao LITO CY MOJIOKA] XUIPOKCHIHUX U METOKCH Ipyra

Ha npcTeHy A u B.
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1 R-OH,R*=OH 6 R?=0H,R*=0OH

2 R’=0H,R*=NO, 7 R?=0OH,R®=0H

3 R’-OH,R*=CH; 8 R?-=OCH;, R*=OH, R°=0H
4 R*=OH 9 R*=0CH;, R*=0OH

5 R?=OH,R*=F 10 R*=0CHj;, R*=0H, R¥=F

Cnuka 2.7. Onmra ctpykTypa ucniutuBanux lundosux 6aza 1-10

2.3.1. DPPH TecT

DPPH TecT je ypahen Ha CBUM CHHTETUCAaHUM jeIUIbEHMMA U MPOLICHCHA
je BHUXOBa AaHTHOKCHUIATHBHA aKTUBHOCT, Tabema 2.4. Ha ocHOBy poOujeHHX
pe3ynrata yTtBpheHO je 1na jenumema 2-6 mokasyjy ciiady aHTHPaJIUKaJICKy
aKTUBHOCT, JOK cC€ MoKa3ajio Ja cy jenumewma 1, 9, m 10 nmocra akTuBHHja.
[ITugose 6a3e 7 u 8 unTeparyjy Beoma go6po ca DPPH pagukanom u mokasyjy
BHCOKY aKTHBHOCT, HEIITO HWXY y OJHOCY Ha pedepeHTHO jeaumere NDGA
(HOpmMXUIpOTBajapeTHHCKA KHcelnHa). Ha OCHOBY OBHUX pe3yiTarTa, jeIHmbCHha 7
u 8 ce Mory cMaTpaTu J00pUM aHTHOKCUJIAaHTUMa. JloOMjeHu pe3ynTaTu Cyrepyury
na mnojoxaj xuapokcwiHe rpyne y llludoBum 6azama mma BakHY yJory 3a
aHTUOKCHUJATUBHY AaKTHUBHOCT. Haume, jenumema Koja TIOKa3zyjy H00py
AHTHOKCUIATHUBHOCT MUMajy XUIPOKCUIIHY TPYITy y napa- monoxajy npcrera A (8-
10) unu XUIPOKCUIIHY TPYIy Y opmo- noyioxajy npcreHa B (7 u 8), y ognocy Ha
nonoxaj 1 u 17, Cnuka 2.7. Mame akTUBHA jeumbema (2-5) nMajy XUJIpOKCUITHE
rpylie camMo y opmo- TIOJIOKajy NpcTeHa A, JIOK jeaumeme 6 WMa J10/1aTHY

XUAPOKCUIIHY TPpyny Yy Mema- mojioxajy npcreHa B. Ha ocnoBy 1Csy BpemnocTw,
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MOXKE C€ 3aKJbYUYUTH J1a je XUAPOKCUIIHA Tpyla y opmo- MOJIOXKajy OJArOBOPHA 3a
aHTHUPAJIMKAJICKy aKTUBHOCT OBUX jeumbema. 3a [llInBode 6a3ze 8-10 3ajennnyka je
XUJIPOKCUJIHA Tpyna y napa- TOJ0Xajy W METOKCH TpyHa y Mema- TOJIOXKajy
npcreHa A. Ysumajyhu y o063up ICsp BpeaHOCTH 3a OBa jeAUIbEHba, KaO0 M 3a
jenumeme 1, MOXKe ce 3aKJbyYWTH Ja NPHUCYCTBO XUIPOKCHWIHE Tpyne y napa-
MOJIOKajy MpCTeHa A BHIIE JONPUHOCH AHTHUPAIUKAICKO] AaKTUBHOCTH HETO
MPUCYCTBO XUAPOKCUIHE TPyIe y napa- mnojioxkajy npcrena B. Takohe, moxe ce
MPUMETHUTH J1a CyNICTUTYyIIMja B TIpcTeHa eeKkTpoH JOHOPCKUM HIIH aKLIENTOPCKUM
(YyHKIIMOHAJIHUM TpyllaMa uMa 3aHeMapJbUB YTHIAQ)] Ha AaHTUOKCHIATUBHY
AKTHUBHOCT.

Cnaba aHTHOKCHIAaTMBHA aKTUBHOCT jeIUk-CHha 2-5 MOBE3aHa je ca YHHCHULIOM
Jla je jearHa XUAPOKCHUITHA TpyIia TMPUCYTHA y opmo- T0J0XKajy MpcTeHa A U oHa
MOXe Ja (hopMHpa UHTPAMOJIEKYJICKY BOJIOHUYHY BE3y ca a30TOM, LITO CIpedyaBa
unTepakijy ca DPPH paaukanmom. Hako Illudosa 6aza 6, kao nmomarax
XUJIPOKCUITHO] TPYIIH Yy Opmo- TIOJI0XKajy y IPCTEHY A UMa U IPYTy XHAPOKCHIIHY
rpyny y Mema- noJjioxkajy B mpcrena, pa3yMHO je OYe€KHMBaTH Ja pagukail J0O0ujeH
Ha Mema- ToNoOXkajy Hehe OWUTHM CcTaOWIM30BaH JEJIOKAIM3ALHjOM HETOBHUX
HECIIapEeHUX eJEeKTPOHa MPEKO ILeJor MoJiekysa, Beh camo mpeko mpcreHa B. C
Jpyre cTpaHe, y jeUHh€lhUMa KOja MoKa3dyjy jady aHTHOKCHUJIATHBHY aKTHUBHOCT,
oBa cTabuiu3anyja JeJIoKaIu3aljoM Ipeko oda mpereHa je moryha.

DPPH tect omoryhyje yBua y MNOTEHLMjaJdHY AHTUOKCHUJIATHUBHY aKTUBHOCT
HCOUTHUBAHUX jenumema. MehyTum, na Ou ce n1oOHO MOTIYH YBHUJ y MOBE3aHOCT
CTPYKTYpE jeNUeHha M aHTHOKCUIATHBHE aKTUBHOCTH ucnuTuBaHux llludosux
0a3a, ypal)eHO je UCTTUTUBAKE EJIEKTPOHCKE CTPYKTYPE OBUX JEAUIECHA, 3a IITa CYy

kopunthenu DFT npopauyHu.

2.3.2. Teopuja pyHKIHOHAJIA TYCTHHE

Hcnuranu cy cBU reoMeTpHjcku M KoHpopmannonu uzomepu lugposux 6aza
1-10, u u3pauyHate cy muUXoBe eHepruje. Itbuxose reomerpuje gare cy Ha Cnumu

2.8.
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Cnuka 2.8. OntuMmu3oBane reomerpuje ucnutuBanux [Iugdosux 6aza. 3a CBako jeIUBEHE j€ 1aT

HajCTaOUITHU] U U30MeEP.

CrpykType npensul)eHe TEOPHjCKUM U3padyHaBamHMa, MOTBpheHe cy JOCTYyITHUM
MoJlaliuMa KPUCTAJIHUX CTPYKTYpa, M U3BPIICHO je ynopehuBame KPUCTAITHUX H
ONTUMHU30BAaHUX CTpPyKTypa (jenumewa 1 wu 7). Tabene ce Hamaze Yy
ekcriepuMeHTaTHOM neny (3.4 u 3.5). Kao mTo je ouekuBaHo, TOOUjCHU pe3yJITaTH
FeOMETPHUJCKUX TapaMerapa y CBHM pacTBapayMMa Cy y OJUIMYHO] CarJIaCHOTH.
DFT npopauyHu 100po penpoAyKyjy €KCIIepUMEHTaJHEe Ny>KMHE Be3a U YTJIOBE,
Kao u auenpansHe yriose. [loctoje mane neBujanuje usmely ekcnepuMeHTAITHUX U
M3pavyyHaTHUX CTPYKTYPHHUX KapaKTEPUCTHKA, KOj€ Cy IMOCIIeIUIIa YNHSHHIIE J1a Ce
eKCIIEpUMEHTAaTHEe BPEIHOCTH OJIHOCE Ha YBPCTO CTame, JOK Ce H3padyHaTe
BPEAHOCTH OJHOCE Ha jeIMH€He ONTHMH30BaHO y pacTBopy. Kako je ocHoBHa
CTPYKTypa U APYTHMX HCHUTHBAHUX JEAUIbCHA WJEHTHYHA CTPYKTYpH OBa JBa
mosekyna (1 u 7), mpernocTtaBiba ce J1a je U BbUX0Ba reomeTpuja 100po oapehena.
[MToTBpheno je na Illudore 6aze 1-7 popmupajy jaky Be3ly uzMel)y XUIPOKCUITHE
rpyne y opmo- monoxajy npcreHa A u azora u3 C=N Be3e, mTo MNOTBPhyjy

wuxoBe nyxuHe (Tabene 3.2 u 3.3).
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2.3.3. HOMO u LUMO opouraJje

HOMO u LUMO opburane cy AeaoKaaIu30BaHE MPEKO IEI0r MOJICKyJia
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Cnuka 2.9. HOMO u LUMO opb6urane ucnutuanux Iudosux 6aza y meraHoiay
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Beoma je BaxxHO ompenutu enepruje HOMO u LUMO opburana 3aTo mTO OBE
opOuTasie OOMYHO YYECTBY]Y Y XEMH]JCKUM peEakiidjama, rna Cy HHUXOBE CHEpPruje
Ba)kaH mapamMeTap 3a Je(pUHHCAkbE PEAKTUBHOCTH MOJICKYyIa. 3a MOJIEKYJl KOjU UMa
Hajuwxky eneprujy HOMO opOutane kaxe ce ma uMma ciaby eleKTpoH JOHOPCKY
cnocobnoct. C apyre crpane, Buma eHepruja HOMO opOurarne uMIumupa aa je
Taj MOJIEKYJ noOap eneKTpoH aoHOp. Bpemnoctu enepruja HOMO opOutana cy
npukaszane y TaGenu 2.4. Monekyinu ca XHAPOKCHWITHOM TPYIIOM y napa- MOJI0kKajy
U METOKCH TPYNOM Yy Mema- TON0Xajy MPCTeHa A T0Kasyjy HajBUIIE BPEIHOCTH
eHepruje HOMO opoOutama, u 1o -0.269 eV 3a jenumeme 8 u -0.273 eV 3a
jemumema 9 u 10. Ha cynmpoTt ToMe, MOJIEKYJIU ca XUAPOKCUIITHOM TPYIIOM Y Opmo-
MOJIOKajy Ha mpcTteHy A (2-7) mokasyjy omanajyhe Bpemnoctu enepruje HOMO
opOurana. OBa jenumema MMajy cilabHujy €JIeKTPOH JOHOPCKY CIHOCOOHOCT OJI
npyrux Illludosux 06aza. foOujeHu pe3yiTaTu NMOKaszyjy Ja MOCTOjalbe CTPYKTYype
CJIMYHE CTYKTYpH BaHWIMHA Yy NpPCTeHy A yTtudye Ha nopact eHepruje HOMO
opburana, a THME U Ha OOJbM AHTMOKCHUIATHUBHU IOTECHIHja]l OBUX jCAUILCHHA.
XUApOKCWIHA Tpyna y opmo- T0JIOKajy mpcTeHa B gonmpuHocH nmopacty eHepruje
HOMO opOutaia u He Moxe ce 3aHeMapuTu. CBU OBH pe3yiTaTy Ccy ¥y

carmacHocTH ca [Csg Bpennoctuma (Tabena 2.4).

Paznuka wmsmel)y enmeprmja HOMO u LUMO opburtana oapelhyje xemujcky
aKTUBHOCT jenumema. OBa eHeprvje je JUPEeKTHO I[IoBe3aHa ca Jiakohom
noOyhuBama ucnutuBaHuX MoJjekyna. Pasnuke enepruja msmehy HOMO-LUMO
opourana (Tabene 2.4.) moka3yjy Ja jeIumemhe 8 MMa HajBUIIM aHTHOKCHTATUBHU

MOTEHIIM]jal, 003UPOM Ja UMa HAJHUXKY CHEPTH]Y.
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TaGena 2.4. U3pauyHaTe u eKcliepuMeHTanHe ocoonne uenutuBanux Ilndosux 6aza

HOMO-LUMO  AEj,
Jemumewe HOMO (eV) LUMO (eV) DPPH tect ICs0(uM)
gap (eV) (kJ/mol)
METAHOJI
1 -0.274 -0.039 0.234 -13.038  561.311°71 117.41%81 1g86.3°
2 -0.293 -0.075 0.218 41.638 >500°
3 -0.280 -0.040 0.239 42.042 >500°
4 -0.285 -0.041 0.244 43.145 >500°
5 -0.285 -0.042 0.243 42.827 >500°
6 -0.283 -0.043 0.240 1.896  468.21""1 406.91%%!  >500°
7 -0.280 -0.046 0.234 -3.678  27.41%67  9og 5l 1g g2
8 -0.269 -0.041 0.227 -11.227 5.3
9 -0.273 -0.033 0.240 -13.385 86.2°
10 -0.273 -0.034 0.239 -13.188 68.8°
BOJIA
1 -0.274 -0.040 0.234 -13.015
2 -0.293 -0.075 0.218 41.310
3 -0.280 -0.041 0.239 41.656
4 -0.285 -0.042 0.244 42.775
5 -0.285 -0.042 0.243 42.486
6 -0.283 -0.043 0.240 1.961
7 -0.280 -0.046 0.234 -3.946
8 -0.269 -0.041 0.227 -11.479
9 -0.273 -0.033 0.240 -13.592
10 -0.273 -0.034 0.239 -13.422
BEH3EH
1 -0.272 -0.037 0.235 -13.301
2 -0.295 -0.073 0.221 48.283
3 -0.278 -0.038 0.239 49.522
4 -0.283 -0.040 0.243 50.509
5 -0.284 -0.042 0.242 49.611
6 -0.281 -0.042 0.240 1.050
7 -0.279 -0.047 0.232 1.124
8 -0.266 -0.040 0.226 -6.238
9 -0.270 -0.029 0.240 -9.005
10 -0.271 -0.032 0.239 -8.325

?ICs0 BpeIHOCTH JOOUjEHE OBMM MCIIHTHBAHEM
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2.3.4. Enepruja craouiausanuje (AEis)

H3pauynare Bpeanoctu AEis, mpencraBbene cy y Tabenu 2.4. Ha ocHOBY
I0O0MjeHUX BPETHOCTH MOTyhe je YTBPpAUTH PEeIaTHUBHY CTAOMITHOCT XHAPOKCHUITHUX
u MeTokcu rpyna umHcnutuBaHux LludoBux 0Oaza. Ilpumena crabuimzanuone
EHepruje je jeqHOCTaBaH METOJI 3a NpeaBuhame aHTHOKCUIATUBHOT MOTEHIIH]jaja.
Jlobujenu pe3yiaraTu NOTBphyjy 3HaA4Ua] XUAPOKCHIIHE TPyIle Yy napa- TOJI0XKajy
npcreHa A, W XUAPOKCHIIHE Tpylie Yy opmo- TIOJOXajy npcTeHa B, mpwu
CTAOMIHU3AIUjU  PATUKAICKUX BpCcTa JNOOMjEHHX IIOCJE OJiBajaka BOJIOHUKA.
INpucycTtBo momare MeTokcHw Tpyrie cMmamyje AEijs, 3a jenumema 8-10, mrTo je
MOCJICANIIa YHELCHUIIC J1a KHUCEOHHMKOB aTOM MOJXKE Jla JOHUpa YyCaMJbCHE
€JICKTPOHCKE mapoBe Ja OW ce CcTaOWIn30Bao OAroBapajyhi CEeMHUXHHOHCKHU

cJ1I0001HU paUKal.

2.3.5. EnTrannuja nucounjanuje sese 1 aGuHUTET NpeMa NPOTOHY

XomomutnunMm packumamem O-H Bese ¢dopmupajy ce oxarosapajyhm
paauKaau MUCIUTHUBAHUX jeaumewa. M3pauynare BDE BpennocTu npeacraBibeHe
cy y Tabenu 2.5. CtaOmiiHOCT 1OOMjeHHX CEMHUXMHOHCKHUX pajJuKaja MMa Beoma
BaXkKHy yJiory y onapehuBamwy anTHokcuiatuBHe akTuBHocTH llIndosux 6aza. Ha
OCHOBY paclojiejie CIHHCKE TYCTUHE MOXE€ C€ II0y3JaHO TOBOPUTH O
PEaKTUBHOCTH M CTaOWJIHOCTH HacTtanux pagukana [151]. Pamukanu kon Kojux
JI0J1a3u 10 JeJoKalu3alrje CIMHCKE I'yCTUHE (pOpMHUpajy c€ MHOTO JIaklle U OHU
Cy CTaOWJIHMJU HETO OHU PaJUKaIN KOJ KOJUX je CIMHCKA I'yCTHHA JIOKAJIU30BaHa.
Pacnogena cnuHCKe T'yCTMHE CBUX paJuKalla y METAHOJy IIpeACTaBJbeHa j€ Ha
Caumm 2.10, nox cy SOMO opburane 3a HajcTaOWIHH]E paguKaie UCITUTUBAHUX

[ITudoBux 6a3a npencraBibene Ha Ciunm 2.11.
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Cnuka 2.10. Pacmosena cimHCKe TYCTHHE Y CBUM pajukanuma ucnmtisanux [udosux 6aza y

METaHOIy
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Kox cBux pagukana GopMHpaHUX XOMOJHUTHYKUM PACKUIAKHEM BE3€ XUJIPOKCUITHE
rpyne y napa- TOJOXajy, y TNpcTeHy A win y npcTeHy B, cnuHCKa rycThHa je
JIeJIOKaIM30BaHa MPEeKO KUCEOHUKA, U opmo- U napa- YrJbeHUKOBUX aToMa oAroBapajyher
apoMaTH4HOT npcreHa. JlogaTHa craOmim3anuja je MOCTUTHYTa MPEKO JBOCTYPKE BE3e
n3Mel)y yribeHMKOBOT M a30TOBOI aTOMa, Kao M NPEKO Opmo- U napa- YrIbeHUKOBHX
atroMa cyceaHor 1npcreHa. OBo je y cariacHoctu ca BDE Bpennoctuma, 1j. lllndose 6aze
ca XUJIPOKCUIIHOM T'PYIIOM Y napa- 1monoxajy nmajy Hajurmke BDE BpennocTu (jenumema
1, 8-10). Pesynraru u3z Tabene 2.5 noka3yjy na cy BDE Bpennoctu llludoBux 6a3za ca
XUJIPOKCUITHOM TPYIIOM y napa- TOJIOXKa]y HIDKE OJI OHUX Ca XUAPOKCHIIHOM TPYIOM Y
Mema- W opmo- Tonoxajy. [maBHum paszmor 3a HemrTo Buiie BDE Bpennoctu
XUJIPOKCUITHUX TpyHa y Mema- TON0Xajy je popmMupame Mambe CTaOMIHUX paauKana, u
Mama JIeJIoKaju3anja CnuHCcKe ryctuHe mnpeko C=N paBocTpyke Be3e Hu APYyror
apoMmaTtudHor TpcteHa (6 Ha Cnunu 2.11). IlTo ce THYe XUAPOKCHWIHUX TpynHa y opmo-
MOJIOXKA]y TIPCTeHa A, peJIaTUBHO jaKa MHTEPMOJICKYJICKa BOJIOHMYHA Be3a ca a30TOM je
oaroBopHa 3a 3Ha4ajHo Buie BDE BpennocTH.

XereposmtuukuM packumameM O—-H Besze IlludoBux 6a3za dopmupajy ce
oarosapajyhu anjonu. ['eomerpujcku nmapamerpu anjona lludosux 6a3za 1 u 7 gatu cy y
Tabenama 3.4 u 3.5 (ekcrnepuMeHTaJHOT jaena). Y nopehemy ca OCHOBHUM MOJIEKYJIOM
npumehyjy ce 3HauajHe pasnuke uzMel)y ayKHWHaA Be3a y MPCTEHY Ha KoMe je opmupaH
aHjOH, IITO yKa3yje Ha CMamemke apoOMaTHYHOCTH TpcreHa. M3pauynare PA BpemHoCcTH

npenacTaBibeHe cy y Tabenu 2.5.
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Ta6emna 2.5. Uspadaynaru tepmoaunamudkn napamerpr (kJ mol™) anTHokcinaTHBHIX MexaHM3aMa

HIudosux 6aza

HAT SET-PT SPLET
BDE 1P PDE PA ETE
Mertanoa A B A B A B A B
1 407 351 542 56 0 183 149 414 392
2 406 624 -28 168 428
3 406 559 38 181 416
4 407 584 13 180 417
5 407 586 11 179 419
6 407 366 566 32 -9 178 152 419 404
7 396 360 555 31 -4 167 152 419 399
8 353 364 533 11 22 140 171 403 384
9 351 542 0 146 395
10 351 541 0 146 396
Bona
1 412 35 522 71 16 191 159 401 379
2 411 603 -12 177 415
3 411 539 53 189 403
4 412 564 29 189 404
5 412 566 27 188 405
6 412 371 546 47 7 187 161 406 391
7 401 365 535 47 11 176 161 406 386
8 358 369 513 26 37 150 179 389 371
9 356 522 15 155 381
10 356 521 16 155 382
Bensen
1 415 352 636 189 126 465 416 359 345
2 414 661 163 434 390
3 415 650 174 464 360
4 416 665 161 462 363
5 415 639 186 457 368
6 417 367 661 165 115 458 426 368 350
7 400 367 651 159 125 437 429 373 347
8 359 370 621 148 159 409 456 360 324
9 357 630 136 422 345
10 357 633 134 418 349



R5 R10

Cnuxka 2.11. SOMO opbutane HajctabunHujux paaukana [ludosux 6asza

2.3.6. AHTMOKCHIATHBHHU MEeXaHNU3MH

Kao mro je Beh peueHo mpu objalimermy MCHUTHBAKA aHTHOKCUAATUBHOCTH 'A, Ha
OCHOBY M3pauyHaTUX BpeIHOCTH TepMoanHaMuukux napamerapa (BDE, IP, PDE, PA, u ETE)
MOXKE€ C€ TIpEJIBUJCTH JIOMHHAHTaH aHTHOKCHIATUBHU MEXaHu3aM y oxaroBapajyhem
pactBapauy [153]. Hajumxe BpeAHOCTH TEPMOJIMHAMUYKHUX MapaMeTapa Mmokasyjy Koju je
MeXaHU3aM TEPMOJIMHAMUYKHA HajmoBOJbHUJU. CBU TEpMOJMHAMHUYKH IapamMeTpu 3a
ucnutuBade IlludoBe Oaze wu3pauyHatu cy kopuinthemwem MO05-2X/6-311+G(d,p)
TEOPHJCKOT Mojiena y Boau, MeTtaHoiry u Oen3eny (TaGena 2.5). JloOwjenu pesynratu
MoKasyjy Ja jequmema 2-6 nMmajy 3Haudajuo suiie BDE, IP, u PA BpenHocTu y ogHocy Ha

Apyra UCIIMTHUBAHAa je,[[I/IH:eI-Ba. BpeI[HOCTI/I TCPMOANHAMHWYKUX ITapaMcTapa HCCYMHEHUBO
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MOKa3yjy Jla c€ O]l OBHUX JeUHCHha MOXKE OYEKHMBATH 3aHEMapJbUBa aHTHOKCHIATHBHA
akTUBHOCT. OBHU pe3yJITaTu Cy y carylaCHOTH ca exkcnepumeranHuM 1Csg BpenHocTuMa U3
Tabene 2.4. Ynopehusamwe BDE, IP, u PA Bpennoctu y Tabenu 2.5 3a npyra jenumemna
(1, 7-10) noxkasyje na cy IP Bpennoctu HajBuie, mro ykasyje na SET-PT mexanuzam
HMje Moryh HM y jelHOM OJ MCHUTHUBaHUX pacTBapada. C Jgpyre cTpaHe, y IOJapHUM
pactBapaunMa PA BpeaHOCTH Cy 3HauajHO HUXKe o1 oaroapajyhux BDE Bpennoctu. To
3Haun ga je SPLET mexanu3zam AOMUHaHTaH y TOJAapHUM pacTBapaunma. Hucke PA
BpeaHocTH YykKadyjy na llludose Oa3ze mMory Jako Ja MOIJIETHY XETEPOJHUTHYKO]
nuconujanuju O-H Be3a u hopmupajy oarosapajyhe ¢penokcuane anjone. Y3umajyhu oBo
y 0o03up, pa3yMHO j€ OYEKHBATH Jla j€ HajBEpOBATHHUJU MEXaHH3aM y (PU3HOJIOMIKUM
ycnosuma (pH=7.4) ynpaBo SPLET mexanuzam. BDE u PA Bpemnoctu y TaGemu 2.5

nokasyjy aa cy HAT u SPLET KOHKYpeHTHH MEXaHU3MH y HETIOJIAPHOM pacTBapady.
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2.4. UcnuTuBamke aHTHPAAUKAJICKe akTUBHOCTH ogadpanux llIudgosux 6a3za

HcnutuBame [lndoBux 6aza je HACTaB/LEHO W M3padyHATE Cy CHTANIHjE peakiHja Ha
JIBa HAYMHA: Y OJICYCTBY M y TIPUCYCTBY INTETHHUX cio6oauux paaukaia (RO"). C 063upom Ha TO
Ja CHTAINH]e peaklHja Yy TMPHUCYCTBY CIOOOJHHMX paauKansa ONHUCY]y pPEATUCTUYHHU]E
AHTUOKCUJIATUBHH TIPOIIEC, CHTAIMNHUjEe peakiuja Yy OJCYCTBY paauKaia y3ere cy Kao
IpeTnocTaBka Kojy Tpeba morBpautu. McerpaxuBame je ypaheno na rpymnu on 11 Iludosux
0a3a, oz kojux je ner Beh kopumtheHo y nperxoanum uctpaxusamwuma (1, 7, 8, 9, u 10), nok cy
jenumema 11-16 npeysera u3 nureparype.

HajcTabunuuju kondopmepu ucnutuanux ¢peHonnux Ludosux 6a3a npeacraBibenu cy
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Cruka 2.12. Hajcrabunauju koudopmepu penonnux Ilndosux 6aza

Ha ocHoBy pe3ynrara u3 Tabemna 2.6 moxke ce pehu aa je SET-PT mMexanuzam eHepreTcku
HEMOBOJbAH Yy CBUM HCIHUTHBAaHMM pacTBapauuma. ['enepamHo rosopehu, PA BpemgHoctu cy
3Ha4yajHO HMXke o oarosapajyhux BDE Bpennoctu y eranony u Bogu. C apyre ctpane, ETE u
BDE Bpeanoctu cy Beoma ciauuHe, IITO jacHO ykasyje na je SPLET mexanuzam JOMUHaHTaH
peaKuMoHH MyT Yy MoJapHUM pacTBapauyuMma. Ha ocHOBY pesynrara nobujeHux y 6eH3eHy, jacHO

je na cy y HenonapaoM pactBapady SPLET u HAT koMIieTHTHBHY MEXaHU3MH.
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Ta6emna 2.6. Uspadaynaru tepmoaunamudkn napamerpr (kJ mol™) anTrokcinaTHBHIX MexaHM3aMa

[ndopux O6a3a

SET-PT SPLET

IP PDE PA ETE
Ertanon A B A B A B A B
1 406.9 351.0 548.1 55.3 -0.5 186.2 152.4 417.2 395.1
7 396.0 360.5 561.7 30.9 -4.7 170.1 155.3 4224 401.7
8 352.9 364.2 539.1 10.4 21.7 143.4 174.3 406.0 386.4
9 350.8 547.9 -0.6 149.6 397.6
10 351.0 547.3 0.1 148.6 398.9
11 365.4 552.7 9.2 172.6 389.4
12 371.7 366.0 554.7 135 7.9 153.9 172.1 414.3 390.4
13 361.1 364.9 541.5 16.1 20.0 134.9 174.9 422.7 386.6
14(A3/A4) 345.5/335.8 365.6 543.5 -1.4/-11.2 18.6 127.7/114.2 175.1 414.4/418.2 387.0
15 365.7 553.5 8.7 172.4 389.7
16 364.7 539.4 21.8 175.5 385.7
Bona
1 411.6 356.3 5217 71.0 15.7 191.5 158.8 401.2 378.6
7 394.3 358.7 531.7 43.7 8.1 169.5 154.1 405.9 385.6
8 357.8 369.1 513.2 25.7 37.0 149.7 179.4 389.2 370.8
9 355.7 521.9 14.9 1554 381.4
10 355.9 521.2 15.8 154.6 382.4
11 370.2 526.5 24.8 177.4 373.9
12 376.9 370.8 528.5 29.5 234 160.0 176.8 398.0 375.1
13 366.5 369.8 5155 32.0 35.3 141.8 179.7 405.8 371.2
14(A3/A4) 351.1/341.5 370.3 517.6 14.6/5.0 33.8 134.6/121.5 179.7 397.7/401.1 3717
15 370.4 527.4 241 177.1 3744
16 369.4 513.6 36.9 180.1 370.4
Bensen
1 415.0 352.4 636.0 188.5 125.9 465.2 416.4 359.3 345.5
7 400.4 366.8 651.3 158.6 125.0 437.0 429.4 372.9 347.0
8 359.5 370.5 621.1 147.8 158.8 409.2 455.7 359.8 324.3
9 356.7 630.3 135.9 421.7 344.5
10 357.4 632.8 134.0 417.8 349.1
11 372.6 639.8 142.3 455.6 326.5
12 373.2 3735 640.5 142.2 142.5 423.1 457.1 359.7 325.8
13 361.3 371.7 624.9 145.9 156.4 393.0 459.8 377.8 321.4
14(A3/A4) 343.1/332.5 373.4 626.5 385.9/366.8 461.5 385.9/366.8 461.5 366.6/375.2 321.4
15 373.2 637.8 145.0 458.4 324.3
16 364.7 565.4 208.8 362.5 411.7
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Ha Caoumu 2.13 cy pmare CTpyKType W aHTHOKCHUJATHBHA AaKTUBHOCT OJa0paHMX
[Mudorux 6a3a. ICsp Bpennoctu 3a jenumema 1, 7, 8, 9 u 10 nodujene cy momohy DPPH Ttecra,
JI0K cy oxaroBapajyhm momanu 3a jeaumema 11-16 mpeysetu u3 muteparype [169]. ITocroje
MoJIall KOjU TMOTBphyjy A00py aHTHOKCHAATHUBHY aKTHBHOCT jeaumema 7/, 9 u 14, nok cy
jenumema 11-13, 15 u 16 mano mame aktuBHA. 3a llIudory 6a3y 1 ce moxe pehu na je cimad

AHTUOKCUJAHT [ 163].

| ooR ot o

HO

OCH, OCH,
1 IC5,=274.7 ICso=17.1 8 ICsy=7.7 9 IC5o = 144.0

o | oY o

OCH; , oH

10 ICsp=116.2 IC50=23.9 1C50=23.1 ICs50=24.3
\
| v ve
HO H,CO
OH OCH
14 1C5=12.1 s 1Csy =249 1C5,=28.1

Cnuka 2.13. Crpykrype ucnurtuBanux Llngosux 6aza u muxose [Csy Bpeqnoctu (UM).

Vcnurane cy eHTanmnuje peaklyja u3adpaHux jeumema ca cieaehuM paaukamuma Koju
uMajy 3HadyajHy YJIOTY Yy JKUBOM OpPraHHM3MYy, M >KUBOTHO] CPEIMHHU YOMILUTE: XUAPOKCHIIHH
pamukan (‘OH), Bogonuk nepokcunnu paaukan ((OOH), cymepokcun anjon pamukan (TOy), u
Buaun nepokcun pamukan (CH,=CH-O-0O"). Takohe, ucnuran je W yTWIaj pacTBapaya
Pa3IMYUTUX MOJAPHUCTH (BOJA, €TAHOJ, OCH3€EH).

N3pauynate eHTanmuje peakiyja 3a cBa Tpu aHTHOKcHaaruBHa mexanm3ma (HAT, SET-
PT u SPLET), 3a omaOpane Illudoe 0aze mnpezncraBbeHe cy y Tabemama 2.7 — 2. 10.
[Ipuoputeran anTHoKcHIaTUBHM MexanHuzaMm lludoBux 06a3a ca HCOUTHBAHUM CIOOOTHUM
paaukamuMa mporermeH je Ha ocHOBY AHppe, AHp, AHppg, AHpa, 1 AHgTe BpennocTu. Hajumka

0J1 OBUX TEPMOJIMHAMUYKHNX BPEAHOCTH YyKa3yje KOjH je HajBepOBaTHUJU MEXaHMU3aM 1o KoMe he
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ce peakuuja omurpatu. AHaim3om pesynrara u3 Tabema 2.7 — 2.10 youaBa ce ma cy AHgre
YIJIaBHOM MO3UTHUBHE BPeIHOCTH (0aroBapajyhe peakije cy eHA0TepMHE), MTO yKaszyje aa Ou
ynpkoc HeratuBHUM BpenHoctumMa AHpa SPLET mexanuzam morao 6utu ondaueH kao moryh
peakuuonu myT. Mehyrum, Tpeda ncrahu na Hucke nosutusae AH Bpennoctu (< 40 kJ mol™) ue
Mopajy o00aBe3HO Ja HCKJbydyjy oaroBapajyhy peakiujy. OBH €HAOTEPMHH MPOIECH MOTY
MPEJCTaBJbaTH 3HAuUajaH PEaKIMOHHW IyT aKO OHU HE 3aXTEBajy BHCOKY CHEPIH]y aKTHBAIIH]je

[170].

24.1. AwntuokcugatuBau wMexaHusmMu IludoBux 6a3a ca XHAPOKCHIHUM

paanKaIom

Y Tabenu 2.7 cy npencTaBbeHd TEPMOJIMHAMUYKY MOAIM KOjU CE OJTHOCE Ha PEeaKIuje
HIndoBux 6a3a ca XUAPOKCUIHUM paJMKaJIOM y CBUM HCIUTHUBAaHMM pacTBapauuma. Kanga je
peu o HAT u SPLET MexaHusmMuma er3oTepMHE peakiHje Cy 3acTyllJb€He Y CBUM
pactBapaunma. Tpeba ucrahu na cy Bpennoctu AHgpe u AHjp ckopo koHCTaHTHE y 00a mojapHa
pactBapaya. C apyre crpane, BpeaHoctd AHgpe pacty, nok Bpeanoctu AHpa 1 AHjp 3HaYajHO
Olajiajy y HEeMoJIapHOM pacTBapauy OCH3EHY.

Ha ocnoBy BpemHoctn eHrtannuja peakuuja IludoBux 06a3a ca XHJIPOKCUIHUM
panukainom (Tabena 2.7) jacHo je na cy SPLET um HAT koHkypeHTHH MexaHu3MH. Moxe ce
npernoctaBuTH Aa je HAT nomuHaHTaH MeXaHu3aM y BOJM M €TaHOJIY, JIOK C€ Ha OCHOBY
pesynarara npukasanux y Tabenu 2.7 moxe odekuBatu aa je SPLET npuoputeran MexaHuzam y
Oenseny. I'enepanHo roBopehu, HajHMXKE BPEAHOCTH PEAKIMOHMX EHTalImnuja umajy napa-OH
rpyne npcrena A jenumema 8-10, 13 u 14. V oxcycTtBy oBe xuapokcuiHe rpyme, mema-OH

rpyna npcreHa B je peakTuBHHUja y OIHOCY Ha JIpyre XUJIPOKCUIIHE TpyIIE.
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Ta6emna 2.7. Uspauynare peakupore enrammmje (kJ mol™) 3a peaximje [ndoBrx 6a3a ca XHIPOKCHIHAM

pamguKaioM
Bona Eranon Benzen
[Tucose
Sase” HAT SET-PT SPLET HAT SET-PT SPLET HAT SET-PT SPLET
AHgpe  AHp AHppe AHppn  AHere AHgpe  AHp  AHppe  AHpa  AHere AHgpe  AHp  AHppe  AHpa AHere
1-A -88.1 91.9 -179.9 -595  -28.6 -87.1 1057 -1928 619 -25.2 -75.6 3047 -380.3 -103.6 28.0
1-B -143.4 -235.3 -922 512 -143.0 -248.7 957  -473 -138.3 -442.9 -152.4 14.2
7-A -105.3 1019 -207.2 -96.8 -8.5 -980 1193 -2173 -781 -19.9 -90.3 3200 -4102 -131.9 41.6
7-B -141.0 -242.9 -815  -595 -133.5 -252.8 929  -40.6 -123.8 -443.8 -139.5 15.6
8-A -141.9 83.4 -225.3  -101.3 -40.6 -1411  96.7 -237.8 -104.7 -36.3 -131.2 289.8 -421.0 -159.7 28.5
8-B -130.5 -214.0 -71.6  -59.0 -129.7 -226.5 -73.8  -55.9 -120.2 -410.0 -113.2 -7.0
9-A -1440 921 -236.0 -955  -484 -143.2 1055 -2488 -985  -44.7 -1340 299.0 -4329 -147.1 13.2
10-A -1438 913 -235.1 -96.4  -474 -143.0 1050 -248.0 -99.6 -435 -133.3 3015 -4348 -151.0 17.7
11-B -129.4  96.7 -226.1 -7135  -559 -1286 1103 -2389 -756  -53.0 -118.1 3084 -4265 -113.2 -4.9
12-A -122.7  98.7 -221.5 -91.0 -318 -122.3 1123 -235 -942  -281 -1174  309.2 -426.6 -145.8 28.3
12-B -128.9 -227.6 -741  -54.8 -128.0 -240 -76.0  -51.9 -117.2 -426.4  -111.7 -5.5
13-A -1332 857 -2189  -109.1 -24.0 -1329 991 -2320 -1132 -19.7 -129.4 2935 -4229 -175.8 46.4
13-B -129.9 -215.6 -71.3 -58.6 -129.1 -2282  -732  -558 -118.9 -4125 -109.0 -9.9
14-A3 -1485 878 -236.3 -1164  -32.1 -148.4 101.2 -249.6 -1205 -27.9 -147.6 2952 -4428 -182.9 35.3
14-A4 -158.2 -246.0 -1295  -28.7 -158.2 -259.3 -134.0 -242 -158.1 -453.3  -202.0 43.9
14-B -129.4 -217.2 -71.3 -58.1 -128.4 -229.6  -73.1  -55.3 -117.2 -4125 -107.4 -9.9
15-B -129.3 976 -226.9 -73.9 -55.4 -128.3 1111 -239.4  -75.7  -52.6 -117.4 3064 -4239 -1105 -7.0
16-B -130.2 838 -214.0 -70.8 -59.4 -129.3 97.0 -2264  -727  -56.7 -118.6 2889 -407.6 -107.9 -10.8

" Osmake A u B ozHOCce ce Ha mpcTeH A u npecteH B. A3 u A4 o3uauaBajy monoxaj 3 u 4 Ha mpcreHy A. cTo Baku
u 3a Tabene 2.8 - 2.10.

2.4.2. AutnokcugatusHu Mexanusamu llludoBux 6a3a ca BOAOHNKIEPOKCUIHUM U

BUHWI MEPOKCUIITHUM paiuKaJIuMa

Tepmoaunamuuku nojgany 3a cBe peakuuje IlIudoBux 06aza ca BOJOHMKIEPOKCHI U
BUHUJIIEPOKCUIJ paJiKaiiMa y UCIIMTUBAHUM pacTBapadnma Hanaze ce y TaOenama 2.8 u 2.9.
Bununmepokcun pamukan je Mame pEeakTHBaH, W MOXKE Ja OINOHAIla JIMIHIHE ITEePOKCUI
panukaie koju ce popMHUpajy Yy OMOJIOIKUM cucTeMuma. J{oOujeHn pe3ynTaTH ce pasiuKyjy of
OHHUX JOOMjeHHX 3a XUIPOKCUIIHU PaJHKall, IITO je U OYEKUBAHO 003UPOM Jia Cy 00a MepOKCUITHA
panuKkaiza Mame peakTHBHE BPCTE OJI XUAPOKCHIIHOT pajuKana. AHann3a moaaraka n3 TaOena
2.8 u 2.9 yka3zyje na cy reHepajHO BPEIHOCTH TEPMOJIMHAMUYKHUX MapaMeTapa Majo BHUIIE 3a
BHHIJI TEPOKCUJ paJWKal, MTO j€ OYEKUBAHO J€p j€ OBaj paJuKal Mame pEaKkTHBaH O]

BOJIOHMKIIEPOKCHI pajuKaia. BpeaHoctu npoMeHe eHTanmnuja peakuuja cy Mmel)ycoOHo ciuune y
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nBa mnojapHa pactBapada (AHgpe m AHpp BpemHocTH Cy cKOpo maeHTHYHE 3a o0a pacTBapaya,
BOAy M eTaHoj). Ha ocHOBY moOMjeHMX pe3yiTara MHpeTIocTaBjba Ce Jia OBa JiBa pajuKalia
yuectByjy y peaknujama SPLET wmexanusma y cBa TpH pacTBapaua, ajl Cy peakiiyje

XeTepoNUTHYIKOT packunama O-H Bese u3pazuro ersorepmue y OeH3eHy.

Ta6ena 2.8. Uspauynate peakuuone enrammuje (kJ mol™) 3a peaximje Iudoux 6a3a ca

BOJOHUKIICPOKCHII paIUKaJIOM

Bona Eranon benzen

Iugose
Sase HAT SET-PT SPLET HAT SET-PT SPLET HAT SET-PT SPLET

AHgpe AHp  AHppe  AHpa  AHere AHgpe AHp  AHppe  AHpa  AHgre AHgpe AHp  AHppe  AHpa  AHere
1-A 47.9 1845 -137.0 -165 64.4 48.8 1980 -149.2 -18.3 67.1 58.8 385.7 -3269 -50.2 109.0
1-B -7.4 -192.3 -49.2 41.8 -7.1 -205.1 -52.1 45.0 -3.8 -389.5 -99.0 95.2
7-A 30.7 1949 -1643 -53.9 84.5 37.9 2116 -1736 -344 724 44.2 401.0 -356.8 -785 122.6
7-B -5.0 -199.9 -385 335 24 -209.2  -49.2 51.7 10.6 -3904  -86.1 96.7
8-A -5.9 176.5 -1823 -58.3 52.5 -5.1 189.0 -1942 -61.1 56.0 3.2 3708 -367.6 -106.3 1095
8-B 55 -171.0 -28.6 34.1 6.2 -182.8 -30.2 36.4 14.2 -356.6 -59.8 74.0
9-A -8.0 185.1 -193.1 -52.6 44.6 -7.3 197.8 -2051 -54.9 47.6 0.5 3800 -3795 -938 94.2
10-A -7.8 1844 -192.2 -534 45.6 -7.1 1973 -2044 -55.9 48.8 11 3825 -3814 -97.6 98.8
11-B 6.6 189.7 -183.1 -30.6 37.1 7.4 2026 -1953 -31.9 39.3 16.3 3895 -373.1 -59.8 76.2
12-A 13.3 1918 -1785 -48.0 61.3 13.6 2046 -191.0 -50.6 64.2 17.0 390.0 -3732 -924 109.4
12-B 7.1 -1846 -31.1 38.3 8.0 -196.6 -324 40.4 17.2 -373.0 -583 75.5
13-A 2.8 1788 -176.0 -66.2 69.0 3.0 1914 -1884 -69.6 72.6 5.0 3746 -369.5 -1224 1275
13-B 6.1 -172.7  -28.3 344 6.9 -1845  -29.6 36.5 155 -359.1  -55.7 71.1
14-A3 -125 1809 -1934 -734 60.9 -125 1934 -206.0 -76.9 64.3 -13.2 376.2 -389.4 -1295 1164
14-A4 -22.2 -203.0 -86.5 64.3 -22.2 -215.7 904 68.1 -23.7 -400.0 -148.6 1249
14-B 6.6 -1742  -28.3 35.0 75 -185.8 -294 36.9 17.2 -359.1  -54.0 711
15-B 6.7 190.7 -1839 -30.9 37.7 7.6 2034 -1958 -32.1 39.7 17.0 3875 -3705 -57.1 74.0
16-B 5.8 1769 -1711 -278 33.6 6.6 189.3 -182.7 -29.0 35.6 15.8 370.0 -3542 545 70.3
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Tabena 2.9. M3pauynate peaknnone earanmnuje (kJ/mol) 3a peaknuje [lIndoBux 6a3a ca BUHUIIIEPOKCHIT PATAKAIOM

Bona Eranon Benzen

ludose
oo AT SET-PT SPLET HAT  SET-PT SPLET HAT  SET-PT SPLET

AHsoe AHp  AHme  AHpa  AHere AHsoe AHp  AHme  AHpa  AHere AHsoe AHp  AHme  AHpa  AHere
A 51.8 1584 -1066 139 379 527 1705 -117.7 131 396 631 3421 2790 23 654
1B -35 -161.9 -188 153 3.1 -1736 -207 175 05 -3416 -511 516
7-A 346 1684 -1339 -235 580 419 1841 -1422 30 449 485 3574 3089 -305  79.0
7-B 1.1 1695 81 7.0 6.4 1777 <178 242 14.9 -3425 -381 531
8-A 20 1500 -151.9 279  26.0 12 1615 -1627 -296 285 76 3272 3197 583 659
8-B 9.4 -1406 18 76 10.1 1514 13 89 186 -308.7 -118 304
9-A -41 1586 -1627 222 181 34 1703 -1737 234 201 48 3364 3316 -458 50.6
10-A -39 1579 -1618 230 191 32 1698 -1729 245 213 55 3389 -3335 -497 551
11-B 105 1632 -1528 -0.2 106 113 1751 -1638 -0.5 118 207 3459 3252 -119 325
12-A 172 1653 -1481 -176 348 175 1771 -1595 -192 367 213 3466 -3253 -444 658
12-B 11.0 1542 08 118 119 1652 -10 129 216 -3250 -104 319
13-A 67 1523 -1456 -358 425 70 1639 -1569 -382  45.1 94 3310 -3216 -745 839
13-B 10.0 1423 2179 108 1531 18 90 198 3111 77 275
14-A3 -86 1544 -1630 -430 344 -86 1659 -1745 -454 368 88 3326 -3415 816 727
14-A4 -18.3 1726 -56.1  37.8 -18.3 -1843 589 406 -19.4 -352.0 10;).7 813
14-B 105 1438 21 85 114 1545 20 94 215 3111 -60 275
15-B 106 1642 -1535 -0.5 112 115 1759 -1644 -0.6 122 213 3438 3225 91 304
16-B 97 1504 -1407 26 71 105 1618 -1513 24 81 201 3264 -3062 -65 267

2.4.3. AntuokcuaatuBHu mexanmzamu llIudoBux 06a3a ca cymepokcua aHjoH
paauKanom

V cnyuajy peaknuja [llndosux 6a3a ca cynepokcun aHjoH pagaukanoMm AHgpe BpenHoctu
Cy U3y3€THO MO3UTUBHE Y CBUM pacTBapauuma. /ajboM aHaTM30M OBUX BPEIHOCTH youaBa ce Jia
Cy OHE CKOpO UJIEHTHYHE y CBUM KopultheHuM pactBapaunma. OBe YUHBHEHULIE YKa3y]y, LITO je Y
carjacHOCTH ca ouekuBamuma, 1a HAT Huje Bepogocrojan Mmexanuzam 3a peakuuje lndosux
6a3a ca cymepoKCH] aHjOH paJIuKajoM y MOJapHUM M HETOJIAPHUM pacTBapayuma. Y MOJIAPHUM
pacTBapayMMa eHTaJlMje peakija 3a Jpyra JBa MeXaHu3Ma cy Takohe mo3uTuBHe, u3yzeB AHpa
BpenHocTH 3a jenumee 9 (Tadena 2.10). AHpa BpeaHOCTH ce 3HAYajHO CMamkyjy Y HETTOJIAPHOM

pacTBapauy, u3y3eB 3a jenumema 10 u 11. Moxke ce mpeTIoCTaBUTH J1a CBa je/IHbCHha, N3Y3EB

94



jemumema 10 m 11, y peakmuju ca CYNEepOKCHJ aHJOH paJuKaJIOM Yy OATrOoBapajyhum
pactBapaunma rnpate peakiuuonu nyt SPLET mexanuszma.

JloOujenu pe3ynTaTy moka3yjy Ja CynepoKCH] aHjOH paiuKall HUje HAPOUUTO PEaKTUBaH.
OBa TBpAMmA je y carjlaCHOCTH ca J00pO MO3HATOM YHMILEHHUIIOM Ja C€ CYNEpPOKCHI aHjoH
paauMkan Haja3d y PaBHOTEXKH Ca CBOJUM IPOTOHOBAHUM OOJMKOM, BOJOHHUK TMEPOKCHUII

panukaiom (Illema 1.4, oty meo), unju pK, usnocu oko 4,9 u xoju je peaktuBHuju [171].

Tabema 2.10. M3pauyHare peakiuone entammuje (kJ mol™) 3a peakunje IlInposux G6asa ca cynepokcH

aHjOH pPauKaIoM

Bona Eranon Benzen
[Tucose
. HAT SET-PT SPLET HAT SET-PT SPLET HAT SET-PT SPLET

AHgpe AHp  AHppe  AHpa  AHere AHgpe AHip  AHppe  AHpa  AHere AHgpe  AHip  AHppe  AHpa  AHere
1-A 133.7 4104 -276.7 69.3 64.4 1353 439.2 -3039 682 67.1 1543 8553 -701.0 453 109.0
1-B 78.4 -3320 36.6 41.8 79.4 -359.8 344 45.0 91.6 -763.7 -3.5 95.2
7-A 116.5 4204 -3039 320 84.5 1244 4528 -3284 520 724 139.7 8706 -7309 17.0 122.6
7-B 80.8 -339.6 473 335 88.9 -363.9 37.2 51.7 106.1 -764.5 9.4 96.7
8-A 80.0 402.0 -3220 275 52.2 81.4 430.3 -3489 254 56.0 98.7 8404 -7417 -108 1095
8-B 91.3 -310.7 57.2 34.1 92.7 -3376 56.3 36.4 109.7 -730.7 357 74.0
9-A 77.9 4106 -3328 332 44.6 79.2 439.0 -359.9 316 47.6 95.9 849.6 -753.6 1.7 94.2
10-A 78.0 4099 -3319 324 45.6 79.4 4385 -359.1 30.6 48.8 96.6 852.2 -7555 -2.1 98.8
11-B 92.4 4152 -3228 553 37.1 93.8 4438 -3500 54.6 39.3 111.8 859.1 -747.2 357 76.2
12-A 99.1 4173 -3182 37.8 61.3 100.1 4458 -345.7 359 64.2 1125 859.8 -747.4 3.1 109.4
12-B 93.0 -3243 547 38.3 94.4 -3514 541 40.4 112.7 -7471  37.2 75.5
13-A 88.6 404.3 -315.7 19.6 69.0 89.5 4326 -3431 16.9 72.6 100.5 8442 -7436 -269 1275
13-B 91.9 -3124 575 344 93.4 -339.3  56.9 36.5 111.0 -733.2 3938 711
14-A3 73.3 4064 -3331 124 60.9 74.0 4347 -360.7 9.6 64.3 82.3 8459 -7635 -340 1164
14-A4 63.7 -342.7 -0.7 64.3 64.2 -370.4 -3.9 68.1 71.8 -7741  -53.1 1249
14-B 92.4 -3139 575 35.0 94.0 -340.7 57.0 36.9 112.7 -733.2 415 71.1
15-B 92.6 416.2 -3236 549 37.7 94.1 4446 -3505 544 39.7 1125 8571 -7446 384 74.0
16-B 91.6 4024 -310.8 58.0 33.6 93.1 4305 -3375 575 35.6 111.3 839.6 -728.3 41.0 70.3

VY3umajyhu y 063up AHjp Bpeanoctu (Tabene 2.7 — 2.10) npernoctasiba ce ga SET-PT
HUje OlepaTUBaH aHTUOKCUIATUBHU MEXaHH3aM HHU Ca jeIHUM O] HICTIMTUBAHUX paaukaia [172].
Haume, AH\p BpegHocTH pacTy ca cMamemeM UETIEeKTPUYHE KOHCTAaHTE KOopUITheHux
pactBapava. Ouurienso je aa je npsu kopak SET-PT mexanusma, popmupame paaukan KaTjoHa
y TPUCYCTBY CIIOOOJHUX pajuKala, MpeBUlle eHxoTepMmaH mpouec. [To3Haro je na panukan

KaTjOHI/I, KOjI/I Cy HO3UTHUBHC BPCTC HACTAJIC OTIHYILITAKBCM je,[[HOl“ CJICKTPOHA U3 MOJICKYJIA, MOTY
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o6utu hopMUpaHU HAa HEKOJMKO Pa3IMUUTUX HaunHa: noja yruuajeM UV u BUIJbUBE CBETIOCTU
[173] u xemujckux okcumaHata [174], ka0 U y eJIEKTPOXEMH]CKMM IpOIleCHMa W OKCHIAIUjU
KaTanu3oBaHoj MeTanuma [175]. Tako HacTanu paaukan KatjoHn Mory pearoBatu ca Llluposum
6azama Ha cienehu HaumH:

SB—OH + ROOH** — SB-OH"" + ROOH (2.1)
3a oBy peakunjy AHjp BpeqHocTH ce Mory u3padyHaTu nomohy cieaehe jennaunne:

AH;p= H(SB—OH"") + H(ROOH) - H(SB—OH) - H(ROOH"") (2.2)
AHp BpemHoctn ¢dopmupama paaukan KaTjoHa ucnutuBaHux [lludoBux 0Gaza ca
XUAPOMEPOKCUIT M BUHWII MEPOKCUIT PaIUKal KaTjoHMMaA TpencTaBbeHe cy y Tademn 2.11. Cpe
AHp BpeHOCTH Cy HETaTHBHE, IITO 3HAYHU Ja Cy HOBOdopMHpaHH pagukan katjoHu Llndosux
0a3a crTaOwiIHMjU OJf TMOYETHHX paaukan katjoHa. Jpyrm kopak SET-PT wmexanuszma je
JENpPOTOHOBAKE PaIUKall KaTjoHa ca pa3nuuuTuM Oazama. O63upom na cBe BpeaHocTH AHppe
nokasyjy naa je apyru kopak SET-PT mexanusma erzorepman nporiiec (Tabene 2.7 - 2.10), u ako
ce y3Mmy y 003up pe3ynrtaTu nobujeHn peakmmjoM 2.1, moxe ce mpermoctaBuTH na SET-PT

MOKE OUTH JOMHMHAHTAaH aHTUOKCHAATHUBHHU MEXaHU3aM.

Tabena 2.11. M3pauyHare peakimone entanmuje (kJ mol™) 3a peakuuje IlInposux 6aza ca paguxan

KaTjOHOM
Bona Eranon bensen
Indose Oaze HOOH™ CH,CHOOH™ HOOH™ CH,CHOOH™ HOOH™ CH,CHOOH™
1 -161.0 -54.9 -164.6 -56.7 -216.8 -85.9
7 -151.0 -44.9 -151.0 -43.1 -201.5 -70.6
8 -169.5 -63.3 -173.6 -65.6 -231.7 -100.7
9 -160.8 -54.7 -164.8 -56.8 -222.5 -91.6
10 -161.6 -55.4 -165.4 -57.4 -220.0 -89.0
11 -156.2 -50.1 -160.0 -52.0 -213.1 -82.1
12 -154.2 -48.0 -158.0 -50.1 -212.3 -81.3
13 -167.2 -61.0 -171.2 -63.3 -227.9 -97.0
14 -165.1 -58.9 -169.2 -61.2 -226.3 -95.3
15 -155.3 -49.1 -159.2 -51.3 -215.1 -84.1
16 -169.1 -62.9 -173.3 -65.3 -232.6 -101.6
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244, Anaau3a oaHOCA CTPYKTYpe M AKTHBHOCTH, M KBAaHTHTATHBHA aHAJIN3a

0/IHOCA CTPYKTYpe U AKTHBHOCTH

Onnoc crpykrype u aktuBHocTH (SAR- enr. Structure Activity Relationship)
HoJpa3yMeBa HCIHUTHBAKE MOBE3aHOCTH H3Mel)y CTPYKType XEMHjCKOT jeqUIbeha U HEroBe
Ovomnomke akTHBHOCTH. SAR HCIUTHBAaHHX jeUIbEHa MOXE IOBE3aTH HUXOBY XEMHjCKY
CTPYKTYpY M aHTHOKCHAATHBHY akTuBHOCT. Ha ocHoBy ICsg BpenHocTH KoOje Cy IpHKa3aHe Ha
Cnumm 2.13 jacHo je 1a cy ToJioKaj XUIPOKCUITHUX TPYIa Kao M MECTO Be3WBama (apOMATHYHU
npcteH A wim B) ox kpynujasiHe BaKHOCTH 32 aHTHOKCHIATHBHU KallaIUTET ITOCMAaTpPaHUX
jenumema. Ha ocHOBY Opoja u monoxaja XuapokcuiaHux rpyna ucnutusane [lludose 6aze mory
OWTH MOJIeJbEHE Yy JBE TPYIIC.

[IpBy rpyny unHe jequmema 0e3 XUIPOKCUIIHE TPYIE y opmo- TOoJI0Xajy Ha IpcTeHy B
(jemumwemwa 1, 9 u 10 xoja umajy ICso Bpennoctu usmehy 116 u 275 pM). Jenumemwa 9 u 10
HEeMajy XUAPOKCUIIHY TPYILy Ha IpCTeHy B, n cTpykTypa muxoBor npcreHa A je ucra. Pasmuka
n3Mely \ux je ta mro jemumeme 10 y napa- nonoxajy B npcrena uma ¢uryop, mTo cMamyje
ICs0 BpemHOCT jep je wHAYKTHBHH edekar duryopa jaun o pe3oHaHIMOHOT edekra. [Cso
BpelHOCT jeaumerma 1 je Beha on 200 uM mTo yKaszyje Ja je OBO jeIUIbEHE OHOJIOUIKU
HEaKTHBHO, JIOK C€ Ipyra JIBa jeIumbeHha MOTy CMaTpaTi CKPOMHUM aHTHOKCHAAHTUMA.

Jlpyry rpyny 4YMHE jeMIbEeHha Koja MMajy XUAPOKCWIHY TpyIy y opmo- nojoxajy B
npcrena (7, 8, 11-16, ca 1Csp Bpeqnoctuma usmely 7.7 u 28.1 uM). OBa jeaumema MOKa3yjy
N00py aHTHOKCUJATUBHY aKTUBHOCT U mpate ciaenehu pen: 8 >14>7>11=12 =13 =15 > 16.
ICs0 BpenHoCTH 32 jenumerma 8 u 14 cy Hemro Buile of oaroBapajyhux BpeAHOCTH 3a (iaBoHE
u ¢uraBonosie. Ha mpumep, ICsyp BpenHoCT jenumema 8 je 7.7, Mok je oarosapajyha BpemHOCT
kBepreruHa 5.1. Kox nHajaktuBaujux [lnugosux 6a3a 8 u 14, npa sp3 XUOpUAM30BaHa KUCEOHUKA
ce HaJjla3e y opmo- TOJI0Kajy y OJTHOCY je/laH Ha JIPYTH Ha NPCTeHY A, IITO YUHH TO jeIUHCHE
akTuBHUM. OBaj TMO3UTHBAH YTHIA] 00€ eJIEeKTPOH-AOHOpPCKE TpyIe je Yy carilacHOCTH ca
JUTEPATypHUM TOJAIlIMa 3a OIHOC CTPYKTYpEe M aHTHOKCHUIATHBHOCTH TMoyM(peHoNa KOju y
CB0JjOj CTPYKTYpH caJip:ke KaTexoiHy nenuHy. SAR ananusza nokasyje na jeauno lludose 6aze
ca XWUIPOKCHIIHOM TpyIoOM Yy opmo- TIOJNOXajy Ha mnpcTeHy B mocenyjy 3HauajHy
AHTHOKCHUJIaTUBHY aKTUBHOCT. M3 oBoOT pasinora, oBa jequmema (7, 8, 11-16) cy 6una tema game

QSAR ananmze (enr. Quantitative Structure-Activity Relationship).
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QSAR je aHaTUTHYKH TIPUCTYI KOJH C€ KOPUCTHU JIa MHTEPIPETUPA KBAHTUTATUBAH OTHOC
n3Mel)y akTUBHOCTH ojpeheHOr Moliekylia M HBeroBe CTpykType. Heku reHepaiHu NPUHIIMIIH,
Kao ITO Cy TayHa CeJieKlMja U TOojeNia IMoJaTaka, CEeJIEKIHja MOJIEKYJICKHUX JIECKPHIITOpa,
TECTUPame KOMIUIEKCHOCTH M POOYCHOCTH MOJela, BaluJalfja MoJelia U Mpelu3Ha mpoleHa
Mojena kopuithenn cy 3a KoHctpyucame QSAR mogaena [176]. QSAR moaenu 6u Tpebanu na
Oyny jemHocTaBHM W Tpebamu OW Ja ce 3acHUBajy Ha JECKPUIITOPUMA Cca jJacCHOM
¢u3znKoxeMujckoM HUHTEprpeTannjoM. Kao MONEeKyJIcku aeckpuntopu 3a Kpewpame QSAR

Mo/iea KopuiitheHu ¢y 0poj cyceHux KuceoHnkoBux aroma u BDE Bpennoctu (jeqHauunna 2.3).

IC50=A xBDE+B xnO +C (2.3)
A B C R S F pagukan

0.1 (x0.2) -5.5 (x2.7) 42.7 (x31.7) 0.897 3.73 10.2 ‘OH

0.1 (x0.2) -5.5 (x2.7) 23.0 (x1.8) 0.897 3.73 10.2 '‘OOH

0.1 (x0.2) -5.6 (£2.7) 22.5 (x2.4) 0.895 3.75 10.1 CH,=CHOO

0.1(02)  -56(2.7) 10.4 (+21.9) 0895 373 102 0O

R je xopenannonu koeduirjeHT, S je cTaHaapaHa rpemika npoieHe, F je dumeposa BpenHoct
(F-Bpemnoct), nok A, B, u C npencrasibajy oarosapajyhe koedunujente ¢putoBama. Jlooujenu
pesyaratu R Bpeanoctu ox 0.90 3a cBe ucnutrBaHe pajgukaie 1Mokasyjy 1o0po ciarame nmehy
ICso BpenHocTH ca jenHe ctpane u BDE BpenHocT u Opoja cyceJHMX KMCEOHMKOBHX aToMa ca
npyre crpaHe. Pesynratu mokasyjy aa cy BDE Bpemnoctn u Opoj CycemHHMX KHCEOHHUKOBHX
atroma 1o0po omabpaHu JECKPUIITOPH 3a ONMHMCHUBAKE AaHTHOKCHIATUBHE aKTHBHOCTH (PEHOIHUX
HIndoBux 6a3a. Bpcra paaukana He yTHMue Ha KBaIUTET Kopenauuje. MehyTum, HCOUTHBAHU

y30pakK je mpeBHIlle MaJy Jja Ou ce IOHEeO TeHepalHU 3aKJbydaK.
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2.5. UcnutuBame aHTH-LOX AKTHBHOCTH CAJMIHJIAIEXHUIAHUX U BAHHJIMHCKHX

HIundoBux 6a3a

Jlunokcurenase (LOX) cy eH3umu koju camapke rBoxhe, a mory ce Hahum y OnsbKama,
KUBOTHH-aMa U IJbMBaMa. JeqHa off (yHKIMja OBUX €H3MMaA je Ja KaTaau3yjy OKCHJIATHUBHU
MeTaboIM3aM MacHUX KHCEIUHA. JIMHOJEMHCKa KUCENUHA je NMPUMApHU CYICTpAT y Peakiuju
JTMOKCUTEHAIH]e TIOJIMHE3aCUNEeHNX MAaCHUX KHCEIMHA KaTalu30BaHE OMJbHOM JIMTIIOKCUTEHA30M,
JOK JKUBOTHUELCKM HM30€H3UMH YIJIaBHOM KaTalu3yjy MeETadoiIM3aM apaxuJaoHCKe KHCEIHHE
[177]. TIpema TpeHyTHO KOpHIThEHO] HOMEHKIIATYPH, JIMITOKCUIEHA3€ Cy KATErOPHCAHE Y OJHOCY
Ha BUXOBY MO3ULHUOHY CIIEHU(PUYHOCT OKCUTCHM3allMje apaxuIoHCKe KucennHe. Hayununu cy
3aKJbYUYWIIH JIa C€ KOJ )KHBOTHIHA jaBJba]y YCTHPH TJIaBHA M30MEpa JIUTIOKCUTeHe3e: 5-, 8-, 12-, u
15-nmunokcurenasa. Kon )xuBoTHIBA U JbYAH JUIOKCUTEHA3€ Cy OATOBOPHE 3a CHHTE3Y MHOTHX
Ouoperynaropa Kao LITO Cy JEYKOTpUEHU. JIeykoTpueHH cy BeoMa aKTUBHU JUMHUIU YKIbYUEHU
y pa3He MaToJIOUIKe MpoLece, Kao ITo ¢y OpoHXUjaiHa acTMa, UH(pIamanuja u kanuep. [To3naro
j€ J1a OHU MOT'y YTHIIaTH Ha HaNpeaak Tymopa u armonto3y henuja. Haheno je na cy LTBs u LTDy
JEYKOTpUEeHH HajMOhHMju MenujaTopu uHGmamanuje, U 1a auBo LTB4 u LTD4 neykorpuena
pacTe y HEKMM eNUTEIHUM KaHLEpHMa, Kao IITO Cy KaHLep Je0enor 1peBa U KaHlep npocraTe
[178]. 360r cBux oBUX pa3iora, ypal)eHO je ONMIIMPHO UCTPAKUBAKE J1a OU ce HAIUIN ePUKACHU
WHXUOWTOpY aHTHBHOCTH Junokcurenase [160]. Tenmepanno rtoBopehu, uHXUOUTOPH
JUTIOKCUTEHAa3e Mory Jna (opmupajy KOBaJICHTHY Be3y ca TrBoxhem wiu na dopmupajy
KOMILIEKCE KOjU OJIOKMpajy MpHUCTyn TBoxhy, a MOry m na peaykyjy rsoxhe 1o merose
HeakTHBHE Qopme. Ha nmpumep, HOpAMXUAPOrBajapeTUHCKA KHCEIMHA pelyKyje akTUBHE (epu
BpcTe TBOXha y €H3MMMMa 10 HBUXOBHUX HEAKTUBHUX (hepo 00JiMKa, YuMe J0Ja3u 10 MpeKuaa
KaTaIUTUYKOT muKiIyca. Jlo cama ce AONUIO 0 caMO HEKOJHUKO e()EeKTHBHHX HWHXHOUTOpa
JUMOKCUTEHAa3e, ald MeXaHW3aM HUXOBOI JIeNoBalka je U Jlajbe HejacaH. PasymeBame
MeXaHU3Ma WHXMOUIMje JIMIIOKCUIeHa3e MOKe 3HayajHO JONpPHUHETH Ccy30Mjamy pas3Boja
ManurHuTeTa. Y BehwHM cTyamja Koje ce OaBe OBUM TMpoOseMoM KopwuinmheHa je COojuHa
JUIOKCUTEHA3a, KOja je XOMOJIOT JKUBOTHIbCKE Jnmokcurenase [179]. Jocamamibe in Vitro u in
VIVO cTynuje cy mokasaie Ja HeKH aHTHOKCHIAHTH M XeJIaTopH rBoxkha MMajy BakHY yIOTY Y
3amTtutd henuja on omrehema W Ja MOTY HUMarTd 3HayajaH TMOTEHLMjal WMHXMOHUIM]jE

JTUTNOKcUreHaze. Ysumajyhu To y o03up, wucnurana je aHTu-LOX aKkTHMBHOCT OHUX
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camumianaexuaanx u BaHuiauHckux [lludoBux 06aza koje cy mokaszane A00py, OJHOCHO
yMEpeHy aHTHOKCHAATHUBHY aKTUBHOCT. HanMme, y3umajyhu y 003up unmenuny aa [lludose 6aze
7 u 8 unreparyjy noopo ca DPPH panukanom, a 6a3e 1, 9, u 10 nokasyjy yMmepeHy aKTHBHOCT

IpeMa OBOM paJIMKally, TeCTUPaHa je buxoBa aHTH-LOX akTHBHOCT.

2.5.1. Uaxuonumja LOX-a

Crpykrype denomnux ludosux 6aza unju je antu-LOX mOTeHIM]jad UCIUTUBAH, JaTe

cy Ha Cnuum 2.14.

‘ »
o
SB-1
g .
m N
Ho Ho /@/\
8 O sB.9

OCH; SB-
F
N

OCHy SB-10

HO

Cnuxka 2.14. Ctpykrype ucnutuBanux Llndosux 6aza

[To3nato je na ce y akTuBHOM MecTy Junokcurenase Hanasu Fe(Ill)-jon koopuamHoBaH
ca TpU XUCTHJMHA, U30JICYLIHHOM, acllapariHOM U XUIPOKCUIHOM TpymnoMm. Jla O6u ce oapenuia

anTu-LOX akTuBHOCT oOnabpaHuX jeaumema, ypaheH je Tect 3acHoBaH Ha UV
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cnektpodoTomerpuju. [IponentHe Bpennoctn naxuouimje u 1Cso BpeqHOCTH TMOKa3yjy na JaBa
O]l TIET HCITUTHBAHUX jeINEHCHhA ITOCETY]Y aKTUBHOCT BpPEIHY MmoMeHa, 1 To /ca 1Cso = 122.5 uM
u 1 ca ICso = 125.7 uM, nok BaHmnMHCKa jenumema 8 - 10 mokasyjy 3HaTHO HHKY aKTHBHOCT
[180]. 13 Tabene 3.2 (ExcrepuMeHTaIHH [€0), MOXKE C€ 3aKJbYUHUTH Jia CY CaTHIMIUICH-
anwiuHcke [llndose 6a3e Mmame akTuBHE 0] pedepeHTHor jenumema (NDGA), a Bulle akTuBHE

on kadeunncke kucenune (CA) koja ce 4ecTo y3WMa 3a CTaHJap] MpH OBUM HCIUTUBABUMA

[181].

% UHxnbunymje LOX-a (200 uM)

80

70
60
50
40
30
20
” H B
0
SB-1 SB-7 SB-8

SB-10 SB-9
Cruxka 2.15. Iponenat naxubunyje cojune nunokcureHase (200 uM pactBop)

Bborma aktmBHOCT 6a3a 1 m 7 je HajBepoBaTHHjE IOCIEIUIA FLUXOBE CTPYKType, Tj.
YHILCHUIE 1A OBA jeIUIbCHa MOCENY]Y XUAPOKCHIHY TPYIy y opmo- MOJ0Xajy y OJHOCY Ha
A30METUHCKY IEJIMHY Y aJIZICXUJIHOM MIPCTEHY MITO MOXE MPEICTaBJhATH HAJIIOBOJHHHU]HU TI0JI0XKA]

3a XCJIaTupame I‘BO)Klja N3 JIUIIOKCUTCHA3€ U HAYHH Ja CC I/IHXI/I6I/Ipa JACJIOBAKk€ OBOT” CH3HMMA.
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2.6. UcnutuBamwe NPOOKCHIATHBHE M LHUTOTOKCHYHE AKTHUBHOCTH OJa0paHuUX

HIundoBux 6a3a

3a jenumema Kojuma je ucrnutad antu-LOX norenmwujan, oapehen je in Vitro u muxos
IUTOTOKCUYHH TMOTEHLIMjall. 3a OBY CBpPXY KOpHUIINHE Cy JbyACKE JHHU]jE KOJIOPEKTATHUX hemuja
(HCT-116) u nunuje meracrarndkux henuja kapumHoma jaojke (MDA-MB-231). ¥V ucto Bpewme,
pesynaratu nobujenn 3a CisPt cy kopumheHn kao MO3WTHBHA KOHTPOJHA Ipoba, JTOK Cy

HeTpeTupane henrje cMaTpaHe HEraTUBHOM KOHTPOJIHOM ITPOOOM.

2.6.1. IIpoueHa HUTOTOKCHYHOT edeKkTa

MTT tect je xopumhen 3a oapehuBame MUTOTOKCHYHOCTH WCIHTHBAHUX CYICTAHIIH.
[uTtoTokcuyHoCT je u3paxkena npeko ICso Bpennoctn Ha HCT-116 1 MDA-MB-231 henujckum
nuHMjama paka. OBH pe3ynTatu cy npencraBibeHu y Tadenu 2.12 [182]. IToka3zano je ma 9 u 10
HE MOKa3yjy UIUTOTOKCUYHU eekaT HU Ha jeHOj of UcnuTUBaHUX henujckux nuHuja. [udosa
6a3a 1 noka3yje 3Ha4ajHUjU UTOTOKCUYHU edekaT Ha 00e henujcke nunauje. Takohe, pesynrartu
nokasyjy na Ha HCT-116 henujama 1 Bpmu akytHu edexar ca Huxum ICsp BpeqHocTHMA 1OCHE
24 h nero nocne 72 h ox Tpermana (ICso 142.3%" 11 368.0™" uM). Ha MDA-MB-231 henujama,
1 nokasyje HUTOTOKCHYAH edeKaT y 3aBUCHOCTH O]l BPEMEHCKOI' HHTepBaJla U PUMEHECHE J103€
(ICsx0 440.2*" 1 133.6"" uM). C npyre crpane, 7 1 8 oka3yjy MUTOTOKCHYHU eeKaT camMo Ha

HCT-116 henujama, n To 72 h mocie Tpermana (ICso 347" 1 111.2™" MM, HaBeIEeHUM peIoM).
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Tabena 2.12. Epextn unxubunmje pacra - 1Csy Bpennoctu (UM) ncrmruBanux [ungosux 6asa n CisPt

Ha HCT-116 u MDA-MB-231 henujckum nunujama nocie 24 h u 72 h o tpermana

HCT-116 MDA-MB-231

24 h 72 h 24 h 72 h

1 142.3 368.0 440.2 133.6
2 >500 >500 >500 >500
3 >500 >500 >500 3834
4 >500 295.3> >500 >500
5 >500 >500 >500 >500
6 >500 277.6 >500 >500
7 >500 34.7 >500 >500
8 >500 111.2 >500 >500
9 >500 >500 >500 >500
10 >500 >500 >500 >500
CisPt 254.9 28.7 >500 577

IMopenchu mobujene pesynarare 3a Illudose Oaze ca pedyaratuma H00HjeHHM ca Cis-

wiatuHoM (ICsg y omcery on 28.7 no >500 uM), moa UCTUM €KCIIEPUMEHTATHUM YCJIOBHMMA, 32

Iudory 6a3y 1 ce moke pehu aa moceayje 3Ha4ajaH nuToToKcHUHU eekar. Takohe, moOujeHn

pesyaratu ykaszyjy na cy HCT-116 henuje ocerseuBuje ogq MDA-MB-231 henuja. ['maBHa

pas3nuKa y oceTJbuBOCTH n3Mel)y oBe /iBe henujcke JTUHMjE jaBiba Ce YCIIE Pa3IMUUTOr MMOpeKya

hemujckux nunuja tymopa. ok cy HCT-116 henuje uzonoBane u3 nmpumapHor tymopa, MDA -

MB-231 henuje cy henuje Meracta3a U MHOTO Cy OTIOPHH]E.

Caz[pxcaj CYIIECPOKCHU aHjOH paavKajia €€ KOPUCTH KaO IIOKAa3aTeJb HUBOA PCAKTUBHHUX

BpcTa kuceoHwka. Ha cmumm 2.16 mpeactaBjbeHH Cy pe3ydTaTH KOJU TIOKa3zyjy TPOMEHE

kouterparmje Oy . Mepewa na HCT-116 1 MDA-MB-231 henujckum juHrjaMa 1okasyjy na 1

poy3poKyje 3HauajHo moBehame caapxaja Op . Illudose 6asze 3 u 5 mosehasajy campxaj Oy,

aaM y MHOTO MakbeM 00uMy y oiHocy Ha 1, ok 6 cmamyje caapxkaj Oy .

103



HCT-116

o =)
=1 =]
=] =3

uM O,*/6p. BHjaduaHux heanja
N
5]
o

—— 1
5 i 300 !
200 -
T 5 - 3
~
) 6 200 - 5
100
2 6
100 -
0 -+ . O P e Pl e
0 0.10 1 10 50 100 500 0 = B
0 0.1 1 10 50 100 500
Konnentpauunja, pM Konnentpanuja, uM
a8 MDA-MB-231
E 300 )
P 300
g 250 Z
- & 250
\E 200 Z
d =
E 1 & 200
;150 = ——1
& =es 2 150
25 5 o, —-e 3
& 100 ©
~
2 6 L 100 5
Z % o 6
- R A G e Z 5 _
0 ST = = =i
0 01 1 10 50 100 500 0 - = I s ac = =
Konuenrpanmja, uM 0 0.1 1 10 50 100 500

Konnenrtpanuja, pM
Cnuka 2.16. Edexar ucnutuanux cyncraniy Ha HCT-116 u MDA-MB-231 henujckum nuamnjama
u3pakeH Kao KoHuentpamnuja O,  mpeacraBbeHa y 0JJHOCY Ha Opoj BujabmiHuX henuja mocie 24 h (1eBo)

u 72 h (mecHo)

Konnenrpanuja Hutputa nokasyje HuBo NO u apyrux RNS y henmmjama. Hutputn ce
cmarpajy NO HMHIMKAaTOpHMa KOjU MpPEJCTaBJbajy jeAHE O]l HajBAXKHHMJUX PEaKTHMBHUX BpCTa
azota. NO je BaxkaH mpeHocwiall HH(pOpMaldja y MOJEKyIuMa, KOJU YKJbydyje MHOTe
(hU3MOIIONIKE W TATOJIONIKE TMPOIECe Y OpraHrM3My cHcapa; OH jé M KOPHUCTaH M IITeTaH. 3a
CHHTE3Y a30T MOHOKCH/Ia HEOXO/aH j€ aprMHUH. APIHHUH je MOJIyeceHIMjalHa aMUHO KHCEIMHA
KOja MpeJICTaBJba MpeKypcop a3oT MoHokcuzaa. Takohe, 3a hopMuparme NepoKCHHUTPHTA IN VIVo
oxnroBopHa je peakmuja m3mely NO u cymepokcua aHjoH pajgukania.

Ha ocnoBy pesynrara mpuxazanux Ha ciaumu 2.17 Buau ce nqa Ha HCT-116 henujama
HIudose 6a3e 1 u 3 3HauajHo moBehaBajy canpikaj HUTpuTa, Aok ra lludose 6aze 5 u 6
cHmkapajy. Kama ce roopu o MDA-MB-231 henujama, moxe ce pehu na cBe ucnuTHBaHe
HIudose 6a3e mosehaBajy cajapikaj HUTUPUTA, a OBaj edeKaT je Haju3paxkeHuju y ciaydajy 1.
Cnuuno kao W Koj ojnpehuBama CymepoKcHIl aHjOH paauWKaia, U opae ce mnpumehyje Beha

npoayknuja autputa Ha HCT-116 henujama.
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Cnuka 2.17. Edexar ucnutuanux cyncraniy Ha HCT-116 u MDA-MB-231 henujckum nuamnjama
M3pakeH kao koHueHTpanyja NO, mpencraB/beHa y OJHOCY Ha Opoj BujabmiHux henuja mocie 24 h
(;1eBo) u 72 h (mecHo)

Kana je peu o yruuajy ucnutuBaHux 0a3a Ha henujcku ITIyTaTHOH 3akJbydeHo je na 1
3HauyajHO rnoehaBa HUBO IIyTaTHOHA, moceOHO Ha HCT-116 henujama. I'myratuon (GSH) je,
WHaue, Tpunentua, Y-L-royramun-L-mucTenHunTIMinMe, Koju je KJbYYaH 3a OJIpXKaBambe
henmjcke pemokc XxomeocTase, a CIIy)KM M Ka0 HUCKOMOJIEKYJIApHU aHTHOKCUIAHT Y 3alITHTH O]
ROS-a u RNS-a koje Mory na u3za3oBy ourreheme henujckux CTpyKTypa U Jja yTuuy Ha henujcke
nporece u weny oapxkuBocT. OBe nBe ynore GSH ce mehycobno nperunhy. GSH ce Hanaszu y
CBaKO] €yKapHMOTCKOj henuju y BUCOKMM KOHIIeHTpanujama ox 2 - 10 mmol/l. Mma ra y
LUTOCONY, JeapYy, MUTOXOHJApHjaMa M €HAOIUIa3MaTMYHOM peTukyiaymy. llo3naro je ga cy
OYYBAaHOCT M OalaHC OKCHUIO-PEAYKLHOHOT NENHjCKOr CHCTEMa €CeHLMjaTHHU 3a OJ(p)KaBambe
¢usnonomkux (QyHKIMja W Ja cy hendje ca CMameHOM KOJIMYMHOM TJyTaTHOHAa MHOTO
OCeTJbUBHjE HA XeMHUjCKU 1 okcuaatuBHu cTpec [183]. Kao kocymcTpar nepokcuaasa, riayTaTHoH
MMa KJbYYHY YJIOTY Yy aHTHOKCHJATHBHO] on0panu u pearyje ca ROS kao mrTo cy BOJOHHK

MEPOKCUJ U OPIraHCKU MMEPOKCUAN ITPU YEMY CC OBC BPCTC I/IHaKTI/IBI/Ipajy, a ¢aM OH C€ OKCI/I)ije.

105



[Tap penykoBanu/oxcunoBanu riayratruoHn (2GSH/GSSG) npeacraBiba henmujcku pegokc
nydep. Crora ce peloKkc cTaTyc OBOT Mapa KOPUCTH Kao WHAMKATOP PEAOKC cpenuHe y hemuju.
GSH u GSSG ce nanasze u Ban henwuje, anu y Bpyio manuM kKoimunHama. Hauwme, y henmjama je
TIIYTaTHOH 3acTYIUBEH y CBOjOj] pelnykoBaHo] ¢opmu ca oko 95%, MOK je KOHIICHTpaiuja
excrpahemujckor riayratuona 100 mo 1000 myra mama Hero y henuju M OH YYecTByje Y
nporecuma JeTokcudukamnuje. Y (uU3M0oI0MKOM METa00IM3MYy jeTpa jeé OpraH KOjH je 3aayKeH
3a cuaTe3y u ekcnopT GSH y masmy. [lo tpancnopra GSSG nonasu u kaga cy henmje u TKuBa
y cramby okcuiatuBHOr crpeca [184]. Hurpahenujcku TIIIyTaTHOH je Haj3aCTYIUbCHHJH Y
IUTOCOJIY, a Ty CE BpIIK U merosa ouocunresa [185]. GSH y hemuju oapikaBa peoKC CTaTyc
MPOTEHHCKUX THOJIA KOJH Cy MOTPEOHM 3a EKCIPECHjy M perapaiujy HyKICHCKHX KHCEIIMHA.
EnnonnazMaTHyHN PETUKYJAYyM TIPEACTaB/ba OKCHIOBAHY CPEOUHY U Y HEMYy je OJIHOC
GSH/GSSG 1:1 no 3:1. OxcupaTuBHE cTpec A0Boau A0 obpazoBama GSSG Ha pauyn GSH. Ako
je TpoMeHa U CyBHUIIE BENUKa, OHa MoOXe OuTH koOHa 3a henujy. Beoma Outan dakrop
oceTJpbMBOCTH henuje Ha okcunaTuBHU cTpec je TpacnopT GSSG KOju MOXKE CIPEYUTH HEXKEIbEHE
nojase. Yiora GSH y onpxaBamy henmjcke penokc xomeocrase (Cnuka 2.18) je kipydHa jep OH

OJIpKaBa aHTHOKCUJIAHTE Y peayKkoBaHoj popmu [186].
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Cmuxka 2.18. Ynora GSH y riryTaTnoH peiokc IUKITYCY M aHTHOKCUIaTUBHOM CHUCTEMY
(GSH: penykoBanu riyratnoHn, GSSG: riyraTmoH mucyiadua WIA OKCHIOBaHW riytatnoH, GR:
rryration penykrasa, NADPH: penykoBaHM HHMKOTHHAMHI-aJeHUH-IUHyKIeoTHaA-Gochar, NADP™:
OKCHJOBaHM HHMKOTHHaMHI-aJleHuH-TuHyKneotua-pocdar, GST: rimyratnon C-tpancdepasa, GPX:

TJIyTaTUOH MEPOKCHIA3a)

Ha ciauuum 2.19 npencraBibenn cy ytuuaju ucnutuBanux Iludosux 6a3a Ha mpomeny
canpxkaja GSH. Ha ocHOBy npuka3aHux pesynraTa Moxe ce 3akbyduTu 1a camo Illudosa 0aza
1 nosehaBa HuBo GSH na HCT-116 henmjama, nox mHa MDA-MB-231 hemmujama 1 He
poy3pokyje HukakBe npomene. IlIudose 6aze 3, 5 u 6 yriiaBHOM y3pOKYjy CHIDKCHC
HuBoa GSH Ha o0e ucnutuBane henujcke nuHuje. Y3umajyhu y o63up 0poj Bujadbunaux henuja,
Moke ce pehu na 1 y ctBapu 3Hauajuo noBehaBa HuBo GSH, mocebno na HCT-116 henujama.
['myTaTHOH 3ampaBo pearyje ca peakTHBHHM BpcTaMa KUCEOHHKA M a30Ta, a BEPOBATHO jeaH Je0
riyTaTuoHa pearyje u ca ucnutuBanuM llludosum 6a3ama. To n3za3zuBa nosehany npou3BoamY
GSH na HCT-116 henujama.
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Cnuka 2.19. Edexkar ucnuruBanux cyncraniu Ha HCT-116 u MDA-MB-231 henujckoj nuHUjU U3pakeH
kao xonneHtpanrja GSH npencrasibeHa y ogHocy Ha O6poj BujabmmHux henuja mocne 24 h (sreBo) u 72 h
(mecno)

Ha ocHoBy no6ujeHux pesynraTta ce Moke pehu Ja je MUTOTOKCUYHOCT OBUX JEIUbCHA,

IMPAaKTUYIHO, MOCICANIIA lbUXOBEC MMPOOKCUAATHBHE aKTUBHOCTH.

2.7. UcnutuBame CTPYKTYpPE€, INPOOKCHUAATHUBHE, U HUTOTOKCUYHEC AKTHBHOCTH

KoMmILIekca 6akpa ca lllugosum 6azama

PanoBu koju ce ogHOCE Ha OMOIOIIKY aKTUBHOCT KoMiuiekca [lludosux 6a3a yrimaBHOM
MOKa3yjy Jla KOOpPAMHOBAamkE€ JIMTaHa/Ja ca jJOHMMa MeTajla MPOY3pOKyje TOpacT HHXOBE
ouosomke aktuBHOCTH [182]. V nmureparypu ce mory Hahu momaru o komruiekcuma Ilndosux
0asa ca jonuma mpenasHux merana, kao mro cy Cu(Il), Mn(II), Co(II), Ni(II), Pd(IT) [187, 188].
Kana je peu o Cu(Il)-kommnexcuma, mMoKa3aio ce Ja OHU UCIO0JbaBajy 3HaYajHE edeKTe Kao MITO

cy antudynranna [189], antuBupycna [190] u antuOakTepujcka akTuBHOCT [191]. VY
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JTUTEpaTypu ce Mory HahW TMomany KOju yKa3yjy Aa KOMIUIEKCH HEKHX XETePOIUKIMYHHX W
benonnux Indosux 6asa ca 6bakpom 3HauyajHo yruuy Ha henuje kanmepa (ICso ce kpehe ox 25.8
MM mo 54 uM 3a untepakuuje ca HCT-116 henmjama xanuepa, u 6.5 uM 3a uHTEpakuujy ca
MDA-MB-231 henujama kannepa) [192, 193]. Tu pesynratu Ccy Hac HHCHHpHUCATH Ja
npeTxoaHo cuHTeTucane ¢penonne [ndose 6aze ynorpedumo kao smranae npu cuatesn Cu(ll)-
KOMILIEKCA, a 3aTUM HCIUTAMO NPOOKCHUIATHBHY M AHTHKAHIIEPOT€HY aKTHUBHOCT IOOMjCHUX
komiviekca [194]. OBa akTHBHOCT je TecTUpaHa Ha heiMjama enuTela KOJOPEKTAIHOT
kapruaoma HCT-116 u henmjama meractase kapruHoma Jbynackor enurena gojke MDA-MB-
231, xao u Ha 3ApaBuM henujckum rHUjama Tyha ¢eryca, pudbpodmacta MRC-5.

bakap je 6uomeran koju je nzabpaH 3axBasbyjyhu CBOM IIMPOKOM CHEKTPY OMOJOLIKUX
aKTUBHOCTH, aJTi ¥ 300T TIOTpebe 3a pa3jallkbeheM HhEeroBe yIIore y HIMyHOM CHCTEMY, M yTUIIaja
XxoMmeocrase 0akpa Ha HacTaHaK HeKHX OojecTH Ko Jbyau [195].

Cunrerucano je mect xenatHux Cu(ll)-komruiekca nobujeHux w3 N-caaumuinacH-

annuHckux [ndopux 6a3a (Lllema 2.1) u Cu(Il)-amerara (2:1).

R3

S
CCry
R1
OH

1R, R?=H,R3*=OH 5R' R?=H, R’=F
3R' R?=H, R%=CH; 6 R'=H, R?>=OH, R®=H
4R', R? R*=H 7 R'=0OH, R*=H, R*=H

[llema 2.1. [lIncdose 6aze koje cy kopumrheHe Kao JINTaH !

[Tocre enemeHTamHe aHANM3e M CTPYKTypHE KapaKTepH3aluje, J0OUjeHH KOMIUIEKCH Cy
MOJIBPHYTH OHOJIOIIKOM TecTHpamy. Kpucramue crpykrype komiuiekca Cu-3 - Cu-6 cy ce
morte ponahu y muteparypu [196-203], u one cy kopurheHe Kao mojia3He Tauyke 3a TECOPHjCKY
ONTUMU3AIIN]y BUXOBE CTpYKType. 3a komiiekc CU-7 CTpyKTypHa KapakTepusaluje Huje Ouna

o0jaBJbeHa 70 caja.
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2.7.1. CTpyKTypHa KapaKTepu3anuja HCIUTHBAHNX KOMILIEKCa

OntumuzoBane reomerpuje ucnutuBanux Cu-1, Cu-3, Cu-4, Cu-5, Cu-6, u Cu-7

KOMILIEKCa, Kao ¥ eKCIIepUMEHTalnHu U cumyiupanu IR cnextpu npukasanu cy Ha Ciunu 2.20.
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Cnuka 2.20. OnTuMHu30BaHe CTPYKTYpE, U3padyHATH U eKcriepuMeHTanHu IR cextpu trans-

KBaJIpaTHOIUIAHAPHUX M TeTpaeaapckux komiuiekca Cu-1, Cu-3, Cu-4, Cu-5, Cu-6, u Cu-7.
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HY)KI/IHC BE€3a, YIJIOBM W OUCAAPCKHU YIJIOBH CBHUX KOMIIIIEKCA CyY HU3MEPCHU H

npencraBibeHn cy y Tabemama 3.6 - 3.11 (excnepuMeHTaNHH J€0), JOK je oaroBapajyhe

obenexxaBame aToMa nprkazano Ha Cimkama 2.21 - 2.26.

trans Cu-1 TeTpaenapcki Cu-1

Cnuka 2.21. OnTuMu3oBana cTpykTypa komruiekca Cu-1 ca Hymepaiujom aroMa

-] frans Cu-3 TeTpaeaapces Cu-3

Cauka 2.22. OnTuMu3oBaHa CTpykTypa komiuiekca Cu-3 ca HyMepaujoM aroMa
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trans Cu-4

trans Cu-5

trans Cu-6 TeTpaenapcki Cu-6

Cauka 2.25. OnTuMu3oBaHa cTpykTypa komiuiekca CU-6 ca Hymepaiujom aromMa
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trans Cu-¥ TeTpaenapcri Cu-7

Crnuka 2.26. OnituMu3oBaHa cTpyKTypa kKomruiekca CU-7 ca HymepaldjoM aToma

VY CBUM HCIIUTaHUM CllydajeBuMa, Oakap (opmupa aBa mIecTOWIaHa XeJIaTHA MPCTEHA.
CBaku o1 BUX je popMHpaH KOOPAMHALMjOM a30Ta M3 a30METHHCKE I'pyle U KUCEOHHKA KOjU
notnue ca caymnunangexugHor nena lludose 6aze, ca Cu(ll)-joom. VY cmyuajy Cu-7
KOMILIEKCa, MCIIUTaHa jeé W MOTyhHOCT Xenaraiuje mpu K0joj OM HacTao METOWIAHHW IPCTEH,

Cnuka 2.27.

nerounanu trans Cu-7
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nerouwiany terpaenapcku Cu-7b

nerounanu trans Cu-7
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nerouwiany terpaenapcku Cu-7b

Cruka 2.27. OnTUMHA30BaHe CTPYKTYpe MeTowianux komiekca Cu-7.

Ha cimmm 2.28 je mat mpukas cuMynupaHux criekrapa ucnutuBanux Cu-7 komruiekca,

KaoO 1 CKCIICPUMCHTAJIHHU CIICKTAp OBOI' KOMILJICKCA.
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Cruka 2.28. CuMynupaHy CIEKTPH NMeTOWIaHUX Komiuiekca Cu-7.

[IpermocraBiba ce Aa Cy KOMIUIEKCH KBAJPAaTHO-TIAHAPHO KOOPIMHOBAHH, OWIIO Ja
3ay3umMajy trans wiu Cis mosokaj. Mmak, mociae onTHMH3aldje, HEKe CTPYKType Cy IMocTaie
UCKpHBJbEHE. Y OBUM CIlyyajeBUMa, HUj€ TaKO OUMIJIEIHO J1a JIU jeé KOOpAMHAIMja KBaJpaTHO-
IUTaHapHa WK TeTpaenapcka. CTora je reoMeTpHuja XelnaTHUX KOMIUIeKca ojpeleHa Ha OCHOBY
yrna usMmel)y paBHum nedunucanor ca nBa xenarHa npcreHa [204]. Yrmosu 0°, 90°, u 180°
OJIrOBapajy WaeaHoj trans-kBaapaTHO-IUIAHAPHO], TETpaeaapcKoj, U CiS-KBaapaTHO-TUIAHAPHO]

re€OMETPUjH, HABEJICHUM PEIOM.
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CtpykType Koje MMajy yrioBe xenmatHe paBHu Ommzy 0° (Cnouka 2.20) cy trans-
KBaJ[paTHO IJIaHapHE. Y CBUM OBako omucaHuM ctpykrypama Cu(ll) 3ay3uma ckopo uueaiHy
KBaJpatHo-utaHapHy koopauHaiujy ca N—Cu—O, u N—Cu—N/O-Cu-O yriosuma 0u3y 90° u
180°, naBeneHnm penoM. JeIMHO OACTYIAmkE ce jaBiba y ciaydajy CU-7, rae cy yrioBH XeJIaTHUX
paBHH Omm3y 25°. OBO OACTyIName ce HajBepOBaTHHU]E jaBJhba Kao mocienuia mosoxkaja OH
CYNCTUTyEHaTa y aHWJIMHCKOM TPCTEHY IMPEKO JIMTaHIHOI KHUCEOHHKAa W3 APYror XeJIaTHOT
npcrena. Ha oBaj mHaumn monasu a0 popmupama OH O Bomonmune Beze. C npyre crpane,
CTpYKType ca yrioBuma m3Mmel)y paBHu Onusy 125°, mocenyjy reoMeTpujy Koja je Omka
TeTpaeaapckoj Hero CiS-KBaapaTHO-IUIAHAPHO] TCOMETPH]H.

VY cBum ciiydajeBuma NBO ananu3za mokasyje J1a Ha MecTuMa (GOpMHUpPaHKX Be3a n3melhy
Cu(Il) jona wm nuraHama, qoJla3M 10 MPEHOCA CICKTPOHCKE T'yCTHHE Ca aToMa JIOHOpa Ha aToM
MeTaja. Y CcaMJbeHH €JIEKTPOHCKHU MapOBH KUCEOHUKA U3 p OpOUTala, U YCAaMJbCHHU EJICKTPOHCKH
IIapOBH a30Ta U3 sp° OpOMTAlIA AEIOKAIN3Y]y ce Ha Ioynpasny d opGHTaly U HOTIIYHO IPA3HY S
opourtany Cu(Il) jona. Ctora, momymeHOCT TOMEHYTHX opOuTana 6akpa je Beha Hero panwmje, a
MOMYEKEHOCT JOHOPCKUX OpOHTalia Ce CMamYyje.

Jla Ou ce MOTBPAWIO Ja ONTHMHU30BAaHE CTPYKTYpE OJrOBapajy eKCIICPUMEHTAITHO
N00MjeHUM KOMILJIEKCUMA, TEOPUjCKU criekTpu nobujenu kopuuthewem DFT-a ynopehenu cy ca

excriepuMeHTanHuM IR criektpuma.
2.7.2. IR cnekTpa/jHa KapaKTepu3anuja

Y CBUM HCOUTHBAaHUM CIy4ajeBUMa, TIOCTHUTHYTO Jj€ J00po ciarame usMmehy
eKCIIEpUMEHTAIIHUX U CUMyJupaHux crekrapa, Ciuka 2.20. Oxacryname ce mpumehyje jeanHo y
npenery oko 3000 cm™. Hanwme, y ciay4ajy kaja je OH rpyna jour yBek npucyTHa, OBE TPake cy
npeLemeHe, u3y3eB y ciaydajy trans-Cu-7, rne OH BuOpanmoHa wHcre3ama OJroBapajy
eKCIIepruMeHTATHIM Toanuma. OBo ce MOXke 00jaCHUTH PUCYCTBOM MHTpamoekyincke OH O
BojoHn4yHe Be3e. C Jpyre cTpaHe, OBO HHj€ CIy4yaj y H3pauyHaTHUM CIEKTpUMa JPYrHX
UCIHUTHUBAaHUX jeaumema. OBO je HajBepoBaTHHUje Mocieauna HemoryhHoctu ¢opmupama
MHTEPMOJIEKYJICKE BOJOHHYHE Be3e, KOja je MHaue NPUCYTHA y YBPCTOM CTamy, ajd HHje
NPUCYTHA y ONTUMH30BaHOj CTPYKTypu. Y mopehemy ca cnekrpuma nuranaga (Ciuka 2.29)

Tpake koje mpumnanajy OH BuOpanmoHoM ucTe3amy cy mpoMemeHe y ciaydajesuma Cu-1, Cu-6,
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u CU-7, 1OK y ApyruM cllydajeBUMa, OBE TpaKe HEAO0CTajy, MTO yka3yje aa je monuio go Cu-O
KOOpJIMHOBama. Y CrHeKkTpuma ojarosapajyhux komiuiekca C=N Tpaka je mpucyTHa Ha HEIITO
HIDKHM TanacHuM ayxuHama (1605-1612 cm™), y omsocy Ha oxrosapajyhe mmramme, wmro
yKasyje Ja je JOLUIo 10 KOOPAMHOBama azora. Takohe, y npeneny mamely 520-550 cm™ u 450-
470 cm™ 1ojaBJbyjy ce HoBe Tpake Koje motuay o Cu-O u Cu-N BuOpanmja. Ou IR momamm,

KaKO €KCIICPUMEHTAIHH TaKO M TEOPHjCKH, Y CArJIaCHOCTH Cy ca JUTepaTypHuM mojaarmma [205,

206].

:E- Ty -iE-J"g'"'\:l’j'\_."“-;"“";‘;’\'."v:r\g‘%;'"- """"""""" "'===’ g R
i L
P !
3
—— —— W

— A\ ~ AW A
\»" W /l"\v-/ \

A\

YY)

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Kl

cm
eKCHePMHHATAIHH 1 e nipauynatu 1 EeKCIIEPHMEHTATHH 3 cerseneeneen H3PAUYHATH 3
eKCHepHMenTATNN 4 e H3PAYYHATH 4 ERCTICPHMENTATIN 5 = HIpAuyHaTH 5
CKCHEPHMEHTATHH 6 weresisesses H3PAMYHATH 6 eKCIEpUMenTAINN 7 - H3paayHaTu 7

Cauka 2.29. EkcriepuMenTannu U u3pauyHatu cuektpu udosux 6aza xoje cy xopuirheHe Kao

JIUTaHIu
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Ha ocHOBy cuMynMpaHuX CHEKTapa, HE MOXE Ce€ 3aKJbydUTH KOjU je H30Mep
nomuHaHTaH. [Topeheme penatuBHUX CIO0O0MHMX €HEpruja CTPYKTypa OATOBapajyhux m3omepa
mokasyje, u3yseB y ciydajy Cu-7, ma cy TeTpaeqapCcku U30MEpH HEIITO CTAaOWIIHU]HU, amu Tpeba

HATJIACUTH Ja PA3iiKe HACY IpeBuIle u3paxene (Hajpuure 6 kJ mol™, TaGena 2.13).

Ta6ena 2.13. Paznuka y cno6oauum eneprijama (kJ mol™) oaropapajyhux trans-kpaapaTHo-IIaHAPHHX H
TeTpaeIapCKUX KOMILICKca. Y ClIydajy KOMIUIEKCa ca TeTOWIaHUM MTPCTCHOBUMA, peajlaTUBHA CHEPrHja je

JaTa Kao pasiifKa y oJHOCY Ha trans-kBaapaTHO IiaHapHy cTpykTypy Cu-7.

KOMILJICKC AG(trans-cis)
Cu-1 6.4
Cu-3 2.2
Cu-4 2.0
Cu-5 3.0
Cu-6 5.9
Cu-7 0.9
Cu-7 -32.5
nerowianu trans Cu-7 -69.1
neTowaanu Terpaeaapcku Cu-7a -82.9
meTowianu Terpaeaapcku Cu-7b -73.5

C npyre ctpane, trans-kBaaparHo-IutaHapHa cTpykTypa Cu-7 komruiekca je 3a oxo 30 kJ
mol™ craGunmauja ox oxrosapajyhe terpaemapcke reomerpuje. OBaj LIECTOUIAHM KOMILIEKC je
MHOTO CTa0WJIHHMjU OJi €KBHBAJCHTHOI merowiaHor komiuiekca (Tabema 2.13). V3umajyhu y
003up na Kpuctainy ctpykrypy Cu-3 komruiekca ynHe 00a u3zomepa [201], moryhe je na cy y

CBUM KOMIUIEKCHMa, U3y3eB y ciydajy Cu-7, o6a u3oMepa npucyTHa.

2.7.3. IluToTOKCHYHHU edekaT

CranmapauzoBan MTT tect je kopumheH 3a oapehuBame IIUTOTOKCHUYHOCTH
UCTIUTHBAaHUX KomIutekca, ymje cy |Csy Bpemnoctn mpencraBibene y Tabemu 2.14 [194].

VYnopehuBameM ca MO3UTHBHUM KOHTpONIHUM y3opkom CisPt, Hajjaun edekar je mpumehen y
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cinydajy Cu-7 koMIuiekca, KOju je TOKa3ao BeOMa BHUCOK IIMTOTOKCHYHU €(eKaT Ha CBE TPHU
hemnjcke nmunuje. Cu-1 m Cu-6 cy mokaszane 3HadajHy aktuBHOCT Ha HCT-116 m MRC-5
henujama.

3a paznuky ox Cu-1 u Cu-6 xommiekca, Cu-3, Cu-4, u Cu-5 He nokasyjy Tako UCTaKHYT
nutoTokcnyHu epekar Ha MDA-MB-231 henujama, anu nokasyjy Ha HCT-116 henmujama. OBo
je BaxHO uctahm ¢ 003MPOM Ha YHICHUILY J]a Cy OBU KOMIUIEKCH MOKa3aJld CEJICKTUBHY
aKTUBHOCT Ha JHHMjaMa henuja kaHuepa y ogHocy Ha 3apase hemmje. Takohe je BakHO younTu
Ja ce OBAE pad O KOMIUIEKCMMa KOjU HE CaJp)Ke HU jelHy clI000aHy (peHONHY Tpymy, IITO
JIOBOJIY JIO 3aKJby4Ka J1a KA0 TaKBU JIENYjy CJIa00 MPOOKCHUIATHBHO.

C nmpyre crpane, Cu(OAc); je xopumiheH Kao HeraTHMBaH KOHTPOJHH Y30paK, U HHUjE
yO4YeHa IUTOTOKCHYHA aKTUBHOCT HH HA jeIHOj O TpU UcmHuTHUBaHEe henmujcke nuHuje, Tabena
2.14. Ha ocHOBY 100MjeHHX pe3yaTaTa, pe cBera y ciydajy tecta Ha HCT-116 henmmjama, moxe
Ce BUJICTH /1A j€ IIMTOTOKCUYHO JIjCTBO KOMIUIEKCA U3paskeHuje mocie 72 yaca. OBo Ou ce MOriio
o0jacHuTH uumweHunoM na wucnutuBanu xenatHu Cu(ll)-kommnexcu caapxke crabuiiHe

[IECTOWIAaHE MMPCTEHOBE U J1a OHHU, KAa0 TaKBH, CIIOPO XUAPOIU3Yjy y hemuju.

Tabena 2.14. 1Cs, BpemnocTr (LM) HCTUTHBAHUX jeTUHCHA

ICs0, UM
HCT-116 MDA-MB-231 MRC-5
24h 72h 24h 72 h 24 h 72 h

Cu-1 2549 1855 >500 155.0 51.78 31.03
Cu-3 >500 38.27 >500 >500 >500 237.21
Cu-4 53.69 21.84 >500 >500 125.38 105.53
Cu-5 58.77 37.89 >500 >500 225.85 470.47
Cu-6 35.15 13.98 >500 108.2 1217 1142
Cu-7 931 215 673 278 1251 11.66
Cu(OAc),; >500 >500 >500 >500 >500 >500
CisPt 219.7 194 3224 386 1881 221

Pesynratu, Takohe, mokasyjy na cy HCT-116 hennje ocerspuBuje Ha ncriutuane Cu(ll)-
koMmiuiekce og MDA-MB-231 henuja, mto ce Moxe 00jaCHUTH HMPUPOJIOM U MOPEKIOM OBHX
henmuja. Hanme, MDA-MB-231 henuje cy meractatuuke, 1 caMuM TUM oTiopHHje, 1ok cy HCT-

116 henuje u3BeneHe U3 MPUMAPHOT TYMOPA.
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Kao mro je Beh pedeHo, pemokc paBHOTEeka henrja Moke OWTH IPOMEHEHA
OKCHJaTMBHUM CTPECOM HACTaJHM JI¢jCTBOM PEAKTHBHHUX BpPCTa KHUCCOHUKA, alld M YTHIIajeM
peaktuBHUX BpcTa a3zora (RNS). [To3nato je ma je pemokc paBHOTeXka y henujama Beoma BaKHa.
Hcnuran je yrunaj Cu(Il) komnekca IlIndosux 6asza Ha HUBO CyNEpOKCH] aHjoH pagukana, O,
Ka0 BOXKHOT MHJIMKATOpa PEAKTHBHHUX BPCTA KUCECOHUKA. AKO YIIOPEAUMO pe3yliTare JoOHjeHe 3a
O, u MTT, npumehyje ce 3Hauajua komnaruOmiHocT. Cu-1 y3pokyje Hajehy mpousBoamy
O, w wuajumm uwurorokcuynu edpexkar Ha HCT-116 hemmje. Cu-6 moxpcruue ciuuny
kommatuOumHocT Ha MRC-5 henmjama. Cu-7 mokasyje HajBUIIM ITUTOTOKCHYHHM edeKaT Ha
HCT-116 hemujama, nok je najpehu mopacr O, 3abenexeH Ha 3apaBuM MRC-5 henujama.
HajaktuBamju komruiekc je Cu-7, koju caapku cloO0JHY XHIPOKCHIHY TPyHy y opmo-
TOJIOXKA]y aHWJIMHCKOT jena, kao u lludosa 6a3a koja je kopumiheHa Kao JUTAH] 32 CHHTE3Y
OBOI' KOMILJIEKCAa M KOja IMOKa3zyje 3HayajaH uutorokcuuyHu edekar Ha HCT-116 henujama
(Tabena 2.12). Ha OCHOBY YHMIbCHHUIIC Ja C€ HCIUTHBaHH Komiuiekcu 3acHuBajy Ha Cu(Il)
joHMMa, TIOCTaB/ba C€ IHTAE OJaKie Tako BHcOKa komumymHa Oy, W OHO MOXe OHWTH
ob0jammerno  ®DenToHOBOM peakmmjoM. Hacraim HyO, y wmwutoxompuwjama pearyje ca
MTOXPOMCKKM TBOXheM najyhu Boay u O, . JlokazaHo je qa MeHTOHOBA peakiija MOXKe OUTH
KaTaJIn30BaHA MeTallMMa Kao MITo cy Oakap, manaaujym wiu poaujym [207]. Tlosnato je ma cy
HEKW aHTUKAHIEPOTeHH JICKOBU JM3ajHUPAHU J1a IOJCTUYY XUTIEPIIPOAYKIIN]Y PEaKTUBHUX BPCTa
KHCEOHHKa, a caMHUM TuM u mpookcugaHara [208]. loOujeHn pe3yntaTv MOKasyjy na je
nosehame komnunne O, Behe kox HCT-116 1 MRC-5 henuja vero kom MDA-MB-231 henwuja.

Takohe, wucnuran je u yrunaj Cu(ll)-kommuiekca Ha moOpacT HUBOA HUTPUTA.
Haj3nauajuuju edekar je mpumehen y tpermany ca Cu-1, Cu-6, u Cu-7, mpu uemy cy
KopultheHe TayHO ojpel)eHe KOHIIEHTpallhje y TadyHO oJpeheHoM BpEeMEHCKOM HHTEpBAIY.
Kommnieke Cu-4 noBehaBa HMBO HUTpUTA CaMO y Clly4yajy HajBuUlle KoHUeHTpauuje. Hajseha
npousBoama NO, npumehena je y 3apaBum MRC-5 henujama.

Cmuke 2.30 — 2.32 mpexacraBibajy pesynrare aodujeHe onpehuBamem HuBoa GSH Ha
HCT-116, MDA-MB-231 u MRC-5 henujama, HaBeneHUM penoM. Y3umajyhu y o03up HHBO
GSH koju je moBe3aH ca OpojeM NpexuBenux hemuja, OBH pe3yiaTaTH yKaszyjy Ha 3HadajaH
nopact HuBoa GSH WHIYKOBaHOT HMCHUTHBAHMM CYIICTAaHI[AMa, HapoO4yuTO HakoH 72 h on

tpermaHa. Hajseha mponyknuja je 3anmakena y 3apaBum MRC-5 henmmjama. Ha HCT-116
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henmnjama cBe ucnuTuBaHe cynctaHie uHAYKY]y mopact GSH cnuunor o6uma. Ha MDA-MB-
231 hemujama, CuU-7 wHAyKyje Haj3Ha4ajHUju mopact, Aok y MRC-5 henmjama Cu-1, Cu-6, u
Cu-7 unnykyjy HajBehu mopact. TakaB mopact GSH HuBOa MOXxe OWTH MOBE3aH ca MOPACTOM
OKCHJIATUBHOT ¥ HUTPO3aTHBHOT CTpeca Kao Mo3uTuBaH oaroop henuja. OBa mpousBogma GSH
MOKe OMTH TIOBE3aHa ca MPETX0IHOM MHTEeH3UBHOM Ipon3BoamoM ROS u RNS. Kao mto je Beh
peueno, untepakija GSH ca penokc nmpoMemeHNM aKTHBHUM JEJIOBHMa MPOTEHHA YKIbYUY)y
okcuaanujy ao riyraruon qucyiadpuna (GSSG) ca cnenehom NADPH-3aBrCHOM penyKInjoM 10
GSH y mnpucyctBy riyratuon penykrase [209]. Takohe, oBo MoOke OUTH IMOCTUTHYTO Y
unTepakiju GSH ca TecTupaHuWM cyIicTaHIIaMa MM ca HEKUM PEaKTUBHUM BpcTama Koje Cy

nobujere u3 GpenonHux komrmiekca Cu-1, Cu-6, u Cu-7 [210].
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Cnuka 2.30. Edexar ncnuruBanux cyncranny Ha HCT-116 henujckoj muHMjH, H3paskeHa Kao

KOHIIeHTpanuja peaykosasor riyrarnona (GSH) uzpaxena y ogaocy Ha 6poj BujaOminux henuja.
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Cnuka 2.31. Edexar ucnuruBanux cyncraninyd Ha MDA-MB-231 henujckoj nuHUjH, H3pakeHa Kao

KOHIIeHTpanuja peaykosasor riyrarnona (GSH) uzpaxena y ognocy Ha 6poj BujaOminux henuja.
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Cauka 2.32. Edexat ncnutuBanux cyncranuyd Ha MRC-5 henujckoj muHuju, n3paxena Kao

KOHIIEHTpanuja peaykoBanor riayrarnona (GSH) uzpaxena y ojHocy Ha Opoj BujabwmiHux henuja.
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3. EKCIIEPUMEHTAJIHU JIEO
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3.1. ®u3znuka Mmepema

Enemenranna ananusa jeumema ypaheHa je moMmohy cranmapaux metona y Lientpy 3a
MHCTpYMEHTaJIHE aHan3e XeMujckor (akynrera y beorpany. MadpanpBenn cieKTpu CHUMaHH
cy Ha Perkin Elmer Spectrum FT-IR cnekrpodoromerpy. Ceu 1H NMR crniekTpu CHUMaHH Cy Ha
Varian Gemini 200 MHz ciektpometpy. Xemujcka moMmepama aara cy y ogaocy Ha TMS

(Terpametmiicuian). Tauke Torsbemwa cy oapehene Ha anapaty Mel-Temp monxen 1001.

3.2. lIporokou 3a cunre3y lHindosux 6a3za

udose 6aze (1-10) cy cuHTeTM30BaHE KOpuUIIhewmeM IO3HATE IMPOLEaype U3
auTepaType, y3 Heke Mmomubukanuje [211]. Anmexun (camuumnangexun, Banwiua) (I mmol),
onropapajyhu apomatuyHu amMuHu (aHUIUH, 4-QryopoaHuinnH, 4-HUTPOAHWINH, TOIYUAHNH, 2-
XUJIPOKCUAHUIINH, 3-XUIpOKCHaHWINH, 4-xunpokcuanuianH) (1 mmol) u 3 ml meraHona cy
CHITIaHW y OaJIOH, U OBaKO IMpHIIpeMJbeHa cMmema je pediaykroBana y Toky 3h. Ilo 3aBpmerky
peakiuje, pacTBapad je ymapeH U (UHAIHM TPOU3BOJ j€ JOOHMjeH PEeKpHUCTaIN3alijoM U3
eranona. Ilpunocu nobujenux IlludoBux 6a3a cy ce kperanu y omcery ox 95-98%. Cse
Iudose Gase cy okapakTeprcaHe Taukama Torubera i 'H NMR criekrpima, Cinka 3.1, a HOBO

. . 1
nobujeHo jenumemne 10 u eJIeMeHTATHOM aHAIH30M U %C NMR CIIEKTPOM.
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Compound 10
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Cinka 3.1. 'H NMR criekTpu 1 Tauke TOIbema jeumernha 1-10
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3a onpehuBame CTPYKTYpe HOBOCUHTETUCAHOT jeubemha 10 CHUMIbEH je u BC NMR CIIEKTap:

Jenumewe 10 ((E)-4-((4-dbayopodeHUIMMUHO)METHI )-2-METOKCH(DEHON):

kpuctam - Tt 144-146 °C;

6e300jH1

3C NMR (50 MHz, DMSO) ¢ = 56.7, 111.8, 111.4, 116.1, 116.5, 116.6, 117.2, 123.6, 127.5,

145.3, 149.21, 151.1, 153.9, 162.1;

C14H12FNO, (FW = 245.25): Uspauynaro: C, 68.56; N, 5.71; H, 4.93%; Haheno: C, 68.15; N,

5.68; H, 4.81%.
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3.3. DPPH meTona

AHTHOKCHIAaTHBHA aKTHBHOCT ucnuTuBanux Llndoux 6a3za je ucnurana xopumhememM

DPPH wmetone. [lomemanu cy ImL (0.1 mm) DPPH pactBopa u ncra 3anpeMuHa UCIIUTUBAHOT

jemumema (20 puL jemumema y pactBopy DMSO um 980 plL meranona/eranosna).

Ilocie

nHKyOanuje peakmuone cmeme ox 30 m 60 MuHYTa Ha COOHOj TeMmIepaTypH, U3MEpEHa je

ancop6annia Ha 517 nm. MertaHon/eTaHon je kopuitheH kao KOHTPOIHH pacTBOp. ICsp BpeaHOCT

Mpe/ICTaB/ba KOHIICHTPAIM]y aHTUOKCHIAHTA Koja je HeomxoxHa 3a 50% wunxubunuje DPPH

pamukaia. NDGA je xopumhen kao pedepeHTHO jeaumeme urju 0.1 mM pactBop mokasyje

aKTUBHOCT 0J 96%.

Tabemna 3.1.

WnaTepaknmja ucnutrBanux Llndosux 6a3a u pedepeHTHOT jequmema ca cradmmanm DPPH

panukanowm, nocie 30 u 60 MunyTa

1 2 3 4 5 6 7 10 | NDGA
l l l I/I}{lxuﬁmmja DPl;H % l
Konuentpauuja . . R . R R . R R . . . . . . . . . . R . .
Lol 300 60" {300 60° {30 60 {30 30°{30 6030 60 {30 60 {300 60 i3 60 i3 60 30 60
300 646 791 {56 90 {58 123 {66 84 |73 92331 341 |/ / / / {768 84281 858 / /
250 619 769 {51 85 {57 99 {58 75|56 761279 2001} / / / / 1735 797781 841 / /
200 543 670 {35 74 {52 81 {57 7755 74263 215} |/ / / / {666 766720 731 / /
150 484 583 {42 73149 72 {52 71{43 711214 2261} |/ / / / 1593 682656 740 / /
100 411 53031 63|48 68 {55 65|37 44180 193921 931919 956|482 580|539 606 962 962
50 304 38022 6142 64 {46 56|24 41} 98 113|772 801|915 939346 433|391 51.0| 948 959
10 140 28301 34 {27 59 {37 55:08 28 75 90 {300 402797 884105 430137 231} 901 914

3.4. In vitro ncnuTuBame HHXUOMIUjE COjUHE JIMMTOKCUT eHA3e

3a jenumema 1, 7, 8, 9 m 10 koja cy mokasana q100py aHTHOKCHJIATUBHY aKTUBHOCT ypal)eHO

je u in Vitro ucnutrBame WHXUOUIMjE COjuHe Umokcurenasze. OBa in VItro crymuja ce 3acHuBa

Ha OCOOWHM JIMIIOKCUTEHA3€ Jla OKCUIyje HaTpHjyMa JIMHOJeaT A0 13-Xuapomnepokcu aepuBaTa

KHCEJIMHE, MTO ce npatu Ha 234 nm Ha UV cnekrpodoTomeTpy.
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HcnutuBana jenumema cy pactBopeHa y DMSO-y u nmomerana Ha coOOHOj TeMIiepaTypH ca
Na-nuHonearoM U eH3UMOM. 3aTuM je npaheHa koHBep3uja Na-nuHojeara y 13-xuaponepokcu
nepuBar nuHONHEe kucenmmHe UV  crnekrpodoromerpujcku (Ha 234 nm) u mopeheHa ca
KOHBEP3HjOM KOjy yCJIOBJbaBA JEJIOBabE CTAHAApAHUX MHXUOUTOpa (kadenncke kucenune (CA)

1 HOpauxuaporeajapeTuHcke kucenune (NDGA)).

Mocrynak:

VY KuBeTH Of] CUJIMKATHOT CTakJia 3anpeMuHe 1 mL mpunpemu ce y3opak Ha cienehu HauuH:
cuna ce 690 pL TRIS nydepa (Tpuc-xunpokcumerun-amuanometad (pH=9)), 10 puL pactBapaua
(DMSO), 200 uL LOX u 100 pL LLA (Na-nuHoneara), ¥ CHUMHU aricopbaHia Ha A=234 nm y
onHocy Ha cieny mpoOy (790 uL TRIS, 10 pL pactBapaua, 200 uL. LOX) (amcopbanma A).
AmncopOaHIia 0Bako IpUIIPEMIbEHOT y30pKa je mpu naxubunuju 0%, jep y y30pKy He MOCTOjH
CYIICTaHIla Koja OM WHXMOMpana JIUINOKCUreHasy. Jlpyru y3opak ce mpumpema Tako IITO Ce
ymecto 10 pl pactBapaua y o0e kuBerte, goaa 10 pl pactBopa y3opka. YKOJIHMKO je JOLLIO 0
WHXHUOUWIM]je eH3UMa, arcopOaHIia OBaKO MPHUIIPEMJBCHOT y30pKa je Mama, jep He Hactaje 13-

XHUJIPOTIEPOKCH JIepUBAT JUHOJHE KucenrHa (arncopbanua b).

[Tpunpema pactBopa:

e 0,9 g NaCl pactBopuru y 100 mL H,O

e 0,005 g LOX pactBoputu y 5 mL 0.9% pacteopa NaCl (ocHOBHU pacTBOD)
Pagnu pactBop LOX-a

e 0,1 mL (100 puL) ocroBHOT pactBopa + 0,9 mL (900 uL) NaCl (0.9% pactsop)
PacTBOp HaTpUjyMOBE COJIM JIMHOJHE KHCEINHE

e 0,00454 g pactBoputu y 5 mL TRIS nydepa
TRIS nydep

e 3,029 gy 250 mL H,O (pH=9.00)

Crenen nHXubMIM]je ce u3padyHana 1o ciuenehoj hopmynu:

% unxudunuje = [(A — b)/A]x100
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Tab6ena 3.2. In vitro uaxubuimja LOX ca [Iudosum 6azama (%)

HcnuTnBana

jennmema ! ! 8 9 10
Konuentpauuja N N N N N N . . . . NDGA  CA

uM 30 60 30 60 30 60 30 60 30 60
400 812 824 821 844 798 802 424 417 498 534
300 79.4 809 806 827 427 448 253 309 275 321
200 699 706 718 726 232 275 15.2 166 155 178
100 324 352 215 233 82 131 13.6 147 146 152
50 128 199 96 127 31 6.9 5.2 8.5 9.6 115

1Cs0 (M) 125.7 122.5 317.6 / 62.5 600

3.5. Cunre3a Cu(ll)-kommiekca IllIngosux 6aza

Cu(lIl)-amerar (0.5 mmol) je gomat y eranosicku pactsop oarosapajyhux Iludosux 6aza
(1,3,4,5,6,7) (1 mmol y 5 mL pactBapaua), 1 0OBako MpHIIPEeMJbeHa CMeIlIa je pedIyKToBaHa
3h. Ilo 3aBpmIeTKy peakiyje, pacTBapad je yIapeH u MPEOCTaIH Mpax je UCIpaH eTaHoIoM (3 X 2
mL). Pekpucranuszamnmjom Mnpo3Boja W3 CMEIIE €TaHOJ:METWICH Xxjopun 2:1 moOujeHu cy
KoMmIuiekcu ca mpuHocoM 80-85%. Uucroha oBuX jenmumerma MOTBphEHA je €IEeMEHTAITHOM

AaHAJIN30M:

Cu-1: tamuo Opaon mpax — CsH20CuN,O4 (FW = 487.99): Uspauynaro: C, 63.99; N, 5.74; H,
4.13%; Haheno: C, 62.97; N, 4.64; H, 6.10%.

Cu-3: 6paon kpuctamu — CpgHxCuN,O, (FW =484.06): Uspauynato: C, 69.48; N, 5.79; H,
5.00%; Haheno: C, 69.18; N, 5,76; H, 4.89%.

Cu-4: 6paon kpucramu — CysHoCUuN,O, (FW = 456.00): Uspauynaro: C, 68.48; N, 6.14; H,
4.42%,; Haheno: C 67.32; N, 6.02; H, 2.51%.
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Cu-5: npseno-6paon kpuctamu — CysHi1gCuFaN2O, (FW = 491.98): Uspauynaro: C, 63.47; N,
5.69; H, 3.69%; Haheno: C, 64.00; N, 5.89; H, 3.32%.

Cu-6: 6paon kpucranmu — CysHoCuN,O4 (FW = 487.99): Uspauynaro: C, 63.99; N, 5.74; H,
4.13%; Haheno: C, 59.84; N, 4.89; H, 2.90%.

Cu-7: 3enenu npax — CygHzCuN,O4 (FW = 487.99): Uzpauynato: C, 63.99; N, 5.74; H, 4.13%;
Haheno: C, 56.95; N, 5.18; H, 2.59%.

3.6. MTT rtect 3a onpehuBame Bujadbuanoctu heauja

MTT TtecT je 3acHOBaH Ha 000j€HOj peaKlju MUTOXOJPHjATHUX JEXUIPOreHas3a >KUBUX
hemuja ca MTT  (3-(4,5-mumernintraszon-2-un)-2,5-1ueHUATeTpa3oauyM OpOMHI, KYTH
Terpaszon) u unmbeHunm 1a je MTT pexykoBan no mypiypHOr ¢opMaszoHa y KMBUM henmjama.
Aricopbaniia oBor 000jeHOT pacTBOpa je KBaHTU(HUKOBaHA criekTpodoromerpujcku Ha 570 nm
Ha yutayy Mukporutap mioya (ELISA 2100C, Hamburg, Germany). OBaj TecT je yKpaTko
omucan u y juteparypu [215]. Ilpomudepanuja henuja je uspauyHara Kao OJHOC arcopOaHIle
TPETHpPAHUX Ipyla MoJeJbeHE alcopOaHIIOM KOHTPOJIHE rpyne, U noMHoxkeHe ca 100 na 6u ce
no0uo mporeHar BHjabuIHOCTU. AncopbaHlla KOHTpojHe Tpyrne henuja kopumiheHa je kao
BujabmHOCT 01 100%. CTeneH MUTOTOKCUYHOCTH MpeMa KOHIEHTpaIlMjU y30pKa je KopHIlheH
3a M3padyHaBame KOHIEHTpaluje Koja je mokaszana 50% uurtorokcuunoctu (ICsp). OBaj Tect je
ypahen na Unuctutyry 3a O6monorujy, [Ipuponno-maremarnukor (axkynrera, YHHUBEp3UTETA Y

Kparyjesiy.

3.7. Pauynapcke metone

Pauynapcke meTone ce MOry MOAENUTH y JBE KaTeropuje: MOJIEKYJICKO MEXaHUYKEe M
KBaHTHO MEXaHHW4YKe. Y MOJIEKYJICKO] MEXaHULM 3aKOHU KiIacuyHe (PU3HKE MPHUMEmY]y ce Ha
MoJieKyJie, 0e3 EeKCIUIMIMTHOI pa3MaTpama eleKTpoHa. MOoJeKya ce OIUCyje Kao CKyIl

IIOBE3aHMX aTroMa. ATOM ce npeacraBjba Kao cq)epa I-II/I_].a. MacCa 3aBHUCH OJf BPCTC CJIEMCHATA.
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Xemwujcka Be3a ce mocmarpa kao ompyra [216]. EmactuunHocT ompyre 3aBHCH OJf BPCTE€ aToma
KOjU je Tpale, W O TOra jJa JH je Be3a jeIHOCTPyKa, IBOCTPyKa WM TpocTpyka [217-219].
KBanTHa MexaHuWKa TpoydyaBa HHTEpakije u3Mmel)y jesrapa W eJeKTpoHAa y MOJICKYIY.
Morekyiacka TeoMeTpHja pa3MaTpa Ce Kao pacrmope] jesrapa KOMe OAroBapa MHHHMAaTHA
erepruja [217-219, 220]. OBe meTozme aene ce y Tpu Kiace: ab muuimo (ab initio), metozae
¢ynknuonana ryctuae (DFT) u cemuemmupujcke merone. CBe KBAaHTHO MEXaHMYKE METO[E
3acHUBAjy ce Ha pemaBamy lllpenunrepose jennaunne. Xaptpu-PokoBa ad MHUIIMO METOJA
HaJla3W Ce Ha PAacKpCHUIM y pemaBamy lllpenuHrepoBe jenHaunHe: YBOJE CE€ KOPEKILHje OBE
METOJIe ca IUJbEeM Ja ce J00Hujy pemema Koja he Texurn ersaktHuM peniewsuma Llpenuarepose
jenHaunHe (OBO BOAM Ka KOpENIMCaHWM a0 HMHUIMO METoJaMa), WM C€ YBOZAE J0JaTHE
ampoKCcHMaIje Koje Boxe Ka cemuemnupujckuM Mmeromgama. Muore DFT merome kopwucre
Xaprpu-®@okoB wuHTerpan wusmene. lllpeauHrepoBa jenHauWHa je OCHOBHA jeJHAYMHA Y
HEepENaTUBUCTUYKO] KBAHTHO] MEXaHHIIM, KOja OMKCYyje KpeTame eJIeKTpoHa H jesrapa [221].
[Tormyno opbalyje moKyIlaje Ja ce KpeTame €JeKTPOHa OfBHja Mo oApeheHuM myTramama y
aToMy, M HACTOJU Jia ONHIIE HMUXOBO KpEeTamke HWCKJbBYYMBO TAJIACHUM OCOOMHaMa.
HlpenunarepoBy jeaHaunHy MOTyhe je MOCTaBUTH 3a CBAKHM aTOM M MOJeKyl. Mnak, Ty jeqHauuHy
j€ W3pasuTo TEIIKO PEIIMTH, a Er3aKkTHO, AHAJUTUYKO pElIeHe, MOCTOjU CaMoO 3a aToM
BOJIOHMKA. JeTHOCTaBHO, TIIOCTOJU CYBHUIIE IPOMEHJBMBHX Ja OM ce 3aucTa peluia
HIpenuarepoBa jeqHaYMHA 32 BEIMKE aTOME M MOJIEKYJICKE CUCTEME, I1a Ce Y TUM CIydajeBHMa

BpIlI€ HyMEpUYKE anpoKCUMaIHje.

3.7.1. Teopuja pyHKINOHAIA TYCTHHE

3a pasnuKy O] CBHUX JPYTHX KBAaHTHO MEXaHUYKHUX METOJa, KOjeé C€ 3aCHHMBAjy Ha
TanacHoj] (QPyHKIUJU, MeTo/Ie (PYHKIIMOHATA TYCTUHE 3aCHHMBA]y CE€ HA BEJIMYMHHU KOja CE MOXKE
€KCIIePUMEHTATHO OJIPeITH — TYCTUHHU elleKTpoHa p(r). ['ycTuHa enekTpoHa je GpyHKIHja camo
TPU TIPOCTOPHE IPOMEHJBHBE, JIOK EJIEKTPOHCKA TallacHa (YHKIMja 3aBHCH OO X, y U Z
KoopauHaTa cBHX enektpoHa. OcHoBy Teopuje ¢yHkumonama rycrune (Density Functional
Theory-DFT) uunu XoenOepr-KonoBa teopema. OBa Teopema riacu: “IlocToju jeauHCTBEHH

¢byHKIMOHAN 3a Koju Baku” [217-219, 222], u Moxe ce mpeacTaBuTH cienehum nzpasom:
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E[p(r)]: E

rae je E ersaktHa enekTpoHcKa eHepruja. ['ycTMHa €JIEKTpOHa Ce MOKOpaBa BapHjalldOHOM
IMPHHIUITY, TO Cy gokazaan Xoeubepr u Kon [223] . Enepruja xoja oarosapa Jaroj ryCTHHH

eJIEKTpOHA je Beha MM jeHaKa er3akTHOj eHepruju. Hemocrarak Teopeme je Taj, MTO HE Jaje
00nuK (GyHKIIMOHAIA E[p(r)]. 3ato y Teopuju (DyHKIIMOHAJIAa TYCTHHE IMOCTOj€ MHOTOOpPOjHH

aNpPOKCHUMATUBHU (DYHKIIMOHAIIH.

O06nuk ¢pyHkumonana koju cy npemioxuian Kon u lllam nat je cnenehum uzpazom:
E[p()] =T (P)+Vye ()t Ve (P)TE i (P) 3.1)

rae je T,(p) KMHeTHYKa eHepruja Koja MoTHYe OJ] KpeTama elIeKTpoHa u3Mehy Kojux He mocroje

MHTEpaKIHje, a yija TYCTHUHA je jellHaKa T'YCTMHHM CTBAPHHUX €JEKTPOHa, u3Mely KOjux Imocroje

uHTepaknyje. V,(p) je HyKiIeapHO-eIeKTPOHCKH WIAaH U IIPEJCTaBJba MOTCHIUjaIHY SHEPTHjy
KOja MOTHWYE U3 IpHBIadema niMely jesrapa m enekrpona. V,, (p)IpencTaBiba MOTCHIMjATHY
CHeprujy Koja moTuue on oxdujama usmely enekrpona. E,.(p) ce HasumBa ¢yHKuMOHAN

n3MeHe/Kopenamuje, 1 o0yxBaTa €HEpPrujy M3MEHE Koja HacTaje yclie]] aHTUCUMETPUYHOCTH
TanmacHe (PyHIIKH]e, Ka0 M KOpeNallMoOHy €HEPrujy ycle KpeTakba WHIAUBUIYATHUX €JIeKTPOHa.
OcuM JompHHOCA MOTEHIMjalIHO] EHEPrHjH CUCTeMa, (YHKIIMOHAT M3MEHe/Kopemanuje caipxu
U MambU JONPUHOC KUHETUYKO] EHEPrUju. Y OBOM (PYHKLMOHATY CaJip’KaHo je CBE IITO HE 3HaMO
0 ucnuTuBaHOM cucrtemMy. CBU OBM uinaHOBU u3 jenHaunHe (3.4) cy ¢yHKuMje rycTuHE

€JIEKTPOHA.
3.7.2. DyHKUMOHAIM U3MEHe/Kopeanuje

OyHKIMOHAIM HU3MEHE/Kopenanuje KOju ce JaHac KOPUCTE MOTY c€ TPYIHUCATH y TpH
Kjace: (YHKIMOHAIM 3aCHOBaHM Ha alnpoOKCHUMAIMjU JIOKAaJHE T'YyCTHUHE U JIOKAJHE CIUHCKE
rycTuHe, (DYHKIIMOHAIM 3aCHOBAaHM Ha aNpOKCUMAIMjU TEHEPATM30BAaHOT TPAIUJCHTA, W
xubpuaau ¢GyHKImoHanu. OYHKIIMOHATU MPBOT THMA HA3WBajy Ce JIOKAIHE METoje, JOK ce
(YHKIIMOHATHN TIpeocTala J1Ba THUIA HA3WBajy HEJIOKATHE WIM TPaAJHjeHT-KOPUTOBAHE METOJIEe

[217-219, 224-226].
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3.7.3. AnpokcuManuja JOKajJHe TYCTHHE U JIOKAJHE CIUHCKEe I'YCTHHE

Ogaj npuctyn (Local Density Approximation - LDA) 3acHoBaH je Ha nojMy yHu(DOpMHOT
(WM XOMOTEHOT) eNeKTPOHCKOT raca. OBaj XUIOTETUYKHU Tac CE CaCcTOjH OJ eIeKTpoHa u3Mehy
KOJUX TIOCTOj€ MHTEPaKIMje M MO3UTHBHUX je3rapa, a HhEroBa T'YCTHMHA MMa HCTY BPEIHOCT Y

cBakoj Tauku. OBaj IPHUCTYII J03BOJbaBa Ja ce Ey. mpeacraBu Ha ciieiehy HauuH:

ESe (p) = [ p(0)ec (p()dr (35)

TJIC je &xc(p) eHepruja u3MeHe/Kopemnalyje Mo YSCTHIIM YHU(POPMHOT EIEKTPOHCKOT raca ryCTHHE

p. &xc(p) ce MaJbe MOXKeE MOACITUTH Ha JOMPUHOCE OJ1 K3MCHE U KOpelaluje:
exc (P(r))=tx (p(r)) +ec (p(D)) (3.6)

3a (¢yHKOIMOHAT W3MEHE TIOCTOjU eKCIUIMIWTHU U3pa3, INTO HHjEe CcIydaj ca
¢dbyakmonanom kopenamuje. Ha ocHoBy MonTe Kapio cumynamuje XOMOT€HOT €JIEKTPOHCKOT
raca pasBUjeHH Cy PasIUYUTH (PYHKIMOHAIHM KOpEIAlHje KOjH CaApKe eMIHpHjcKe (akTope
ckanmupama. Bocko, Bunk u Hycaup cy npemnoxunn dynkuuonan kopenaimje VWN [227],
IMepny u Lynrep passunu cy PZ81 [228], Kon u Ilepay passuau cy CP, Ilepay u Baur PW92,

UTA.

Anpokcumarniyja JJOKaJIHe TYCTHHE MOXe C€ PUIArOUTH CIydajeBuMa Kajia TYCTHHE O U
B HECY jemHaKe, IITO je JOBENO Ja pa3Boja almpoKCcHUMaIuje JoKaiaHe cnuHcke ryctune (Local

Spin Density Approximation - LSDA). ¥V oBowm ciyuajy jeaH. (3.5) Mewa 00K y:
EX (PusPp ) = [ PDEKC (P, (1), py (D)dr 37)
e (p,(r)u py(r) 03HauaBajy o.M B CIMHCKE IYCTUHE.

Arnpokcumaliyja JOKajdHe TYCTHHE je OCpelllbeé TAYHOCTH, KOja je HeJl0BOJbHA 3a BehuHy
npuMeHa y xemuju. 3aro ce LDA nyro npuMmemuBana y (UMM YBPCTOI CTama, a y

KOMIIjYTEPCKOj XEMHjH CKOPO Jla HHje OCTaBWIIa HUKaKaB Tpar [216].

140



3.7.4. AnpokcuManuja reHepajau30BaHOr TPAJUjeHTa

[ToGossmame y omnocy Ha LDA moctuhuhe ce ako ce mpermocraBu Ja TycTHHA
enekTpoHa HHje yHuU(popmHa. To ce MOCTHKEe Tako ITO ce mopen uHPopmanuja o p(r) y
onpeheHoj Tauku y3umajy y o03up u uHpopMmaimje o rpaaujety rycrure Vp(r). Ha ocHoBy
OBaKBOI' PE30HOBAMba HACTalla je ampokcuMaliija rpagujeHra ekcrmansuje (Gradient Expansion
Approximation - GEA). Anu Hu 0Ba anpoKCHMalldja HHje JOBejIa 0 JKEJBCHOI MMO0O0JbIIAkha Y

TA4HOCTH y oHOcy Ha LDA.

AmnpokcuMmarrja renepaiu3oBaHor rpaaujenta (Generalized Gradient Approximation -
GGA) nosena je 1o xejbeHUX Mobospiama. Onmru 06auk GGA (yHKIMOHANA MPUKa3aH je

CHeHehI/IM HU3pa3oMm:
ES (Purhy ) = [ £(PurPys VP, VP, )dr (3.8)

IpU 4YeMy TOCTOj€ Pa3IUYMTH HM3pa3d 3a 3aBHCHOCT (yHKuHje f O] TrycTMHa eNeKTpOoHa U
BUXOBUX TpaarjeHaTa. yHKIIMOHAIM U3 OBE TPYIE CY BEOMa CIOXKEHOT 00JIMKA M YECTO Ca/IpiKe
emrnupHjcke mapamerpe. Hajmo3Hatuju ¢yHKOIMOHANM H3MeHe oBor Tuma cy B86 u B8S8
(bexeosn), P86 (Ilepnyos), PW91 (Ilepaya u Banra) u PBE (Ilepnya, Bypka u Epuniepxoda), a
¢ynkunonanu kopenanuje PW91 (Ilepaya u Banra) u LYP (JIua, Janra u I1apa). LYP, koju uma
jeIaH eMIHMPHUjCKU TapaMmeTrap, 3a pas3lIiKy OJ CBHX Jlocaja CIIOMEHYTHX (pyHKIMOHala, HHje
3aCHOBaH Ha yHH(OPMOM €JIEeKTPOHCKOM racy, Beh je W3BeleH M3 u3pa3a 3a KOopenaluoHy

€Heprujy aToMa Xejiaujyma.

3.7.5. Xubpuauu GpyHKIHOHAIH

Jla Ou ce poOwiM 3HauYajHU pe3yaTaTH MoMohy TeopHje (QYHKIMOHANa TyCTHHE,
HEOMXOJIHO j€ Ja MMaMO TadyaH u3pa3 3a (YHKIHMOHAJI W3MEHE, jep j€ JOMPUHOC O] M3MEHE

3Ha4ajHO Behu o oxrosapajyher nponpuHoca o1 Kopenauyje.

Unan usmene o¢urypuiie y okBupy Xaprtpu-®okoe Teopuje. beke je ¢opmymucao

(GyHKIIMOHAJE KOJI KOJUX C€ JOMPHUHOC O]l M3MEHE 3aCHMBAa Ha MelaBUHU XapTpu-Pokose U
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DFT rteopuje, a nonpuroc ox kopenanuje Ha DFT Teopuju, u To ce MOke IPeICTaBUTH OMIITUM

HU3pa30M:
hibrid _ HF DFT
Exc - CHFEX +CDFTEXC (3.9)

rae cy C.e U Cpep KOHcTaHTe. OBakaB IPUCTYI yBOAU ACIMMUYAH CEMHUEMITUPHU]CKH KapaKkTep y

DFT mewmy. Jenan ox npumMepa je Tpornapamerapcku ¢pynkunonan B3LYP:
Efe ™ =B +a, (EXF-EROM ) +ay (ERP-EX" ) +ac (EC™-EL™) (3.10)

y udjeM Ha3uBy B nmotuue on bekeoBor ¢yHKIIMOHANA U3MEHE, 3 Ol TPU eMIHPHjCKa MapaMeTpa
(ap, ax m ac), a LYP on ¢pynkumonana xopenanuje Jluja, Janra u [lapa. [Tapamerap ag 103BoJbaBa
na ce nomemnajy Xaprpu-PokoB wiaH m3mene u pynknuonan m3mene LDA. bekeoBa kopekmmja
Ha QynknuoHan u3mene LDA je ckammpana mapamerpoM ax. DyHkimonan kopenanuje VWN
KopuroBaH je QynkuuoHanom kopemnaunuje LYP. beke je ompenno mapamerpe y B3LYP
(GyHKIIMOHATY, TaKO IITO UX j€ MOJEIIABA0 y OJIHOCY Ha €HEepruje aToMU3allHje, jOHU3aIlHOHe
noTeHIujane, ahuHUTETEe IMpeMa MPOTOHY U aTOMCKe eHepruje oapeheHor ckymna monekyna. Tu
napamerpu umajy cienehe Bpennoctu: ag=0.20, ax=0.72 u ac=0.81. TokoM MPOTEKIHX ACIICHH]a
0Baj (DYHKIIMOHAJ Ce MOKa3ao Kao e(ukacHa MeTo/a 3a U3pauyHaBame €IEKTPOHCKUX OCOOMHA
(eneKTpOHCKa €Hepruja, eHTalluja JUCOLMjalije Be3e, €Hepruja joHW3aluje, UTI.) BEIUKOT
Opoja paznmuuutux Mosiekyna. B3LYP umma m Heke cBoje HemocTaTKe: TMOHEKaJ Jaje JIole
pe3yiTaTe y ONUCY KHHETHKE XEMM]CKe peakilfje, U HMje MOrojHa 3a MPUMEHY y XEeMHUJU

MmpeIasHux McETajia.

DFT-D, DFT-D2 u DFT-D3 cy DFT metozne y koje cy UMIUIEMEHTHpaHE JUCIIEP3UOHE
Kopekuyje, kao mro cy B3LYP-D2 u B3LYP-D3 merona koje cy kopumheHe 3a u3padyHaBamba
IpU M3paaud OBE JUCEpTallje, HUCY HOBU (YHKIMOHATM Beh MpeacTaBibaj)y MEIIaBHHY
KOHBEHIIMOHATHUX (YHKIIMOHATHA W JOJATHOT eHepreTckor m3pasa. Ha mpumep, B3LYP-D3
O3HayaBa MpopauyyH ca yobuuajenum B3LYP ¢ynknuonanmom y xomOuHanuju ca D3
JMCTIEP3NOHOM KOPEKIIMjoM 3a eHeprujy. EnepreTcku uszpa3s Kopekiyje qucrep3uje je peaaTuBHO
jenHoctaBHa (yHKIIM]ja MHTEPATOMCKUX pacTojama. DUTOBamke ce BPIIU 3a JaTH (DYHKIIMOHAI.

DFT-D je mpucrtyn koju je mpBo pa3Buo Grimme U Moxke OUTH e(pUKaCHO KOMOMHOBaH ca
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BenmukuM Opojem mocrojehux DFT wmeroma. Ilpema Grimme-y u Bayach-y emmupujcku
MOTEHITM]al 00IMKa ‘f(R)Cﬁ/RG je xopurtheH ga 00yxBaTu AyropovyHe JONMPHUHOCE TUCIIEp3nja U

u3padyHa ykynse enepruje Ha B3LYP [229, 230] nuBoy Teopuje:

EgsLvpr-p2 = EB3Lyp — Episp, 1€ je Episp eMnupujcku uzpas.

DFT-D u DFT-D2 kopek1iiuje eHepruje y3umMajy y o03up cBe nmapose aroma, 1ok DFT-D3
takohe y3uma y 003up u TpumuieTe atoMa. [lucrep3noHa KOpeKIyja je JT0JaTHH u3pa3, Tako Jia
OHa JINPEKTHO HE MeHa TalacHy (YHKIHMjy HUTH OWJIO KOjy IPYTy KapaKTepPHCTUKY MOJICKYIIA.
Mebhyrum, npu onTUMH3aNMjaMa MOJICKYJa ca JUCIEP3MOHUM KOPEKIIMjaMa HacTajy JApyravuje
TeOMETPH]j€ HETo NP U3padyyHaBamy 0€3 JUCIICP3NOHUX KOPEKIH]a, jep JUCIIEP3UOHE KOPEKIIH]e
yTHYy Ha CHJIe Koje Jeiyjy Ha aTome. Jlucriep3noHe KOpEKIHje MOTY JOBECTH IO 3HAYajHUX

n000JbIIaka y TAYHOCTU IIPOpadyHa eHepruje.

VY HOBHje BpeMme TOjaBHIM Cy ce W xubOpuanu wmerta ¢yHkuumonanu [231]. Osu
(GYHKIIMOHATM, OCHM OJ TYCTHHE €JICKTPOHAa W TPaJMjeHTa T'yCTUHE, 3aBHCE U OJ] T'YCTHUHE
kuHeTHYKke eHepruje. l[loGossmame DFT mnepdopmancu cnpoBeeHO MapaMeTpH3aliijoM
¢dbyHKIIMOHANIA H3MeHE U (PYHKIIMOHAIA KOpeTallyje, 3aCHOBAaHO j¢ Ha YHICHHUIN Ja TagHocT DFT
IIpopadyHa 3aBUCH O] KBalMuTeTa (yHKIMOHAJIA U3MeHe/Kopenauuje. Tpynap u Yao pa3Buiu cy
BpJIO 3HauajHe XUOpuAHE MeTa (QyHKUMOHaie, kao mTo cy: M05-2X, M06, M06-2X u M06-L
[232]. CBu oBM (yHKIMOHATIHM MMOTOJHM Cy 33 TEPMOXEMHUjCKA M KMHETHYKA M3pavyyHaBamba Ha
MOJICKYyJIUMa KOju caapxke cBe enemeHTe. M06 u MO6-L cy moromHu 3a HUCIUTHBAEKE
TEPMOXEMHUje MpeNa3HuX MeTana. 3a UCTpaXHUBambe MpodiieMa y OpraHOMETaIHOj XeMHUjH, TJe ce
BpIIM MCTOBPEMEHO pacKUJame U CTBapame XEMHUJCKUX Be3a, mpenopydyje ce MO06
dbyHKIMOHAN. Y OKBUpPY OB€ JucepTalfje u3payyHaBama cy ypahena ca  MO05-2X

(YHKIIMOHAJIOM.

Knaca ¢ynkunonana, xoja ce HazuBa MO5-kiaca, pa3BHjeHa je y IIMJbeM MOOOJbIIAA
nepopMaHCH TEPMOJMHAMHUYKUX M KUHETHMUYKUX H3padyyHaBama, Kao M IMOOOJbIIama OIuca
HEKOBaJICHTHUX MHTepakiuja. Kiraca M0S ¢yHkImonana u3mMeHe/kopenamnmje, kao mro je MO05-
2X, nobwjeHa je ONTUMH3AIM]OM TapameTapa (yHKIIMOHANIAa W3MEeHe H (PyHKIIMOHANA

Kopenauuje, ykjbydyjyhu ryctunHy kuHetnuke eHepruje. Jleo Xaptpu-PokoBor pompuHoca
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VKJbYUYEH je y YKyIHY €Heprujy u3meHe. Ha kpajy, xkoHadaH (QyHKIHOHAN neuHHCAH je

CJ'Ie,Z[GhI/IM HU3pa3oMm:

Eggrid = % E)H(F + (1_%)E§FT + EEFT (311)

X je npouenar Xaprpu-®okoBe u3MeHe y XxubpuaHom QyHkuuonany, E enepruja Xaprpu-

®doxkose usmene, Ey ' je DFT enepruja usmene, u EQ' je DFT enepruja kopenanyuje.

CBa m3pauyHaBama y OKBHPY OBE JOKTOPCKE AMCEpTaldje HM3BeJeHa cy nmomohy mporpama
Gaussian 09 [233]. ['eomeTpHje CBUX UCIMTAHUX BPCTa BepU(DUKOBAHE CY aHATM30M HOPMAITHOT
Moza u moTBpheHo je oxcyctBo mMarnHapHux (pexBeHnm. Ypahena je u NBO (enr. Natural
Bond Orbital) ananu3a ucnutuBanux mosiekysia [234]. CBe peakioHe SHTAIIH]e H3padyHaTe cy
Ha Temmeparypu on 298.15 K. Ilpum ontummsanmju y pactBapady kopumhenn cy SMD
conBatannHOHU Mojen (eHr. Solvation Model based on Density) u CPCM (enr. Polarizable

Conductor Calculation Model) mozaen [235, 236].
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3.7.6. OnpehuBame TepMOAMHAMMYKHUX NIapaMeTapa

EnTanmnuja packunama Bese, wiu BDE, ce pauyHa Ha ocHOBY ciieniehe jeqHaunHe:
BDE = H(Ph —O") + H(H") — H(Ph —OH) (3.12)

rae je H(Ph —O") enrannuja dpenoxcunnor pamukana, H(H) je enranmnuja BomoHukosor atoma,

H(Ph —OH) je enranmnuja mojieky/a (GEeHOIHOT jeIUbCHA.
IP ce moxe n3pauyHatu Ha OCHOBY ciieaehe jeqHaunHe:
IP = H(Ph —OH™) + H(e") — H(Ph —OH) (3.13)

rne H(Ph —OH™) mpencraBma eHTanmujy paaukand KaTjoH (EHONHOT jequmema, a H(e)

CHTAJIIH]y €JICKTPOHA.

PDE ce pauyna Ha ocHOBY ciieniehe jeqHaunHe:

PDE = H(Ph —O") + H(H") — H(Ph —OH™) (3.14)
H(H") je enTannuja nmpotoHa.

PA BpenHocT ce pauyHa Ha OCHOBY ciiefiehe jeTHaunHE:

PA =H(Ph—0O") + H(H") — H(Ph —OH) (3.15)
H(Ph —O") je enrannuja GpeHOKCHIHOT aHjoHA.

EnTanmnuja npenoca enextpona (ETE) ce pauyna nomohy crnenehe jeqnaunne:

ETE = H(Ph —0") + H(e") - HPh —0") (3.16)

EnTanmnuje peakinja aHTHOKCHAATHBHUX MEXaHU3aMa y MIPUCYCTBY CIOOOTHUX paJHKaia

M3pavyHarte cy Ha cienehn HaduH.
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Kon HAT wmexanu3ma, BOJOHHKOB aTOM C€ MPEHOCH ca (EHOIHOT jeIUICHha Ha

c71060/1HO paguKaicky Bpery, RO®:
Ph—OH + RO®* — Ph—O* + ROH (3.17)
AHgpe Bpemnoct HAT mexanusma ce u3padyHaBa kopuiithemem creache jeqnaunne:
AHgpe=H(PhO®) + H(ROH) - H(Ph—OH) - H(RO") (3.18)
rae H(PhO®), H(ROH), H(Ph—OH), u H(RO®) npencrasibajy enrannmje GeHOKCHIHOT paauKaa,
MOJIEKyJIa CJI000JHOr pajuKaia AOOMjeHOr IMOocie ancTpakiije aToMa BOJOHHMKA ca (EHOIHOT
JeIMIbEea, M0JIa3HOT (PEHOJIHOT je/Iubeha U CI000IHOT pajiuKajia, HaBEACHUM PEIoM.

[TpBu kopak SET-PT mexanu3ma je Tpancdep jeaHOT eleKTpoHa ca (PEHOTHOT jeIHbeha
Ha Cc1060/HO PATUKAJICKy BPCTY, IIpH YeMy ce Gopmupa heHonnu paaukan kaTjon Ph—OH™ u
onrosapajyhu aHjoH.
Ph—OH + RO®* — Ph—OH"" + RO~ (3.19)
AHp ipBor kopka SET-PT mexanusma ce Moxe u3paduyHaTu Ha cieaehy HauMH:

AHpp= H(Ph—OH"*) + H(RO") - H(Ph—OH) - H(RO") (3.20)

rie H(Ph—OH*") u H(RO") mpencraBibajy eHTaNNMje paguKaa KaTjoHA IIOJNA3HOT (eHOIHOT

JeIMIbema U aHjoHa HacTaJIor o] oAroBapajyher nojgaszHor cio00JHOT pajuKaia.

JIpyru Kopak oBOT MEXaHH3Ma je JeMpPOTOHOBAE pafuKai katjona, Ph—OH™", ca RO

Ph—OH"*+ RO™ — Ph—O" + ROH (3.21)

AHppe ce MOXxe n3padyHaTtu kopuiihemeM cienehe jeqHaunHe:
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AHppe= H(Ph—0") + H(ROH) - H(Ph-OH"") - H(RO") (3.22)

IIpBu xopak SPLET mexaHu3zma je aenpoToHOBame (DEHOTHOT jeaumema ca RO wmim

HEKOM JIpyroM 0azoM. Y 0BOj peakuuju goja3u a0 hopmupama peHokcuaHor anjona, Ph—O

Ph—OH + RO” — Ph-O~ + ROH (3.23)

AHpa ce Moxe u3pauyHatu kopuithemem cienehe jennaunne:

AHpa = H(Ph—0") + H(ROH) - H(Ph—OH) - H(RO") (3.24)

V cnenehem xopaxy jnonasu 10 tpancdepa enekrpona ca Ph—O na RO

Ph-O" +RO® — Ph-O" + RO (3.25)

AHgte ce Moxxe onpenutu momohy jearauune 3.26:

AHere = H(Ph—0") + H(RO") - H(Ph—-O") - H(RO") (3.26)

CrabuaHOCT paaukana je oapeheHa mspauyHaBamem eHepruje crabuimsanuje (AEis),
nomohy jennaunne (3.27), rae ce Ph—OH u Ph—O° oxHoce Ha (eHONHM MOJIEKYT U (EHOKCUIHH

paauKai.

AEis = (H(Ph —O°) + H(Ph—OH)) — (H(Ph —OH) + H(Ph—0")) (3.27)

3.7.7. I'eoMeTpHjCKH NapaMeTPH HCIIUTHBAHUX jeANbCHA

Tab6ena 3.3. M3abpanu CTpyKTPYPHH IMapaMeTpH: Ty KIMHA Be3a 3a MOJIEKyJI TaytHe kucennue (I'A),
panukan katjon (CA™), Hajcrabunanju pamukan (IA-40) u anjon (GA-40") y racy ca M052X u D2-
B3LYP meronama.
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Alyaine Eerfm Eerfgs] TA rA™ TA-40 TA-40
M05-2X D2-B3LYP aug-copvz  M05-2X  D2-B3LYP MO05-2X D2-B3LYP ~ MO05-2X  D2-B3LYP
c)-c2) 1.380 1.390 1394 1.401 1.390 1429 1432 1.404 1410 1.408 1417
c2)-c(3) 1377 1381 1381 1385 1377 1.360 1.368 1371 1376 1372 1376
Cc(3)-c(4) 1.390 1383 1301 1308 1387 1422 1427 1452 1459 1421 1.430
C(3)-0(3) 1372 1371 1.369 1.375 1369 1343 1347 1332 1339 1370 1376
C4)-C(5) 1301 1.380 1301 1.399 1.388 1444 1453 1452 1459 1421 1.430
C(4)-0(4) 1.370 1375 1.360 1.366 1.360 1304 1313 1.244 1251 1279 1.284
C(5)-C(6) 1.376 1.385 1387 1391 1383 1395 1396 1373 1377 1373 1377
C(5)-0(5) 1373 1371 1355 1.361 1.355 1.306 1316 1331 1339 1370 1376
c(6)-c(1) 1.396 1.390 1391 1.398 1387 1374 1384 1.403 1410 1.409 1418
c()-c(7) 1.487 1474 1481 1482 1477 1505 1508 1.489 1491 1.446 1.446
C(7)-0(8) 1317 1315 1347 1358 1347 1327 1336 1.344 1.355 1373 1.388
c(7)-0(7) 1.203 1.229 1.204 1211 1.204 1196 1.204 1201 1.208 1218 1.226
0(3)-H(@3) 0.851 0.820 0959  0.963 0.959 0.963 0.966 0.970 0973 0972 0.975
O(4)-H(4) 0.945 0.820 0963  0.966 0.963 0.974 0976
0(5)-H(3) 0.850 0.820 0963  0.966 0.963 0.969 0972 0970 0973 0972 0975
0(8)-H(8) 0.830 0965  0.968 0.965 0.968 0971 0.965 0.968 0.962 0.966
D(05-H--04) 2328 2176 2217 2175 2.219 2262 2.134 2.179 2.041 2,077
Dy(04-H--03) 2306 2177 2.220 2174 2158 2208
Dy(03-H--04) 2139 2186 2.043 2.080
Dy(04-H--05) 2330
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Yraosu Eerfm EXFF;E%] TA rA™ TA-40 TA-40°
MO05-2X B?I?I_Z\-(P aug-cc-pvtz  MO5-2X B,o'?f{(P MO05-2X BSDLZ;(P MO05-2X  D2-B3LYP
C(1)-C(2)-C3) 1210 1192 1187 1193 118.85 1196 1200 1187 1192 1196 119.9
C(2)-C(1)-C(7) 1180 1182 1170 1173 117.03 1152 1157 1162 1166 1182 1183
C(2)-C(3)-C(4) 1196 1203 1205 1205 12041 11856 11838 1206 1207 1221 1221
C(2)-C(3)-0(3) 1240 1237 125.0 124.6 124.68 1200 1281 1230 1220 1230 1224
C(4)-C(3)-0(3) 1168 1159 1146 1149 114.89 1125 1131 116.4 1172 1149 1155
C(3)-C(4)-C(5) 1193 1202 1204 1200 120.32 1211 1206 1180 1175 1167 116.4
C(3)-C(4)-0(4) 1232 1171 1220 1225 121.84 1223 1228 1211 1213 1217 1218
C(5)-C(4)-0(4) 1174 1226 1176 1175 117.82 116.7 116.6 1209 1212 1216 1218
C(4)-C(5)-C(6) 1210 1203 1198 119.9 119.68 119.3 119.4 1208 1209 1222 1223
C(4)-C(5)-0(5) 1192 1146 1200 120.7 119.63 119.7 1205 1165 1172 1149 1154
C(6)-C(5)-0(5) 1198 1250 1202 119.4 120.28 1210 1201 1227 1219 1228 1223
C(5)-C(6)-C(1) 1193 1190 1187 119.6 119.16 117.9 1186 118.4 1190 1193 119.7
C(6)-C(1)-C(7) 1222 1209 1215 1220 121.60 1212 1217 1202 1208 1217 1221
C(6)-C(1)-C(2) 1197 1209 1215 120.7 121.36 1236 1226 1235 1226 1201 1196
C(1)-C(7)-0(8) 1135 1150 1132 1132 113.40 112.2 1122 1130 1130 1142 1142
C(1)-C(7)-0(7) 1238 1239 1247 124.9 12472 1220 1222 1243 1245 1273 1275
(08-C7-C1-C6)  2.700 0.000 0.000 10,001 0.000 0.000 0.01 0.000 0.000 0.000
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Tabena 3.4. Ogabpanu CTPYKTYpHH apaMeTpH: TyXXIHE Be3a U YTIIOBH 32 jeaumbene 1

EXPZ Monexyn Panuxan xatjon PaguxanA PanguxanB AHOJH A AHOjH B
BoJa |OCH3eH|MEeTaHOoJl| Boaa | OcH3eH | MeTaHoJ | Boaa | OeH3eH | MeTaHosu | Boja | OeH3eH | MeTaHon | Boja | OeH3eH | MeTaHon | Bojga | OGH3eH | MeTaHOJI
0(2)-C(2) 1.316 | 1.344 |1.341| 1.344 | 1.329 1.321 1.329 1.239 | 1.23562 1.239 1.341 | 1.338 1.341 1.267 | 1.253 1.266 1.346 | 1.343 1.346
0(4’)-C4") 1.353 | 1.364 | 1.364 | 1.364 | 1.315 1.318 1.315 1.363 | 1.36297 1.363 1.245 | 1.241 1.245 1.370 | 1.376 1.370 1.278 | 1.263 1.278
N(1)-C(1”) 1416 | 1.411 |1.411| 1.411 | 1.352 1.350 1.352 1.407 | 1.40462 1.407 1.381 | 1.383 1.381 1.408 | 1.400 1.408 1.404 | 1.393 1.403
N(1)-C(7) 1.288 | 1.280 [ 1.279| 1.280 | 1.310 1.316 1.311 1.276 | 1.27446 1.276 1.291 | 1.290 1.291 1.284 | 1.442 1.284 1.282 | 1.285 1.282
C(1)-C(2) 1422 | 1410 [1.410| 1.410 | 1.424 1.431 1.424 1.469 | 1.46967 1.469 1413 | 1412 1.413 1448 | 1.454 1.448 1411 | 1412 1411
C(2)-C(3) 1385 | 1.394 [1.395| 1.394 | 1.396 1.398 1.396 1.455 | 1.45556 1.455 1.394 | 1.395 1.395 1.440 | 1.448 1.441 1.394 | 1.394 1.394
C(3)-C(4) 1.359 | 1.385 [1.384| 1.385 | 1.379 1.376 1.379 1.364 | 1.36421 1.364 1.384 | 1.383 1.384 1.374 | 1.370 1.374 1.387 | 1.388 1.387
C(4)-C(5) 1.391 | 1.396 |1.397| 1.396 | 1.407 1.413 1.407 1.410 | 1.40984 1.410 1.399 | 1.399 1.399 1.407 | 1411 1.407 1.395 | 1.394 1.395
C(5)-C(6) 1.366 | 1.383 [1.382| 1.383 | 1.370 1.365 1.370 1.397 | 1.39496 1.397 1.379 | 1.379 1.379 1379 | 1.378 1.379 1.385 | 1.386 1.385
C(6)-C(1) 1.397 | 1401 [1.401| 1.401 | 1.416 1.421 1.416 1.383 | 1.38471 1.383 1.405 | 1.405 1.405 1.410 | 1.410 1.410 1.400 | 1.399 1.400
C(1)-C(7) 1422 | 1455 |1.454| 1.455 | 1.418 1.409 1.417 1.458 | 1.45723 1.458 1443 | 1.443 1.443 1.448 | 1.442 1.448 1.458 | 1.458 1.458
C(1°)-C(6) 1.380 | 1.396 [1.396| 1.396 | 1.428 1.428 1.428 1.398 | 1.39813 1.398 1419 | 1.418 1.419 1.399 | 1.401 1.399 1.401 | 1.406 1.401
C(1)-C(2%) 1.393 | 1.395 [1.394| 1.395 | 1.429 1.428 1.429 1.398 | 1.39719 1.398 1420 | 1.419 1.420 1.398 | 1.399 1.398 1.404 | 1.409 1.405
C(2))-C(3") 1.373 | 1.389 [1.389| 1.389 | 1.360 1.362 1.360 1.388 | 1.38806 1.388 1.362 | 1.363 1.362 1.391 | 1.392 1.391 1.380 | 1.374 1.380
C(3")-C(4") 1.387 | 1.391 [1.390| 1.391 | 1.419 1.417 1.419 1.392 | 1.39122 1.392 1.452 | 1.453 1.452 1.389 | 1.387 1.389 1433 | 1.443 1.434
C4’)-C(5%) 1.390 1.392 |1.392| 1.392 | 1.417 1.414 1.417 1.393 | 1.39251 1.393 1.451 | 1.452 1.451 1.392 | 1.391 1.392 1430 | 1.437 1.430
C(5°)-C(6%) 1.372 | 1.385 [1.384| 1.385 | 1.359 1.360 1.359 1.384 | 1.38292 1.384 1.361 | 1.361 1.361 1.386 | 1.385 1.386 1.381 | 1.376 1.381
0(4’)-H(4) 0.961 [ 0.960| 0.961 | 0.967 0.965 0.966 0.961 | 0.96025 0.961 0.961 | 0.959 0.961
0O(2)-H(2) 0.993 [0.989| 0.992 | 0.985 0.985 0.985 0.987 | 0.985 0.987 1.000 | 1.003 1.000
Dy (02-H--N1) 1.718 |1.740 | 1.719 | 1.766 1.765 1.766 1.748 | 1.763 1.749 1681 | 1.672 1.681
Yraosu EXPZ Monexyn Panukan katjon PagnkanA PagukanB AHOjH A AHojH B
Boja |OCH3eH|METaHOJ| BoAa | OeH3eH | MeTaHON | Boma | OcH3eH | MeTaHON | Boma | OGH3eH | MeTaHON | Bojga | OCGH3eH | MeTaHOJ | Boja | OCH3EH | METaHOI
C(7)-N(1)-C(1’) | 126.4 | 120.1 |119.9| 120.1 | 1225 122.6 122.5 118.1 | 1183 118.1 121.3 | 121.1 121.3 116.8 | 117.0 116.8 123.1 | 124.8 123.1
0(2)-C(2)-C(1) | 1205 | 121.6 |121.9| 121.7 | 1224 122.4 122.4 1233 | 1233 123.3 122.0 | 122.2 122.0 124.4 | 124.6 124.4 119.0 | 1211 121.2
C(3)-C(2)-C(1) | 118.6 | 119.6 |119.5| 119.6 | 119.3 119.3 119.3 117.0 | 116.8 117.0 1195 | 1194 1195 115.0 | 1145 114.9 119.8 | 119.8 119.8
0(2)-C(2)-C(3) | 120.9 | 118.7 | 118.6| 118.7 | 118.3 118.3 118.3 119.8 | 119.9 119.8 1185 | 122.2 118.5 120.6 | 120.9 120.6 119.0 | 119.0 119.0
C(2)-C(3)-C(4) | 121.3 | 120.1 |120.1| 120.1 | 119.9 119.8 119.9 121.8 | 121.8 121.8 120.0 | 120.1 120.1 123.1 | 123.2 123.1 120.2 | 1204 120.2
C(3)-C(4)-C(5) | 121.0 | 121.0 |121.0| 121.0 | 121.7 121.9 121.7 119.8 | 119.9 119.8 121.2 | 121.2 121.2 121.1 | 1213 121.1 120.7 | 120.5 120.7
C(4)-C(5)-C(6) | 119.0 | 119.1 |119.0| 119.0 | 1191 119.2 119.1 120.6 | 120.6 120.6 119.0 | 119.0 119.0 1179 | 1177 117.9 119.2 | 119.2 119.2
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C(5)-C(6)-C(1) | 121.6 | 121.1 |121.2| 121.1 | 1209 | 1208 120.9 1219 | 1219 121.9 1211 | 1212 1211 123.0 | 123.2 123.0 1213 | 1216 121.3
C(6)-C(1)-C(7) | 120.8 | 119.4 {119.3| 119.4 | 1186 | 1188 118.7 1171 | 1174 1171 119.0 | 119.0 119.0 1152 | 1155 115.2 119.8 | 120.0 119.8
C(2)-C(1)-C(7) | 120.7 | 1215 [121.5| 1215 | 1222 | 1221 122.2 1241 | 123.7 124.1 1219 | 1218 121.9 124.8 | 1244 124.8 1214 | 1214 121.4
C(2)-C(1)-C(6) | 118.6 | 119.1 (119.2| 119.1 | 119.2 | 119.0 119.1 118.8 | 1189 118.8 119.2 | 119.2 119.2 120.0 | 120.1 120.0 118.8 | 1185 118.8
N(1)-C(7)-C(1) | 122.4 | 1219 |122.2| 1219 | 121.7 | 1218 121.7 1249 | 1245 124.8 121.9 | 122.2 121.9 128.4 | 1285 128.4 1214 | 1212 1214
C(2)-C(1°)-C(6’) | 118.6 | 119.1 | 119.0| 119.1 | 119.2 | 1188 119.2 1188 | 118.8 118.8 119.7 | 119.7 119.7 118.1 | 117.8 118.1 117.7 | 1174 117.7
N(1)-C(1’)-C(2°) | 124.0 | 123.0 | 122.8| 123.0 | 1241 | 1246 124.2 123.7 | 123.7 123.7 1233 | 1231 123.2 1232 | 1234 123.2 1249 | 1255 124.9
N(1)-C(1’)-C(6>) | 117.4 | 117.9 | 118.1| 1179 | 116.7 | 116.5 116.7 1175 | 1175 117.5 117.0 | 117.2 117.0 118.7 | 118.7 118.7 1174 | 1171 117.4
C(1")-C(2°)-C(3) 1206 120.4 | 120.4| 120.4 | 120.2 | 1203 120.2 120.6 | 1205 120.6 120.3 | 120.3 120.3 121.0 | 121.0 121.0 121.0 | 121.2 1211
C(2’)-C(3)-C(4’) | 120.4 | 1199 | 1199 1199 | 1196 | 119.7 119.6 1199 | 1199 119.9 121.3 | 1213 121.3 1199 | 120.0 119.9 122.6 | 122.7 122.6
04’)-C(4’)-C(5’)| 117.8 | 1175 |117.5| 1175 | 116.8 | 116.8 116.8 1175 | 1174 1175 121.7 | 1217 121.7 1176 | 117.8 117.7 1228 | 1231 122.8
0(4°)-C(4’)-C(3’)| 123.0 | 122.4 |122.5| 1224 | 1222 | 1223 122.2 122.4 | 1224 122.4 1214 | 1214 121.4 1225 | 1224 1225 1223 | 1223 122.3
C(3’)-C(4’)-C(5’)| 119.2 | 120.1 |120.1| 120.1 | 121.0 | 1209 121.0 120.1 | 120.1 120.1 1169 | 116.8 116.9 1199 | 11938 119.9 1149 | 1146 114.9
C(#4)-C(5°)-C(6’) | 119.9 | 119.7 | 119.8| 119.7 | 119.2 | 119.2 119.2 119.7 | 119.7 119.7 1209 | 121.0 120.9 119.8 | 1198 119.8 122.0 | 121.9 122.0
C(1)-C(67)-C(5’) | 121.3 | 120.7 | 120.8 | 120.7 | 120.8 | 121.0 120.8 1209 | 120.9 120.9 120.8 | 120.8 120.8 121.2 | 1214 121.2 1218 | 1222 121.8
t(C1’-N1-C7-C1)| 176.5 | 177.7 |177.6| 177.7 | -172.1 | -1725 | -1721 | 1788 | 1787 178.8 176.2 | 176.2 176.2 177.0 | 176.7 177.0 178.1 | 180.0 178.1
T (C7-N1-C1°-C6’)| 169.0 | 1455 | 143.4| 1454 | -159.9 | -162.9 | -160.1 | 146.9 | 146.7 146.8 152.2 | 150.5 152.1 139.4 | 1391 139.4 163.4 | 180.0 163.7
7(C6-C1-C7-N1) | -178.9 | 179.8 | 179.4| 179.8 | -179.5 | -179.3 | -179.5 | 165.4 | 164.0 165.4 179.7 | 1795 179.7 175.7 | 176.2 175.7 179.6 | 180.0 179.6
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Tabexna 3.5. Ogabpanu CTPYKTYpHH apaMeTpH: TyXKHHE Be3a U YIIOBH 32 jeUbCHe 7

EXPE4 Monexkyn Panukan katjon PaguxanA PagukanB Anjon A AnjorB
A B BoJia |OCH3CHMETaHOJ| BoJa | OCH3EH | METaHON | BOAa | OCH3eH | METaHON | BoAa | OCH3eH | MeTaHON | Bojaa | OcH3eH | MeTaHON | Bojxa | OCH3EH | METaHOI
C(1’)-C(6’) [1.388| 1.384 | 1.402 |1.401| 1.402 | 1.449 | 1.450 1.449 1404 | 1.410 1.408 1468 | 1.468 1.468 1.407 | 1.411 1.407 1441 | 1.448 1.441
C(1)-C(2) 1.422| 1.420 | 1.410 | 1.409 | 1.410 | 1.427 | 1.426 1.428 1.469 | 1.475 1.474 1412 | 1.412 1.412 1.450 | 1.456 1.450 1412 | 1.414 1.412
C(2)-C(3) 1.403| 1.411 | 1.395 |1.394| 1.395 | 1.397 | 1.395 1.397 1.455 | 1.457 1.456 1.395 | 1.396 1.395 1442 | 1.448 1.442 1.395 | 1.397 1.395
C(6°)-C(5’) |1.377) 1.379 | 1.389 [1.388| 1.389 | 1.399 | 1.402 1.399 1.389 | 1.391 1.389 1.448 | 1.449 1.448 1.386 | 1.386 1.386 1430 | 1.439 1.431
N(1)-C(7) 1.288| 1.284 | 1.280 |1.282| 1.280 | 1.312 | 1.315 1.313 1.275 | 1.276 1.275 1.286 | 1.284 1.286 1.288 | 1.286 1.288 1.280 | 1.279 1.280
C(1°)-C(2) |1.378 1.373 | 1.394 | 1.394| 1.401 | 1.418 | 1.412 1.418 1.397 | 1.399 1.398 1.387 | 1.387 1.387 1.395 | 1.394 1.395 1.397 | 1.398 1.397
C(1)-C(6)
C(4’)-C(5’) |1.401) 1.400 | 1.401 [1.402| 1.394 | 1.418 | 1.420 1.418 1.382 | 1.388 1.385 1.403 | 1.403 1.403 1413 | 1411 1.413 1.399 | 1.398 1.399
C(3)-C(4) 1.369| 1.361 | 1.390 |1.389 | 1.390 | 1.370 | 1.367 1.371 1.390 | 1.386 1.388 1.363 | 1.364 1.363 1.393 | 1.394 1.393 1.381 | 1.376 1.381
O(2)-H(2) [1.359| 1.347 | 1.385 | 1.384 | 1.385 | 1.378 | 1.378 1.378 1.365 | 1.362 1.363 1.363 | 1.383 1.384 1372 | 1.369 1.372 1.387 | 1.386 1.387
0O(6”)-H(6) 0.984 | 0.982| 0.984 | 0.974 | 0.973 0.974 0.990 | 0.986 0.990 1.013 | 1.011 1.013
Dy (02-H--N1) 0.965 | 0.964 | 0.965 | 0.972 | 0.971 0.972 0.976 | 0.976 0.976 0.973 | 0.981 0.974
Dy (06°-H--N1) 1.777 |1.786| 1.777 | 1.860 | 1.859 1.861 1.728 | 1.762 1.730 1.627 | 1.660 1.628
YriaoBu EXPP4 Mounekyn Panukan katjon PaguxanA PagukanB AmHjoH A AnjonB
A B Boja |0eH3eH|MEeTaHOJ| BoAa | OEH3eH | MeTaHON | BoAa | OeH3eH | MeTaHON | Boja | OeH3eH | MeTaHON | Boaa | OeH3eH | MeTaHON | Boxa | OCH3EH | METaHOI
C(6°)-C(1°)-N(1)|117.1| 116.8 | 117.7 | 116.8| 117.7 | 115.7 | 115.2 115.7 118.3 | 1124 112.4 116.3 | 1164 116.3 1144 | 112.7 1144 1155 | 1149 1155
C(2)-C(1)-C(7) [120.9| 120.6 | 121.3 |121.9| 121.3 | 122.1 | 122.8 122.0 1242 | 1235 123.6 1215 | 1215 1215 1248 | 1234 124.7 120.8 | 120.8 120.8
0(6°)-C(6°)-C(1°)(117.3| 117.8 | 117.4 | 1209 | 117.4 | 122.6 | 119.8 116.0 117.7 | 1195 119.1 121.3 | 1164 121.3 118.4 | 118.0 118.4 122.6 | 1229 122.6
0(2)-C(2)-C(1) |121.3| 121.7 | 121.7 |122.0| 121.7 | 116.0 | 1225 122.6 1233 | 1238 123.7 122.0 | 1225 122.0 1245 | 124.6 124.5 121.3 | 1219 121.3
N(1)-C(7)-C(1) [123.2] 122.9 | 121.5 |123.0| 1215 | 121.0 | 123.7 121.0 125.0 | 122.6 122.8 121.6 | 122.0 121.7 1279 | 126.3 1245 120.3 | 120.2 120.3
C(7)-N(1)-C(1°) |127.2| 127.0 | 120.3 | 119.4| 120.3 | 122.7 | 121.3 122.7 117.6 | 124.2 123.6 120.9 | 120.9 120.9 118.8 | 121.2 127.9 1240 | 1253 124.0
C(3)-C(2)-C(1) [116.8| 116.0 | 119.5 | 119.6 | 1195 | 119.2 | 1195 119.2 117.0 | 116.7 116.8 119.4 | 1193 119.4 1149 | 1144 114.9 1195 | 119.2 1195
C(5’)-C(6°)-C(1°)|119.5| 119.1 | 120.2 | 120.2 | 120.2 | 120.6 | 121.0 120.6 120.2 | 1204 120.6 117.1 | 116.9 117.1 121.2 | 1210 121.2 1149 | 1145 114.8
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Tabena 3.6. [ly’)xuHe Be3a, YIIIOBH, U quenapcku yrioBH 3a Cu—1 komrmiekce

Hyxuna Bese (A) Vrao (°) Juenapcku yrao (°)
trans | mempaedapcku trans mempaeoapcku trans mempaeoapcku

N1-C2 1.305 1.305 N1-C2-H3 116.933 117.09397 N1-C2-C4-C6 -1.869 -2.213

C2-H3 1.093 1.093 N1-C2-C4 127.658 127.66553 C4-C2-N1-C12 -179.749 -178.104

C2-C4 1.425 1.425 C2-C4-C6 122.222 123.08847 C2-N1-C12-C13 -121.776 -138.348

C4-C6 1.440 1.440 C5-C7-C10 118.843 121.50799 C2-N1-C12-C14 60.060 44.817

C5-C7 1.375 1.375 C10-C9-H11 | 121.822 116.84043 N1-C12-C13-C15 | -179.380 -177.995

C5-H8 1.086 1.086 C2-N1-C12 116.910 118.8251 N1-C12-C13-H16 -0.283 1.977
C7-C10 : 1.376 1.376 N1-C12-C13 | 119.637 118.82715 N1-C12-C14-C17 178.893 177.950
C9-H11 . 1.083 1.083 N1-C12-C14 | 121.092 122.18654 N1-C12-C14-H18 0.584 1.283
N1-C12 | 1421 1.421 C12-C13-C15 | 120.652 120.82934 C12-C15-C15-C19 1.006 0.409
C12-C13 | 1.400 1.400 C12-C13-H16 : 118.993 118.99816 C12-C13-C15-H20 | -179.752 -179.522
Cl12-C14 | 1.397 1.397 C12-C14-C17 | 120.457 120.51134 C15-C15-C17-H21 | 179.204 177.958
C13-C15 | 1.387 1.387 C12-C14-H18 | 119.587 119.8724 C14-C17-C19-024 | -179.673 179.025
C17-H21 : 1.086 1.086 C13-C15-C19 | 119.872 119.80942 C10-C9-C6-026 179.670 21.036
C7-H22 = 1.083 1.083 C13-C15-H20 | 121.139 121.10334 C2-N1-Cu-N27 99.675 -143.360
C10-H23 : 1.085 1.085 C19-C17-H21 | 120.225 120.17769 C2-N1-Cu-052 10.607 2.637
C19-024 | 1.370 1.370 C17-C19-024 | 122.909 117.29901 C2-N1-Cu-026 -169.396 106.456
024-H25 : 0.963 0.963 C9-C6-026 118.688 126.31858 C2-C6-C28-C32 -0.005 -124.495
C6-026 : 1.290 1.290 N1-Cu-N27 179.996 100.471
C28-H29 | 1.093 1.093 026-Cu-052 | 179.996 95.52
N27-C28 : 1.305 1.305 N1-Cu-052 90.709 143.298

Cu-N 2.001 2.001 N27-Cu-052 89.291 143.45

Cu-O 1.924 1.924 N1-Cu-026 89.292 93.312

N27-Cu-026 90.709 93.272
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Tabena 3.7. [lyxuHe Be3a, yriIOBH, U TUEAPCKH yriaoBu 3a CU—3 KOMIUIEKC

Jyxuna Bese (A) Vrao (°) Juenapcku yrao (°)
trans | mempaedapcku trans mempaeoapcku trans mempaeoapcku
N1-C2 1.301 1.305 N1-C2-H3 116.967 117.049 N1-C2-C4-C6 -2.436 2.179
C2-H3 1.093 1.093 N1-C2-C4 127.540 127.662 C4-C2-N1-C12 -178.642 -179.565
C2-C4 1.429 1.424 C2-C4-C6 122.179 123.008 C2-N1-C12-C13 -137.560 -61.183
C4-C6 1.432 1.440 C5-C7-C10 121.091 121.499 C2-N1-C12-C14 45.610 120.753
C5-C7 1.377 1.375 C10-C9-H11 : 117.003 116.847 N1-C12-C13-C15 | -177.995 -178.713
C5-H8 1.086 1.086 C2-N1-C12 116.978 118.597 N1-C12-C13-H16 1.619 -0.633
C9-H11 : 1.084 1.083 N1-C12-C13 | 121.032 118.846 N1-C12-C14-C17 : 177.869 179.153
N1-C12 : 1.429 1.422 N1-C12-C14 | 119.558 122.065 N1-C12-C14-H18 1.418 0.341
C12-C13 | 1.39% 1.398 C12-C13-C15 | 120.085 120.268 C12-C15-C15-C19 0.426 -0.012
C12-C14 @ 1.396 1.399 C12-C13-H16 ;@ 119.485 119.082 C12-C13-C15-H20 : -179.875 179.263
C13-C15 | 1.39%4 1.390 C12-C14-C17 | 120.095 120.188 C15-C19-C17-H21 | 177.847 179.354
C17-H21 | 1.085 1.085 C12-C14-H18 : 119.078 119.687 C13-C15-C19-026 : -179.522 -178.891
C7-H22 | 1.083 1.083 C13-C15-C19 | 121.185 121.261 C2-N1-Cu-N27 -143.192 -93.981
C10-H23 : 1.085 1.085 C13-C15-H20 : 119.214 119.178 C2-N1-Cu-052 3.243 -11.809
C19-026 : 1.509 1.509 C19-C17-H21 : 119.464 119.488 C2-N1-Cu-026 106.259 168.189
024-H25 @ 1.096 1.093 C17-C19-026 : 121.246 121.232 C2-C6-C28-C32 -0.002 -125.547
C6-052 | 1.289 1.290 C9-C6-026 118.669 118.799
N27-C28 | 1.301 1.305 N1-Cu-N27 179.999 100.363
C28-H29 | 1.093 1.093 026-Cu-052 | 179.998 94.985
Cu-N 2.038 2.002 N1-Cu-052 90.689 93.128
Cu-O0 1.908 1.924 N27-Cu-052 89.311 94.985
N1-Cu-026 89.311 144.307
N27-Cu-026 : 90.689 93.174
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Tabena 3.8. [lyxuHe Be3a, yriIOBH, U TUeAAPCKH yriioBH 3a CU—4 KOMILICKC

Jyxuna Bese (A) VYrao (°) Juenapcku yrao (°)
trans | mempaedapcku trans mempaeoapcku trans mempaedapcKu
N1-C2 1.302 1.305 N1-C2-H3 116.998 117.105 N1-C2-C4-C6 -177.979 -2.504
C2-H3 1.093 1.093 N1-C2-C4 127.516 127.569 C4-C2-N1-C12 -179.235 -178.785
C2-C4 1.428 1.424 C2-C4-Cé6 97.298 123.070 C2-N1-C12-C13 -61.752 45.046
C4-C6 1.432 1.440 C5-C7-C10 121.100 121.500 C2-N1-C12-C14 119.693 -137.807
C5-C7 1.377 1.374 C10-C9-H11 : 117.053 116.844 N1-C12-C13-C15 : -179.198 178.486
C5-H8 1.086 1.086 C2-N1-C12 116.962 118.795 N1-C12-C13-H16 -0.854 1.734
C9-H11 : 1.083 1.083 N1-C12-C13 : 120.739 121.955 N1-C12-C14-C17 179.589 -178.517
N1-C12 | 1.429 1.422 N1-C12-C14 | 119.352 118.486 N1-C12-C14-H18 0.507 -137.124
C12-C13 | 1.395 1.399 C12-C13-C15 | 119.954 120.043 C12-C15-C15-C19 | -179.172 0.445
C12-C14 | 1.396 1.399 C12-C13-H16 | 119.412 119.681 C12-C13-C15-H20 : -179.505 178.181
C13-C15 | 1.395 1.392 C12-C14-C17 : 119.956 120.169 C15-C19-C17-H21 | 179.726 -179.482
C7-H22 | 1.084 1.084 C12-C14-H18 | 119.052 92.279 C13-C15-C19-026 : 179.755 179.631
C10-H23 | 1.083 1.083 C13-C15-C19 | 90.080 120.277 C2-N1-Cu-N27 51.619 -142.736
N27-C28 : 1.085 1.085 C13-C15-H20 : 120.179 120.125 C2-N1-Cu-050 -11.912 3.307
C28-H29 | 1.085 1.084 C19-C17-H21 : 119.594 119.553 C2-N1-Cu-026 168.088 107.414
Cu-N 1.295 1.290 C17-C19-026 : 150.088 120.192 C2-C6-C28-C32 0.002 -124.615
Cu-O 1.093 1.093 C9-C6-050 118.681 118.738
N1-Cu-N27 179.997 100.085
026-Cu-050 : 179.999 95.633
N1-Cu-050 90.767 93.274
N27-Cu-050 89.232 143.671
N1-Cu-026 89.235 100.085
N27-Cu-026 90.767 93.268

154



Tabena 3.9. lyxuHe Be3a, yriIOBH, U TUeAPCKH yriaoBu 3a CU-5 KoMIuieke

Jyxuna Bese (A) Vrao (°) Juenapcku yrao (°)
trans mempaeoapcxu trans mempaeoapcku trans mempaedapcku
N1-C2 1.302 1.306 N1-C2-H3 116.955 117.089 N1-C2-C4-C6 -1.610 -2.037
C2-H3 1.093 1.093 N1-C2-C4 127.600 127.621 C4-C2-N1-C12 179.916 -178.230
C2-C4 1.428 1.423 C2-C4-C6 122.234 123.071 C2-N1-C12-C13 61.364 45.345
C4-C6 1.432 1.441 C5-C7-C10 118.854 121.468 C2-N1-C12-C14 -120.375 -137.893
C5-C7 1.377 1.374 C10-C9-H11 : 117.140 116.864 N1-C12-C13-C15 : 178.929 177.652
C5-H8 1.086 1.086 C2-N1-C12 116.879 118.755 N1-C12-C13-H16 0.531 0.883
C9-H11 1.083 1.083 N1-C12-C13 | 120.832 121.997 N1-C12-C14-C17 | -179.333 -177.699
N1-C12 1.429 1.421 N1-C12-C14 | 119.397 118.571 N1-C12-C14-H18 -0.300 2.141
C12-C13 : 1.395 1.400 C12-C13-C15 | 120.406 120.515 C12-C15-C15-C19 0.844 0.378
Cl2-C14 . 1.397 1.400 C12-C13-H16 : 119.540 119.822 C12-C13-C15-H20 : 179.299 178.201
C13-C15 : 1.395 1.391 C12-C14-C17 . 120.398 120.596 C15-C19-C17-H21 | -179.779 -179.661
Cl7-H21 | 1.083 1.083 C12-C14-H18 | 119.129 119.120 C13-C15-C19-026 | -1.494 178.988
C7-H22 1.083 1.083 C14-C17-C19 | 118.629 118.598 C2-N1-Cu-N27 -74.184 -143.491
C10-H23 | 1.085 1.085 C19-C15-H20 | 119.859 119.812 C2-N1-Cu-050 10.216 2.331
C19-F24 1.357 1.357 C14-C17-H21 | 121.626 121.577 C2-N1-Cu-026 -169.788 106.355
C6-050 : -11.787 1.290 C17-C19-026 | 131.943 118.844 C2-C6-C28-C32 -0.005 -124.377
N27-C28 : 1.302 1.306 C9-C6-026 118.688 118.753
C28-H29 | 1.093 1.093 N1-Cu-N27 179.996 100.519
Cu-N 2.038 2.002 026-Cu-050 : 179.997 95.713
Cu-O 1.908 1.922 N1-Cu-O50 90.740 93.225
N27-Cu-O50 : 89.259 143.306
N1-Cu-026 89.259 143.286
N27-Cu-026 : 90.740 93.220
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Tabena 3.10. {yxuHe Be3a, YII0BHU, U AUEAPATHHA yriioBu 3a CU—6 KOMITIEKC

Jyxuna Bese (A) Vrao (°) Juenapcku yrao (°)
trans | mempaedapcku trans mempaeoapcku trans mempaeoapcku
N1-C2 1.303 1.305 N1-C2-H3 116.986 117.089 N1-C2-C4-C6 -2.826 177.464
C2-H3 1.093 1.093 N1-C2-C4 127.621 127.495 C4-C2-N1-C12 178.752 -178.227
C2-C4 1.428 1.424 C2-C4-C6 122.203 98.833 C2-N1-C12-C13 75.803 46.587
C4-C6 1.431 2.518 C4-C6-C9 117.713 145.380 C2-N1-C12-C14 -132.203 -136.698
C5-C7 1.377 1.374 C5-C7-C10 118.863 121.513 N1-C12-C13-C15 147.933 176.652
C5-H8 1.086 1.086 C10-C9-H11 | 121.764 116.843 N1-C12-C13-H16 -34.387 2.166
C6-C9 1.421 1.426 C2-N1-C12 160.875 118.898 N1-C12-C14-C17 26.428 1.544
C7-C10 : 1.410 1.376 N1-C12-C13 | 131.670 121.138 N1-C12-C14-H18 -0.465 1.166
C9-H11 . 1.084 1.083 N1-C12-C14 | 102.281 118.686 C12-C15-C15-C19 . 179.640 -179.719
N1-C12 : 2.327 1.422 C12-C13-C15 | 119.866 119.793 C12-C13-C15-H20 : -155.590 -177.917
C12-C13 | 1.395 1.398 C12-C13-H16 | 119.197 119.311 C15-C19-C17-H21 | 179.128 -179.584
C12-C14 | 1.395 1.397 C12-C14-C17 | 119.848 119.906 C13-C15-C19-026 : 179.023 -177.431
C13-C15 | 1.391 1.393 C12-C14-H18 : 120.455 120.429 C2-N1-Cu-N27 -80.475 -144.784
Cl17-H21 : 1.084 1.084 C13-C15-C19 | 119.103 119.064 C2-N1-Cu-052 11.522 3.067
C7-H22 = 1.083 1.083 C13-C15-H20 : 119.307 119.396 C2-N1-Cu-026 -168.485 106.728
C10-H23 | 1.085 1.085 C19-C17-H21 | 119.474 119.449 C2-C6-C28-C32 -0.009 -124.970
C15-026 | 1.370 1.368 C17-C19-026 @ 122.305 122.166
024-H25 : 0.963 0.963 C9-C6-052 118.697 118.671
C6-052 = 1.950 1.290 N1-Cu-N27 179.993 100.352
N27-C28 : 1.303 1.305 026-Cu-052 | 179.993 95.838
C28-H29 : 1.093 1.092 N1-Cu-052 90.506 93.233
Cu-N 1.428 1.424 N27-Cu-052 89.494 145.228
Cu-0 3.668 1.421 N1-Cu-026 89.493 141.744
N27-Cu-026 90.507 92.983
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Tabena 3.11. Jly)xune Be3a, yIiOBH, U AUESAPCKA yriioBH 3a CU—7 KOMILIEKC

Jyxuna Bese(A) VYrao (°) Juenapcku yrao (°)
trans | mempaedapcku trans mempaeoapcku trans mempaeoapcku
N1-C2 1.299 1.303 N1-C2-H3 116.940 117.570 N1-C2-C4-C6 11.218 174.146
C2-H3 1.093 1.093 N1-C2-C4 127.364 127.020 C4-C2-N1-C12 -171.458 -179.586
C2-C4 1.435 1.425 C2-C4-C6 122.382 98.522 C2-N1-C12-C13 -107.567 -141.291
C4-C6 1.426 2.519 C5-C7-C10 118.905 121.702 C2-N1-C12-C14 70.814 42.652
C5-C7 1.379 1.374 C10-C9-H11 : 121.638 116.671 N1-C12-C13-C15 : 175.848 -176.592
C5-H8 1.086 1.086 C2-N1-C12 115.854 119.314 N1-C12-C13-H16 2.024 -0.088
C9-H11 . 1.083 1.083 N1-C12-C13 | 121.350 118.189 N1-C12-C14-C17 | -176.796 176.912
N1-C12 | 1.438 1.416 N1-C12-C14 | 118.829 123.058 N1-C12-C14-H18 3.007 0.564
C12-C13 | 1.408 1.408 C12-C13-C15 | 118.859 120.298 C12-C15-C15-C19 1.627 -0.827
Cl12-C14 | 1.397 1.397 C12-C13-H16 : 146.975 146.242 C12-C13-C15-H20 | -178.765 179.498
C13-C15 | 1.396 1.392 C12-C14-C17 : 120.821 121.086 C15-C19-C17-H21 | 179.094 176.063
C17-H21 : 1.083 2.147 C12-C14-H18 : 118.507 118.880 C13-C15-C19-026 -1.845 179.255
C7-H22 = 1.083 1.083 C13-C15-C19 | 120.917 119.761 C2-N1-Cu-N27 -118.037 -136.266
C10-H23 | 1.085 1.085 C13-C15-H20 : 117.691 120.453 C2-N1-Cu-052 -17.902 13.777
C13-024 | 1.358 1.367 C19-C17-H21 | 120.665 147.046 C2-N1-Cu-026 143.899 114.438
024-H25 : 0.985 0.963 C17-C19-026 | 122.264 123.043 C2-C6-C28-C32 -25.262 -130.136
C6-052 = 1.313 1.286 C9-C6-026 118.727 118.728
N27-C28 : 1.303 1.303 N1-Cu-N27 161.229 96.836
C28-H29 | 1.092 1.093 026-Cu-0O52 | 161.616 93.136
Cu-N 2.042 2.019 N1-Cu-052 91.202 92.386
Cu-O 1.913 1.931 N27-Cu-052 : 92.106 150.611
N1-Cu-026 91.404 150.529
N27-Cu-026 : 91.256 92.385
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4. 3BAK/bYUAK
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VY oxBHpYy OB€ aucepTaiyje UCIUTaHe Cy aHTHOKCUIATUBHE OCOOMHE jeTHOT MPUPOTHOT
jenumema (rajlHa KUCelIrHA) W rpyrne cuHTeTucaHux jenumema (Illudose 6aze). Ha ocHoBy
MpUKa3aHuX pesynrata y HamuMm pamoBuma oBe amcepTanmje, MOry ce Hu3BecTd cienechu

3aKJbYUILlH.

AHTHOKCHJIATUBHA aKTHBHOCT (PEHOJIHMX JEIMIbCHA CE TCOPHJCKU Hajuenthe ucmnuryje
aHAJIM30M TEPMOJMHAMUYKHX OCOOMHA OCHOBHOI MOJIEKYJa, paJuKai KaTjoHa, oJaroBapajyhux
panukana u aHjoHa. [lopea oBor HaUMHA UCIUTHBAKA, YBEJCH je M MPUCTYI KOjU Ce 3aCHUBA Ha
eHTtannujama peakiuja nosesanuM ca HAT, SET-PT u SPLET mexanu3muma ranne KucenmHe
ca uzabpanuM paaukanuma (O, , *OH, u CH300"). Haume, ucnurane ¢y AHgpg, AHp, 1 AHpa
BpPEIHOCTH OAroBapajyhMx peaxiuja y pacTBapauMMa pasjiuuuTe mojapHocTH. Pesynrtartu
no0OujeHn Ha OBaj HAuWMH yrnopeheHHM cy ca TepMOAMHAMUYKUM MapaMeTpuma J100HjeHHM
CTaHJapAHOM TpouenypoM. KommapaTuBHa CTynuja aHTHOKCHJIATHBHE AKTUBHOCTH TalHE
KHCEJIMHE je MoKa3aJia Jla OCToje HeKe KoHTpaaukTopHocTu. [Ipema oba mpucrtyna 4-OH rpyna
j€ HajIIoOBOJbHUJE€ MECTO XOMOJMTHUYKOI M XETepoJUTHUKOr packuiama O-H Beze y cBum
ucnutanuM pactBapaunma. SET-PT mexanuzam Huje Moryh peakuMoHM IyT TajHe KUCEIUHE ca
WCIUTHBAaHUM CIIO00THUM paJKaliMa HU y JeTHOM OJ MCIUTHBAHUX pacTBapada. C mpyre
cTpaHe, Hajuemhe KopuinheHa mporenypa 3acHOBaHA Ha TEPMOAMHAMHYKHM IapaMeTprMa
(BDE, IP, u PA) nokasyje na je SPLET mexanu3aMm BepoBaTHHUjU y MOJAPHUM pacTBapaynMma
(Bomu u DMSO-y). V HemonapHom pactBapauy, 6enzeny, HAT u SPLET cy KOMOETHTUBHH
MexaHu3MH. Ha oCHOBY mocTynka 3aCHOBaHOI Ha EHTalNMjamMa peakiyja TajHe KUCEJIWHE ca
n3abpaHuM CJlIO0OJHUM pajuKaliuMa, Moxe ce 3akbyuntu aa je HAT wmexanuszam
HaJBEpOBATHU]U PEAKIIMOHU MYT CaMO y CIIy4ajy peakiifje TaJlHe KHCEIMHE Ca XUIPOKCHIHUM
panukajioM y BOOU. Y HEMOJIAPHUM pacTBapauuma, OeH3eHy W mneHTtuieranoary, SPLET
MEXHH3aM je BepoBaTHHUjU. Takole, pe3ynTaTu ykasyjy Aa He MOCTOJU NMPHUKIAJaH MeXaHU3aM
peaxiuje rajue Kuceiaune ca Oz y Boau. OBU pe3yaraTd MOTY Ja IOCIyXke Kao 1o0pa ocHOBa
3a Jajha MCIHUTUBAWKA, YKBbYYyjyhM © MeXaHMCTHYKAa HCIHUTHBAaKkba aHTHOKCHIATUBHE

AKTUBHOCTHU HOJII/I(I)eHOJIHI/IX jCIII/II-LCI-La.

Jlajbe, y OKBHpY OBE JuCepTallyje, UCIHUTAH je aHTHOKCHUIATUBHU KalalUTeT HEKUX
caMuuianaexugHux u BaHwinHCKuX [lludosux 6aza, kopuimhemeMm eKCIepUMEHTATHUX U

TEOPHjCKUX MeToha. JlBa 0o/ JeceT MCIUTHUBAHUX JeIUIbCHA, JeHa canunmwianaexuada (7) u
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jenna BarwimHCKa (8) Illudosa 6aza, ce Mory cmarpatu 1o0OpMM aHTHUOKCHIAHTHMA. 3a 100py
AHTHOKCHUJIATHBHY aKTHBHOCT OBHX je/IM-EHha OATOBOPHE Cy P-XUAPOKCHIIHA Tpyla y MPCTEHY
A, XKao W XHMIPOKCWJIHA Tpyna y o- monoxkajy npcreHa B. DFT ucnutuBama mokasyjy aa
NPUCYCTBO XHUAPOKCHIHHX TIpyma y onpehenum mnojoxajuma yrude Ha mopact EHOMO,
camxkanajy pasinuky usmehy HOMO-LUMO opb6utana, u Ha Taj HA4MH JONPUHOCE OOJbEeM
AHTUOKCIMAaTUBHOM TIOTCHIIMjaJy OBUX jenumberha. Hucka aktuBHOCT Ilmdoux 6aza 2-6 ce
MOXKE TMPUIUCATH HHTPAMOJIEKYJIICKMM BOJOHUYHHM Be3aMa Koje ce ¢opmupajy usmehy o-
XUIPOKCHIIHUX Tpyma y mpcreHy A u a3zory m3 C=N Bese, ITO y3pOKyje 3HAYAJHO BHIIE
BPEIIHOCTH TEPMOJUHAMUYKHUX ITapaMeTapa OBHX jelibeha. Ha OCHOBY NpHKa3aHHX pe3ylirara,
Moxe ce pehu ga SET-PT mexanuzaM HUje OYEKHMBAH MEXaHU3aM HU Y J€THOM O] UCITUTUBAHUX
pactBapaya. Y monapHoM meaujymy mnpeosnalyje SPLET mexanw3zam, OK Cy y HEMOJApHOM
pactBapauy HAT u SPLET komnerutuBHu MexaHu3mu. ¥Y3umajyhu y 063up na [ludose 6aze 7
u 8 nobpo uHreparyjy ca DPPH panukanom, oBa jenumema ce MOTYy cMaTpaTd J00puM

AHTHOKCHJaHTHUMaA.

Takohe, Teopujcku Cy UCTIMTaHA aHTHOKCHATHBHA cBOjcTBa (penonnux Llngosux 6aza 'y
npucycrsy ‘OH, *OOH, (CH,=CH-0-0"), u “0; paaukana. KopumihemeM TepMOIMHAMAYKHX
Bpennoctd: AHppe, AHpp, AHppe, AHpa, 1 AHgte, anammsupanu cy HAT, SET-PT, u SPLET
MexaHuszaM. AHp BpenHoctu yka3yjy aa SET-PT Huje omepaTuBaH aHTHMOKCHAATUBHU
Mmexanuzam kaj Iludose 6aze pearyjy ca MCIUTUBAaHUM paaukanuma. [IpoMeHOM peakIMOHUX
ycioBa, SET-PT mexanuzam Moxe OWTH JOMHUHAHTaH MEXaHHU3aM, a TO j€ YIpaBoO Clydaj Kajaa
Ce Kao peakTHMBHA YeCTHIla KOPUCTH paJMKall KaTjOH yMECTO pajukana. ¥ oBoM ciyyajy, AHpp
BpPEIHOCTH Cy HIKE o] oaroBapajyhux AHgpe 1 AHpa. Ha ocHOBY n00MjeHUX BPEIHOCTH, MOXKE
ce mnpernoctaButd ga cy SPLET um HAT KoMHEeTUTHMBHM MEXaHM3MM KajJa je ped o
HEeyTpalMcamy XUAPOKCUIIHOT pajuKala y CBUM MCIUTHBaHUM pacTBapaunma. HAT mexanuszam
je IOMMHaHTaH Yy mnosapHuM pactBapaunMa, 1ok SPLET mnpeosnalyje y Oenzeny. [lBa
nepokcwina pamukana, ‘OOH u CH;=CH-0-0’, 3a pasiuky o1 XUIPOKCHJIHOT pajuKaja
pearyjy no SPLET mexanu3my y mojapHUM U HEMOJIAPHUM pacTBapadyuma. JloOujeHu pe3ynraTa
ucnutuBanux Iudosux 6a3a ca cynepokcua aHjoH paJuKaloM Boje J0 3aKkJbyuka aa Hehe nohu

A0 I/IHaKTI/IBaI_[I/IjC OBOI' paKajla y HCIOJApHUM pacTBapadyuma. HpCIICTaB.]T:eHI/I pe3yiTaTu
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omoryhaBajy 100py OCHOBY 3a Jjajba UCTPKHUBaka, HA IPUMED, 32 MEXAaHUCTUIKO HCTIUTHBAHE

aHTHOKcUJAaTUBHUX ocoOuHa IlIndorux 6aza.

OmHOC CTPYKTYpe M aKTHBHOCTH UMILTHIIMPA Ja nojoxkaj OH rpymne uma BeoMa BaXHY
yIOTY Y aHTHOKCHJIATUBHO] aKTUBHOCTU ucnutuBanux (enonmnux Illudosux 6aza. Y crBapw,
caMo jeMbeha ca XUIPOKCUIHUM TpylaMa y opmo- TOJI0XKajy npcTteHa B mokasyjy 3HavajHy
AHTHOKCHUJIATUBHY AaKTHBHOCT. AHalM3a KBaHTUTATUBHOI OJHOCA CTPYKTYpe U aKTHUBHOCTHU
nokasyje na cy BDE BpegHoctu u Opoj CyceIHHUX KHUCEOHUKOBUX aToMa JOOPH JECKPUITOPH

aHTHOKCHIaTHBHE akTUBHOCTH (penonHux ndosux 6a3a.

Taxohe, ucnutan je u uHXUOUTOPKCH MoTeHnMjan (aHTu-LOX moteHumjan) peHomHux
[Indosux Oa3a mpema €H3MMY JIMIOKCUTEHAa3a M HUXOB IUTOTOKCHYHM IOTEHIMja] Hpema
HCT-116 u MDA-MB-231 hemujckum nuaujama. [lokazano ce nma jemumeme 1 mocemyje
HajOoospn aHTU-LOX morenumjan, mok Iludosa 6aza 7 mokazyje HajO0OJbY IHMTOTOKCHYHY
aktuBHOCT Ha HCT-116 henujckum nuHujama. [IpernocraBsba ce Ja je TO mociequna mpupose
oBux hemmja. Haume, HCT-116 henuje cy henuje u3aBojeHe w3 mpUMapHOr Tymopa, JIOK CY
MDA-MB-231 henuje meracrarnuke henmje, u MHOrO cy ormnopHuje. Ha ocHOBY moOujeHmHx
pesynitaTa KOju ykasyjy Ha moBehame MpOM3BOIEC CYNEPOKCH]I aHjOH pajguKaia M HUTPUTA,
MOJKE C€ 3aKJbYUUTH Jla Ce UCIUTUBAHA jeMbemha MoHaIajy kao npookcugantu Ha HCT-116 u

MDA-MB-231 henujckum ITuHMjama.

Cunrerucano je mect xematHux N,O-6Gakap(Il)-komruiekca, a BHUXOBE CTPYKTYpe CY
WUCTIUTUBAHE KOpHUIIhEemeM eKCIepUMEHTATHUX ¢ TEOpHJCKUX MeTojga. Ha  ocHOBy
eKCIepUMEHTAIHUX U TEOPUJCKUX MojaTaka, yrBpheHo je na Cu-1-6 xommiiekcu umajy WiH
trans-kBaipaTHO-TUIAaHAPHY WJIN TETPAaeAapCcKy CTPYKTYpY, AOK Kommiekc Cu-7 3ay3uma camo
trans-kBaapatHo-TUTaHApHY TeoMeTpujy. Takohe, ypahena je In Vitro cryauja mHHXOBE
[IUTOTOKCUYHE, OJTHOCHO MPOOKCUAATUBHE aKTUBHOCTH Ha hesljcKUM JIMHUjaMa KaHIlepa J0jKe U
nebenor 1pesa, kao u 3apaBuM MRC-5 henujama. OBa ucnutuBama cy nokasana na Cu-1, Cu-6,
n Cu-7 KOMIUIEKCH H3a3MBajy 3HauyajaH KaKO OKCHUIATHBHHU, TaKO W HUTPO3ATUBHHU CTpec. Y
nopehemwy ca CisPt, ucnutuanu CU-7 KOMIUIEKC TOKa3yje BUIIN [ATOTOKCHYHH eeKaT mpema
TpetupanuM henujama. OBaj HUTOTOKCHMYHM eQeKkaT ce jaBjba Kao IMocieauia mnosehane

NPOAYKIMje CYNEpOKCHJI aHjOH paJuKala U HUTPUTA, IITO j€ pe3yaTaT IMPOOKCHIATHBHE
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akTUBHOCTH OBUX Komiuiekca. Kommiekcu Cu-3, Cu-4, u Cu-5 nmokasyjy Behu MUTOTOKCHYHH
edekar npema HCT-116 henmujama Hero mpema 3npaBum MRC-5 henmmnjama, noxk Ha MDA-MB-

231 henuje HeMajy HUKaKaB yTHIIA].
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6.1. Buozpagpuja

Jenena DBoposuh je pohena 11.12.1985. rommue y KparyjeBumy. OCHOBHY MHIKOIY
zagpmmia je 2000. rogune y Kparyjesny, a [IpBy kparyjeBauky rumuaszujy 2004. rogune. Ha
[Ipuponno-marematuuku (pakynTeT, CTyAMjcKa rpyna xemuja, YHuBep3utera y Kparyjesiy
yrmucana ce mkoicke 2004/2005. roqune. [J{utuiomcku pan je ongopanwna anpuna 2010. rogune
ca orieHoM 10, a MmeHTOp paza je 6una npodecop ap 3opuna [lerposuh. Ctynuje je 3aBpirmia ca
npoceyHoM oreHoM 8,43. JlokTopcke akajeMcke CTyAdje je 3amouena Ha J[p:kaBHOM
yauBep3utery y HoBom [lazapy (mkoncke 2011/2012. romuue), a HacTaBuia WX HIKOJICKE
2014/2015. ronune Ha llpupomno-maremarnukoM (akynrery y Kparyjesmy (cmep Oprancka

XeMuja).

On O01. mapra 2011. romune 3amocieHa je y McTpakuBauko-pa3BOJHOM ILIEHTPY 3a
ouonnxemepur — buolPLl, y KparyjeBuy, npBo kao MCTpaKuBau-IPUIIPABHUK, a cafa paau
Kao MCTpakMBad-capaJHUK. Y 3Bambe MCTpaXWBad-capajHUK u3abpana je Ha IlpuponHo-

MaTeMaTuakoMm Qakyarery 23. mapra 2016. romune (Omnyka 6p.: 310/ X-1.).

VY nmepuony oxn 01. 06. 2012. no 31. 05. 2013. rogune, Jenena Hoposuh je paguna xkao
UCTPAXHUBAY-IIPUNIPABHUK HAa HMHOBALIMOHOM IPOjeKTy MMHHCTapcTBa HayKe M TEXHOJIOIIKOT
pa3Boja moja HazuBoM ‘“‘Pa3Boj codTBEpCKO-XapJBEpCKOr CUCTEMa 32 OMOMEXaHWYKY aHaU3y
coptucta” (eBuaenimonu Op. 451-03-0065/2012-16/186, pykoBoamman mpod. ap. Henan
Oununosuh). Onx 01. 09. 2013. roguHe ma [0 JgaHac pagd Kao HMCTPAXKUBAY-CapaJHUK Ha
npojekTy MuHHcTapcTBa NpOCBeTe, HayKe W TEXHOJIOMIKOI pa3Boja Penybnuke CpOuje mop
HazuBoM ‘“‘Metoje Mojenupama Ha BHUIIE CKajla ca NpUMeHaMa y OuomenuuuHu (6poj

npojekra: 174028, pykoBoaumnar npod. ap. Mumnom Kojuh).

Jenena bHoposuh je ydyecTBoBana Ha OmiIaTepasHOM MpojeKTy MuUHHUCTapCTBa MPOCBETE,
HayKe U TexHoJoukor pa3Boja Pemybnuke Cpouje uzmely Cpouje u dpaniycke mojx Ha3uBOM
“Pa3B0j TEOPHjCKUX METOJI0JIOTH]ja 3a MPOLEHY aHTUOKCHIATUBHE aKTUBHOCTH MOJIH(EHoa: MyT

Ka MpUMEHaMa y pealHOM KHMBOTY" (pykoBoamial mpod. ap. 3opan Mapkosuh), koju je Tpajao
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oxn 01. 01. 2014. mo 31.12.2015. rogune. TpeHYTHO je YYECHUK Ha OWIIATEPAITHOM IPOjEKTY
MuHucTapcTBa MPOCBETE, HAYKE M TEXHOJIOMKOT pa3Boja Penmybnuke Cpouje nzmely CpoOuje u
XpBarcke noja HazuBoM “HcnuTUBamEe XEMU3Ma M AHTHOKCHUJIATHBHE AKTUBHOCTH KOMJIEKCA
noJIM()EHOHUX jeIUbEeha Ca SCEHIIMjATHUM MeTaliuMa™ KojuM pykoBoau mpod. np CeTiana

Mapxkosuh.

Jenena hBopoBuh 10 caga uma deTpHaecT 00jaBJbCHUX HAYYHUX paJoBa y HAYYHUM
gaconmucuMma o] MehyHapoAHOT 3Hadaja M JBa oO0jaBJbeHA HAy4yHa paja y YacolMHCHUMAa
HAI[MOHAIHOT 3Hayaja, Ka0 M BUIIE CAOMIITCHa HAa HAyYHHUM CKYIIOBAMAa HAI[MOHAIHOT |
mehyHapoaHor kapaktepa. TpeHYTHO ce 0OaBH MCTPaKUBAYKAM pagoM Yy O0JacTH OpraHCKe
XeMHje Y OKBHUPY HCTpaKuBauke rpyme npodecopa np 3opana Mapkosuha u mpodecopke np
3opunie [letpoBuh, W CBH pe3yiTaTH Cy YCMEPEHH Ka pacBET/baBalby AHTHOKCHIATHBHE H

IMPOOKCUAATHBHEC aKTUBHOCTH PA3JIMUUTUX IIPUPOIAHUX U CUHTCTUYIKHUX jGIII/IH)eH)a.

Crpyuno Behe 3a mpupoIHO-MaTeMaTHYKe Hayke YHuBep3utera y Kparyjesiy je
14.12.2016. roaune aoHeno omayky Op. 1V-01-1185/16 o ucnymeHOCTH yClioBa KaHIUaaTa H
HAay4yHO] 3aCHOBAHOCTH TEME JIOKTOPCKE JAWCepTalyje Ioja HacioBoM “McnuTuBame
AQHTUOKCHU/IATHBHE U MPOOKCHIATUBHE aKTUBHOCTH 0/1a0paHUX jenubermha (DeHOTHOT TUMa” KOjy
je ycBojuno HacraBHo-HayuHo Behe IIpuponno-maremarunukor akynrera y Kparyjesuy

oanykom 6p. 1070/XI1-1 nana 30.11.2016. roxuse.

178



6.2. Cnucak nyoiuKko8anHux Hay4Hux paooea

Hayunu padoeu nyoaukoeanu y 8pXyHCKUM yaconucuma meljynapoonoz snavaja (M21)

1. Z. Markovi¢, D. Milenkovié, J. Porovi¢, J. Dimitri¢c-Markovi¢, V. Stepani¢, B. Luci¢,
D. Ami¢: PM6 and DFT study of free radical scavenging activity of morin, Food. Chem.,
(2012) 134: 1754-1760; ISSN: 0308-8146; DOI: 10.1016/j.foodchem.2012.03.124; (IF =
3.6553a2011. roguny).

2. Z.Markovi¢, D. Milenkovié, J. Porovi¢, J. Dimitri¢-Markovi¢, V. Stepani¢, B. Luci¢, D.
Ami¢: Free radical scavenging activity of morin 2'-O-phenoxide anion, Food. Chem.,
(2012) 135: 2070-2077; ISSN: 0308-8146; DOI: 10.1016/j.foodchem.2012.05.119; (IF =
3.6553a2011. ronuny).

3. Z. D. Petrovi¢, J. Porovi¢, D. Simijonovi¢, V. P. Petrovié, Z. S. Markovi¢: Experimental
and theoretical study of antioxidative properties of some salicylaldehyde and vanillic
Schiff bases, RSC Advances, (2015) 5: 24094-24100; ISSN: 2046-2069; DOI:
10.1039/c5ra02134k; (IF = 3.840 3a 2014. roaumny).

4. V. P. Petrovi¢, M. N. Zivanovié, D. Simijonovi¢, J. Porovié¢, Z. D. Petrovi¢, S. D.
Markovi¢: Chelate N,O-palladium(ll) complexes: synthesis, characterization and
biological activity, RSC Advances, (2015) 5: 86274-86281; ISSN: 2046-2069; DOI:
10.1039/c5ra10204a; (IF = 3.840 3a 2014. roauny).

5. Z. Markovi¢, J. Porovi¢, Z. D. Petrovi¢, V. P. Petrovi¢, D. Simijonovi¢: Investigation of
the antioxidative and radical scavenging activities of some phenolic Schiff bases with
different free radicals, J. Mol. Model., (2015) 21: 293; ISSN: 1610-2940; DOI
10.1007/s00894-015-2840-9; (IF = 1.867 3a 2013. roauny).

Hayunu paooeu nyoaiukoeanu y uCmakuHymum 4aconucuma meljynapoonoz snauaja (M22)

1. Z. Markovi¢, D. Milenkovi¢, J. Porovié, J. Dimitri¢-Markovié¢, B. Luci¢, D. Ami¢: Free
Radical Scavenging Activity of Ellagic Acid and Ellagate Anions, Monatsh. Chem.,
(2013) 114: 803-812; ISSN: 0026-9247; DOI: 10.1007/s00706-013-0949-z; (IF = 1.629
3a 2012. roguny).

2. Z. Markovi¢, J. Porovié¢, J. M. Dimitrié-Markovi¢, M. Zivi¢, D. Amié: Investigation of
the radical scavenging potency of the hydroxybenzoic acids and their carboxylate anions,
Monatsh. Chem., (2014) 145: 953-962, ISSN: 0026-9247; DOI 10.1007/s00706-014-
1163-3; (IF = 1.629 3a 2012. roguny).

179



3. J. Porovi¢, J. M. Dimitri¢-Markovi¢, V. Stepanié¢, N. Begovi¢, D. Ami¢, Z. Markovi¢:
Influence of different free radicals on scavenging potency of gallic acid, J. Mol. Model.,
(2014) 20: 2345; ISSN: 1610-2940; DOI: 10.1007/s00894-014-2345-y; (IF = 1.984 3a
2012. roguny).

4. M. Filipovi¢, Z. Markovi¢, J. Porovié, J. Dimitri¢ Markovi¢, B. Luc¢i¢, D. Ami¢: QSAR
of the free radical scavenging potency of selected hydroxybenzoic acids and simple
phenolics, CR Chim., (2015) 18: 492-498, ISSN: 1631-0748; DOI:
10.1016/j.crci.2014.09.001; (IF = 1.71 3a 2014. roauny).

5. J. Porovi¢, Z. Markovi¢, Z. D. Petrovi¢, D. Simijonovi¢, V. P. Petrovi¢, Theoretical
analysis of the experimental UV—vis Absorption Spectra of Some Phenolic Schiff bases,
Mol. Phys. (2017) 1-9, ISSN: 0026-8976;
http://dx.doi.org/10.1080/00268976.2017.1324183; (IF = 1.87 3a 2016. roguny)

Hayunu paooeu nyoauxoeanu y meljynapoonum vaconucuma (M23)

1. Z. Markovi¢, J. Porovié, M. Deki¢, M. Radulovi¢, S. Markovi¢, M. Ili¢: DFT study of
free radical scavenging activity of erodiol, Chem. Pap., (2013) 67:1453-1461,
ISSN:0366-6352; DOI: 10.2478/511696-013-0402-0; (IF = 1.19 3a 2013. roauny).

2. Z. Markovi¢, J. Porovi¢, J. M. Dimitri¢-Markovi¢, R. Bio¢anin, D. Amié¢: Comparative
density functional study of antioxidative activity of the hydroxybenzoic acids and their
anions, Turk. J. Chem. (2016) 40: 499-509; ISSN: 1300-0527; DOI: 10.3906/kim-1503-
89; (IF = 1.098 3a 2015. roauny)

3. D. Milenkovi¢, J. Porovié, S. Jeremi¢, J. M. Dimitri¢c Markovi¢, E. H. Avdovi¢, Z.
Markovi¢; Free radical scavenging potency of dihydroxybenzoic acids, J. Chem-NY.
(2017) 2017; ISSN: 2090-9063 DOI: 10.1155/2017/5936239; (IF = 1.3 3a 2016. ronuny)

4. V. P. Petrovi¢, M. N. Zivanovié, D. Simijonovi¢, J. Porovi¢, Z. D. Petrovi¢, S. D.
Markovié¢, Chem. Pap. 1-9 (2017) ISSN: 0366-6352; DOI: 10.1007/s11696-017-0200-1,
(IF = 1.258 32 2016. roguny).

180



Pegpepenue nayuonannoz nueoa (nyonuxayuje y oomahum yaconucuma):

1. Z. Markovi¢, D. Milenkovi¢, J. Porovié, S. Jeremi¢: Solvation enthalpies of the proton
and electron in polar and non-polar solvents, Journal of Serbian Society for Computational
Mechanics, (2013) 7: 1-9; ISSN:1820-6530. (M52)

2. J. Boposuh, 3. Ilerpouh, 3. MapkoBuh: CuntreTnuka (peHOIHA jeAMH-CHA U HUXOBA
AHTHOKCHUJIaTHBHA aKTUBHOCT, XeMujcku mperien, (2016) 57: 72-78; YU ISSN: 04406826.

(M53)

181



6.3. Ilybaukosanu HayuHu paooeu y KoOjuma cy NPe3eHMOGAHU pe3yimamu O00KmMOpcKe
oucepmauuje

182



J Mol Model (2014) 20:2345
DOI 10.1007/500894-014-2345-y

ORIGINAL PAPER

Influence of different free radicals on scavenging potency of gallic

acid

Jelena Porovi¢ - Jasmina M. Dimitri¢ Markovi¢ -
Visnja Stepani¢ - NebojSa Begovi¢ - Dragan Ami¢ -
Zoran Markovi¢

Received: 21 February 2014 / Accepted: 8 June 2014 /Published online: 26 June 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The M05-2X/6-311++G(d,p) and B3LYP-D2/6-
311++G(d,p) models are used to evaluate scavenging potency
of gallic acid. The hydrogen atom transfer (HAT), sequential
proton loss electron transfer (SPLET), and single electron
transfer followed by proton transfer (SET-PT) mechanisms
of gallic acid with some radicals (OO~, “OH, and CH;00")
were investigated using the corresponding thermodynamic
quantities: bond dissociation enthalpy (BDE), ionization po-
tential (IP), and proton affinity (PA). Namely, the AHppg,
AHpp, and AHp, values of the corresponding reactions in
some solvents (water, DMSO, pentylethanoate, and benzene)
are investigated using an implicit solvation model (SMD). An
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approach based on the reactions enthalpies related to the
examined mechanisms is applied. This approach shows that
a thermodynamically favored mechanism depends on the
polarity of reaction media and properties of free radical reac-
tive species. The most acidic 4-OH group of gallic acid is the
active site for radical inactivation. The results of this investi-
gation indicate that the SPLET mechanism can be a favored
reaction pathway for all three radicals in all solvents, except
for 'OH in the aqueous solution. In water, gallic acid can
inactivate "OH by the HAT mechanism.

Keywords Bond dissociation enthalpy - DFT - Gallic acid -
Proton affinity

Introduction

As substitutes for synthetic antioxidants the phenolics are of
great interest in pharmaceutical, cosmetic, and food industries.
Among this class phenolic acids have an especially important
role (vanillic acid, 2,3-dihydroxybenzoic acid, 2,4-
dihydroxybenzoic acid, and gallic acid (GA)) and are widely
distributed in the plant world, thus having an integral part in
the human diet. Their antioxidative efficiency has been related
to the number of hydroxyl groups in the molecule and also to
their hydrogen atom donating abilities [1].

GA (trihydoxybenzoic acid, Fig. 1) can be found in gall-
nuts, witch hazel, tea leaves, oak bark, etc., both free and as
part of hydrolyzable tannins [1-5]. Due to specific structural
characteristics it displays a tendency to form complexes [6, 7].
GA is commonly used in the pharmaceutical and chemical
industry, as well as foodstuff. Besides being used as a standard
for determining the phenol content of various analytes it is
also used as starting material in the organic synthesis. It also
has great importance and application in medicine acting as an
antioxidant and helping to protect human cells against
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GAl

Fig. 1 The most stable structures of gallic acid and atomic numbering

GA2

oxidative damage. It shows cytotoxicity against cancer cells,
antiallergic, antitumor, antifungal, antiinflammatory, antisep-
tic, antivirus, and antiasthmatic effects. Gallic acid and its
derivates inhibit insulin degradation, and is particularly effec-
tive in treating albuminuria and diabetes, psoriasis and exter-
nal hemorrhoids, coronary heart disease, cerebral thrombosis,
gastric ulcer, snail fever, viral hepatitis, senile dementia, and
other diseases where oxidative stress is involved [8].

Due to its free radical scavenging activity, investigations of
GA have great practical and theoretical importance. The rela-
tionship between the structure of GA and its properties has not
been fully elucidated, but there is some circumstantial evi-
dence that its physiological and antioxidative activity could be
structure-related [9].

Antiradical properties of phenolic acids (PhO-H) are based
on their ability to donate H atom to a free radical. In these
reactions a new radical (e.g., phenoxy radical, PhO") is
formed, which is more stable and less reactive than the previ-
ous one.

The reaction of H atom transfer from PhO-H can obey at
least three different mechanisms [10, 11]: hydrogen atom
transfer (HAT), single electron transfer followed by proton
transfer (SET-PT), and sequential proton loss electron transfer
(SPLET). All three mechanisms are competitive, and depend
on the reaction conditions, as well as on the properties of
solvents and free radicals. Certainly, the net result of all three
mechanisms is the same [12].

In the HAT mechanism, a hydrogen atom is transferred to a
free radical:

Ph—OH —Ph— O +H (1)

HAT mechanism is characterized by the homolytic bond
dissociation enthalpy (BDE) of OH groups. BDE can be
calculated using the following equation:

BDE = H(Ph — O') + H(H') — H(Ph — OH). (2)

H(Ph—OH) is the enthalpy of the parent molecule (phenolic
acid), H(Ph—0O") is the enthalpy of the phenolic acid radical,

@ Springer

H(H') is the enthalpy of the hydrogen atom. A higher BDE
value is attributed to a lower ability for donating an H atom.

In the first step of the SET-PT mechanism a phenolic
compound loses an electron, and yields the corresponding
radical cation Ph—OH™".

Ph—OH — Ph— OH" 4+ ¢~ (3)

This step is characterized by the ionization potential (IP)
which can be calculated as follows:

IP = H(Ph — OH'") + H(e™) — H(Ph—OH) (4)

H(Ph—OH™) and H(e") are the enthalpies of the radical
cation and electron, respectively.

The second step of this mechanism is deprotonation
of Ph—OH™":

Ph—OH" - Ph—-O +H" (5)

This reaction step is characterized by proton dissociation
enthalpy (PDE) of O—H bonds. PDE can be calculated using
the following equation:

PDE = H(Ph— O") + H(H") — H(Ph — OH'"), (6)

where H(H") is the enthalpy of proton.

The first step in the SPLET mechanism [11, 13] is depro-
tonation of the parent molecule, followed with the phenoxide
anion Ph—O" formation:

Ph—OH —Ph— 0O +H" (7)

This step is described by proton affinity (PA) of the phen-
oxide anion. PA can be calculated by means of the following
equation:

PA = H(Ph— O") + H(H") — H(Ph — OH) (8)

where H(Ph—O") is the enthalpy of Ph—O . The phenoxide
anion further loses an electron:

Ph—-O - Ph—-0 +e (9)

This step corresponds to electron transfer enthalpy (ETE)
which can be calculated according to the following equation:

ETE=H((Ph-O")+H(e )-H(Ph—-0) (10)

The values for solvation enthalpies of the proton and elec-
tron were taken from literature [13—15].

The aim of this paper is to study radical scavenging activity
of GA using two DFT functionals. In the first part of this
investigation, reaction enthalpies of the individual steps
(BDE, IP, PDE, PA, and ETE) of all three mechanisms are
used to provide insight into the preferred mechanism. In the
second part, the influence of different radicals and solvents to
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all three free radical scavenging mechanisms (HAT, SET-PT,
and SPLET) is investigated.

Computational details

The equilibrium geometries of gallic acid, radical cation of
gallic acid, and corresponding radicals and anions were fully
optimized by the hybrid density functional method (M05-2X),
developed by the Truhlar group [16], and 6-311++G(d,p)
basis set, [17] implemented in the Gaussian 09 package [18].
This functional also yields satisfactory overall performance
for the main group thermochemistry and thermochemical
kinetics, as well as organic, organometallic, biological, and
noncovalent interactions. The M05-2X functional has been
successfully used by independent authors [19-23]. In addi-
tion, this functional nicely reproduces nonplanarity of the
dihedral angle between rings B and C in morin and quercetin
[21, 24].

Another successful approach, originally developed by
Grimme and called DFT- D [25], can be efficiently coupled
with any existing DFT-based method. All B3LYP-D2 calcu-
lations have been carried out by using a Gaussian 09 program
package [18]. According to Grimme [26] and Bayach et al.
[27] an atom-atom additive damped empirical potential of the
form -flR)C¢/R® was used to include long-range dispersion
contributions to the computed DFT total energy and gradients
at the B3LYP [28, 29] level of theory:

EgsLyp-p2 = EBsLyr—Episp,

where Epp, is the empirical term.

The geometries of all species obtained in this way were
verified by normal mode analysis to be minima on the poten-
tial energy surface. No imaginary frequencies were obtained.
The NBO analysis [30, 31] of GA1 was performed using the
MO05-2X density matrix. All reaction enthalpies were calcu-
lated for 298.15 K.

It has been pointed out that the hydrogen-bond-accepting
and anion-solvation abilities of solvents significantly influ-
ence antioxidative capacity of phenolic compounds [11].
Medina et al. [32] concluded that addition of explicit solvent
molecules was not advantageous over continuum solvation
models. Bearing these facts in mind, we applied a SMD
solvation model [33] to approximate the influence of water,
benzene, DMSO, and pentylethanoate as solvents, i.e., to
mimic aqueous and lipid environments. The SMD is a con-
tinuum solvation model based on the quantum mechanical
charge density of a solute molecule interacting with a contin-
uum description of the solvent. “D” in the model name stands
for “density” and denotes that full solute electron density is
used without defining partial atomic charges.

To determine the preferred relative positions of the three
OH groups, the conformational space of GA was investigated
as a function of torsional angles (Fig. 1). The effects of the
following torsion angles rotations were studied: H-O3-C3-C4,
H-04-C4-C5, and H-O5-C5-C6.

Results and discussion

The two most stable rotamers of GA (GA1 and GA2) obtained
by the conformational analysis are presented in Fig. 1. Table 1
shows that the energy differences between GA1 and GA2 in
all solvents are negligible. The interconversion barriers be-
tween the two minima of 28.4, 27.7, 31.0, and 25.9 kJ mol !
in pentylethanoate, water, benzene, and DMSO, respectively,
show that conformational interconversion takes place easily at
room temperature. It is worth mentioning that Nsangou [34]
has found, using the B3LYP/6-31++G* method, that the
rotamer GA1 is the most stable structure with the planar
geometry. In the text that follows we will be focused on the
GA1 conformation.

If we compare the calculated values for the bond lengths,
bond angles, and dihedral angles with the experimental values
(Table S1), it is clear that both theoretical methods satisfacto-
rily reproduce them. Although both theoretical models quali-
tatively produce the same results the values of the thermody-
namic parameters calculated using the B3LYP-D2 functional
are mainly lower. For this reason, all further discussion will
refer to both used methods.

The structure of GA1 is planar and has two internal hydro-
gen bonds (IHBs): O4-H4:-O3 and O5-H5--O4. The NBO
analysis of GA1 reveals that the lone pair—antibonding orbital
interactions between the oxygens and adjacent O-H bond are
responsible for the IHBs formation. Namely, it is found that
the charge transfer from the lone pair on O3 (2p orbital) to the
o* antibonding O4-H4 orbital, and from the lone pair on O4
(2p orbital) to the o* antibonding O5-HS orbital are favorable
donor-acceptor interactions. The conformations without IHBs
are less stable with respect to the absolute minimum GA1.

Radicals, radical cation, and anions of gallic acid

Homolytic cleavage of the O-H bonds in GA1 leads to the
formation of three radicals (Fig. S1). The corresponding BDE
values are given in Table 2. The BDE value is always lowest
for the 4-OH group. The radical O4R (Fig. 2) is stabilized by
two hydrogen bonds. Since no experimental values are avail-
able for GA, the obtained BDE values are compared to other
theoretical values for water and benzene. The BDE values for
GA1 obtained in this paper are often smaller than those
obtained with B3LYP for GA1 (344.3 and 334.6 kJ mol ',
in water and benzene), phenol (406.4 and 382.8 kJ mol ),
cyanidine (376.6 and 365.6 kJ mol "), resveratrol (368.8 and
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Table 1 Relative energies for

gallic acid rotamers (kJ mol ') in Rot AE  AH AG AESMP AHMP AGSMP

water (W), benzene (B), and

DMSO (D) with regard to PE PE PE W B D W B D W B D
pentylethanoate (PE). Calcula-

tions were performed at the M05- GA1 0.00 0.00 0.00 —24.3 8.8 —5.1 —24.5 8.6 -5.0 -23.7 9.0 5.4
2X/6-311++G(d,p) level of theory  GA2 0.1 04 -03 256 91 -53 252 94 50 260 87 —57

356.2 kJ mol "), and caffeic acid (359.9 and 342.52 kJ mol ")
[35].

The SOMOs and natural spin densities for all radicals are
inspected (Figs. 2 and S1), as they successfully represent
electron delocalization, and thus, the stability and reactivity
of phenolic radicals [36]. Figures 2 and S1 show that the
unpaired electron is mainly delocalized over the oxygen
which suffered hydrogen abstraction, and ortho and para
carbon atoms (O3, C2, C4, and C6 in OR3; 04, C1, C3, and
C5in OR4; and O35, C2, C4, and C6 in ORS5). The spin density
value on O4 in O4R is smaller than the values on O3 and O5
in the corresponding radicals. In addition, only OR4 radical
can additionally delocalize its unpaired electron over two
adjacent OH groups, 30H and 5OH (Fig. 2). Therefore, it is
confirmed that this radical is more stable in comparison to
O3R and O5R.

By an electron loss GA1 yields the corresponding radical
cation. The IP values for GA1 in all solvents are presented in

Table 2. The IP values of GA1 in water and benzene are
often smaller than to those of caffeic acid (572.2 and
664.2 kI mol "), cyanidin (583.7 and 797.7 kJ mol "),
epicatechin (540.9 and 634.6 kJ mol '), and resveratrol
(519.6 and 592.0 kJ mol ") [35]. It should be noted that
the IP values for GA1 obtained in this paper are smaller
than those obtained with B3LYP (580.3 and
687.8 kI mol™') in water and in benzene [35]. The IP
values of GA1 in both aprotic and protic polar solvents
are significantly lower (by about 100 and 150 kJ mol ")
than the value in benzene. This finding is obviously a
consequence of the stabilization of the radical cation in
the polar solvents.

Our investigation shows that the spin density and
positive charge of the GA1 radical cation are
delocalized over the benzene ring (C1, C4, and C5)
and oxygen atoms of hydroxyl groups O4 and OS5
(Fig. 3 and Fig. S2). The highest spin density and

Table 2 Calculated parameters

of antioxidant mechanisms for M052X B3LYP-D2
gallic acid in kJ mol ™
HAT SET-PT SPLET HAT SET-PT SPLET
BDE 1P PDE PA ETE BDE 1P PDE PA ETE
Water
532 471
3-OH 365 13 129 417 341 21 131 361
4-OH 346 -6 109 418 322 1 110 362
5-OH 364 13 129 417 340 20 131 360
Pentylethanoate
612 573
3-OH 352 6 240 377 329 8 235 346
4-OH 328 -19 212 381 305 -17 205 351
5-OH 351 5 240 376 328 6 235 344
DMSO
587 535
3-OH 354 =79 83 425 330 -69 86 380
4-OH 331 —-103 57 427 307 -93 59 384
5-OH 353 —80 83 424 329 =70 87 378
Benzene
682 656
3-OH 351 78 399 361 328 62 374 343
4-OH 326 52 367 368 303 36 341 351
5-OH 350 76 398 361 327 60 374 342
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Fig. 2 SOMOs of the gallic acid

radicals %\ o
.

SOMO-30

positive charge values are located on C4. This suggests
that proton transfer is slightly easier from the 4-OH
than from 3-OH or 5-OH groups. This assumption is
supported by the PDE values (Table 2), since the
smallest PDE value, in all solvents, corresponds to H4.

The calculated PA values of all OH groups in GAl
(Table 2). The PA value is always lowest for the 4-OH
group, indicating that proton transfer from the 4-OH
group is easier than from the other two OH groups.
Significantly lower PA values in polar solvents are a
consequence of the interactions of OH groups and an-
ions with the solvent molecules. The charge density of
all anions is presented in Fig. S3. As mentioned above,
the most stable anion is obtained by deprotonation of
the 40H group. In O4A the negative charge is
delocalized over O4, Cl1, C2, and C6 atoms of the
aromatic ring, which contributes to the stability of the
anion. The formation of two hydrogen bonds with the
hydrogen atoms of the neighboring OH groups addition-
ally contributes on the stability of the anion.

Fig. 3 The natural spin density
distribution in the gallic acid
radical cation in water (/eff) and
pentylethanoate (right)

SOMO-50°

Free radical scavenging mechanisms of gallic acid

Reaction enthalpies related to three mechanisms of free radical
scavenging activity of GA (HAT, SET-PT, and SPLET) were
calculated according to equations listed above using two DFT
methods. The species necessary to perform these calculations
were generated from the most stable conformation of GA
(rotamer GA1).

Preferred mechanism of antiradical activity of phenolics
can be estimated from the BDE, IP, and PA values [10, 37, 38].
The lowest of these three values shows which mechanism is
thermodynamically more favorable. One of the prerequisites
for a phenolic to be an antioxidant is stable phenoxyl radical
that is formed after scavenging [39]. The antioxidant action of
GAL is also related to phenoxyl radicals (obtained after H-
atom transfer). Rotamer GA1 shows planar conformation that
allows extended unpaired electron delocalization and conse-
quential stability.

From Table 2, it is clear that in pentylethanoate, water, and
DMSO, PAs of OH groups of GA1 are significantly lower
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than the corresponding BDE and IP values. This indicates that
SPLET mechanism represents the most probable reaction
pathway in polar solvents as well as in non polar solvent
pentylethanoate to mimic lipid bilayer. In nonpolar solvent,
benzene, the calculated BDE and PA values are significantly
lower than IP. Mutual relationship between the BDE and
PA values shows that HAT is the predominant mecha-
nism in benzene. Since the IP values are higher in
comparison to BDEs and PAs in all media, SET-PT is
not the preferred mechanism. The obtained values for
BDE, PA, and PDE confirm that the 4-OH group is the
most reactive site of GAL.

Antioxidative mechanisms of gallic acid with different free
radicals

The scavenging mechanisms of different antioxidants are
highly influenced by the properties of the scavenged radical
species [40, 41]. Reaction enthalpy is a quantity that can
successfully contribute to the understanding of these process-
es. A direct approach to estimate the AH of a reaction is to
apply the fundamental thermodynamic relationship, i.e., to
subtract the enthalpy of reactants from the enthalpy of prod-
ucts. If the reaction is exothermic, it means that the
newly formed radical is more stable than the starting
one, implying the reaction path is favorable. Otherwise,
if the reaction is endothermic, the reaction path is not
favored, because the newly formed radical is less stable
than the starting one.

Equations 1, 3, 5, 7, and 9 are not based on the type of
radical that reacts with polyhydroxyphenol. To be able to
examine the influence of specific free radicals to an
antioxidaitive mechanism, the reactive particle RO" needs to
be introduced. In the present paper this particle represents
superoxide radical anion, hydroxyl radical, and methyl
peroxyl radical.

In the HAT mechanism, the hydrogen atom is transferred
from phenolic compound to the free radical RO™:

Ph — OH + RO" — Ph — O" + ROH (11)

AHgpg for the HAT mechanism can be calculated using
the following equation:

AHpgpg = H(PhO') + H(ROH) — H(Ph — OH) — H(RO"),
(12)

where the H(PhO"), HROH), H(Ph—OH), and H(RO") are the
enthalpies of the phenolic radical, molecule obtained after
hydrogen atom abstraction from the phenolic compound,
starting phenolic compound, and free radical species, respec-
tively. Lower AHppg values can be attributed to a greater
ability of phenolic compound to donate a hydrogen atom to
RO’ species.

@ Springer

The first step in the SET-PT mechanism is transfer of an
electron from phenolic compound to free radical species,
yielding the phenolic radical cation Ph—OH"" and correspond-
ing anion.

Ph— OH + RO" — Ph — OH'" + RO (13)

AH;p for the first step of the SET-PT mechanism can be
calculated as follows:

AHp = H(Ph— OH™") + H(RO") — H(Ph — OH) — H(RO"),
(14)

where the H(Ph—OH™") and H(RO") are the enthalpies of the
radical cation of initial phenolic compound and anion gener-
ated from the corresponding initial free radical.

The second step of this mechanism is deprotonation
of Ph—OH™ by RO :

Ph— OH'" + RO™ — Ph— O" + ROH (15)

AHppg can be calculated using the following equation:

AHppg = H(Ph — O') + H(ROH) — H(Ph — OH'") — H(RO")

(16)

The first step in the SPLET mechanism is deprotonation of
phenolic compound by RO or other base. The outcome of
this reaction is the formation of the phenoxide anion Ph—O:

Ph— OH+RO — Ph— O + ROH (17)

AHp, can be calculated as follows:

AHp, = H(Ph — O") + H(ROH) — H(Ph — OH) - H(RO")

(18)

In the next step electron transfer from Ph—O~ to RO’ takes
place:

Ph— O +RO" — Ph— O + RO (19)

AHgrg can be determined by the equation:

AHgg = H(Ph— O') + H(RO") — H(Ph — O7) — H(RO")
(20)

Reaction enthalpies of GA1 and three radicals: superoxide
radical anion (T"O,), hydroxyl radical ("OH), and lipid peroxyl
radical, here represented by MeOO", related to three mecha-
nisms of free radical scavenging activity (HAT, SET-PT, and
SPLET) are calculated by both DFT methods. We selected
these three radicals because they are among the most impor-
tant radicals in food chemistry. The enthalpies of the reactions
of these three radicals with GA1 are presented in Table 3.
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The preferred mechanism of antiradical activity of GA1
can be estimated from AHgpg, AHp, and AHp, values.
Namely, the lowest of these values indicates which mecha-
nism is favorable.

The enthalpies for the reactions of “"OH and CH;00" with
GA1 show that these reactions are exothermic in all solvents.
On the basis of the values in Table 3 it is clear that only the
reaction of ‘OH with GA1 in water solution is consider-
ably more exothermic when it obeys the HAT mecha-
nism than when it takes place via the SPLET mecha-
nism. On the other hand, when CH3;0Q0" reacts with
GA1 in the aqueous medium AHp, value is smaller
by 46 kJ mol ' than AHgpg. The change of the solvent
polarity considerably influences the enthalpy of these reac-
tions: AHp, values decrease with the decreasing solvent po-
larity, while AHgpg values remain almost constant. All these
facts indicate that SPLET is the prevailing mechanism in non-
polar solvents, and HAT is favorable in water. Both mecha-
nisms are competitive in DMSO.

In the case of the superoxide radical anion in water
solution the reactions representing all three mechanisms
are endothermic (Table 3). Thus, the newly formed radical
is less stable than the starting one. As the dielectric
constant of the solvent gets smaller, the AHp, values
decrease and the corresponding reactions become more
exothermic. On the other hand, the AHypg values take
positive, almost identical, values in all solvents. These
facts indicate that the SPLET mechanism is dominant in

DMSO, benzene, and pentylethanoate, whereas water is
not a favorable medium for any reaction of the superoxide
radical anion with GA1.

It is well known that when the reactants or products are
ionic species, the polarity of the solvent has a significant effect
on the reaction course. Bearing this in mind it is clear why the
AHgpg values are almost constant for the certain radical in all
the solvents under investigations. In the first step of SPLET
mechanism decreasing the solvent polarity results in less
stability of the reactants, and consequently leads to the
AHp, decrease. The main reason for this lies in the fact that
the reactive species (HO™, CH3007, and ‘OO0 ") are smaller
and more polar than GA1, meaning that more solvent mole-
cules surround and additionally stabilize them. With decreas-
ing polarity of the solvent the stability of the reactive species
decreases, which directly contributes to the increase of the
enthalpy of the reactants. The influence of solvent polarity to
the second step of SPLET mechanism also has to be analyzed.
Since the stability of the newly formed anions (RO ) de-
creases with the decreasing solvent polarity, the stability of
the products also decreases with the decreasing solvent polar-
ity. This is the main reason which made the reaction more
exothermic, i.e., the increase of the AHgrg in less polar
solvents.

The AH;p values reveal that SET-PT is not an operative
antioxidative mechanism under these conditions. Moreover,
the stability of the radical cation decreases with the decreasing
solvent polarity.

Table 3 Calculated reaction enthalpies (kJ mol ") for the reactions of GA1 with superoxide radical anion, hydroxyl radical, and methyl peroxy radical

MO05-2X D2-B3LYP
HAT SET-PT SPLET HAT SET-PT SPLET
Gallic acid AHppg AHp AHppg AHpp AHgtg AHgpg AHyp AHppg AHpy AHgrg
Water ¢=78.35
GAOH-4+"OH -159 57 -216 -101 —58 -176 29 —206 =97 -80
GAOH-4+CH;00° -18 160 -178 —64 46 =31 139 -170 —61 30
GAOH-4+ 00" 48 311 —263 9 39 32 284 —252 11 21
DMSO £=46.83
GAOH-4+"OH -162 172 —334 -174 12 —180 137 -317 -165 -14
GAOH-4+CH;00° -14 270 —284 —124 120 —28 242 —270 -118 90
GAOH-4+00" 71 547 —475 -32 103 53 506 —453 —29 82
Pentylethanoate ¢=4.73
GAOH-4+"OH —163 266 —429 —198 35 —180 231 —411 -190 9
GAOH-4+CH;00° -18 356 -374 —143 126 -32 328 -359 —138 106
GAOH-4+00" 70 733 —663 =51 121 52 691 —639 —48 100
Benzene ¢=2.27
GAOH-4+"OH —164 378 —543 —228 63 —181 344 —525 —220 38
GAOH-4+CH;00° -22 459 —481 -166 144 -35 430 —465 -160 125
GAOH-4+'00" 70 957 —887 =73 143 52 914 —863 =72 123
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Conclusions

Antioxidative activity of phenolic compounds is usually exam-
ined by analyzing the thermodynamic properties of the parent
molecules, the corresponding radicals, radical cations and an-
ions. In this paper a new approach, based on the enthalpies of
the reactions related to the HAT, SPLET, and SET-PT mecha-
nisms of gallic acid with some radicals ((OO™, "OH, and
CH;00"), is introduced. Namely, the AHgpg, AHp, and
AHp, values of the corresponding reactions in the solvents of
different polarity are examined. The so-obtained results are
compared to those obtained by using standard procedure.

In the comparative study of antioxidant activity of GA1 the
obtained results are to some extent contradictory. According
to both approaches the 4-OH group is the most favorable site
for homolytic and heterolytic O-H cleavage in all solvents. In
addition, the SET-PT mechanism is not a suitable pathway for
the reactions of GA1 with all three radicals and all solvents.

On the other hand, the common procedure based on the
thermodynamic properties (BDE, IP, and PA) show that the
SPLET mechanism is more probable in water and DMSO
(polar solvents) and in pentylethanoate. In nonpolar solvent,
benzene, HAT, and SPLET are competitive mechanisms.

One may conclude, on the basis of the procedure based on
the assessment of the reaction enthalpies of GA1 with selected
radical species, that the HAT mechanism is the preferable
reaction pathway only for the reaction of GA1 with "OH in
water. In nonpolar solvents, benzene and pentylethanoate, the
SPLET mechanism is more favorable. It may also be conclud-
ed that there is no mechanism suitable for the reaction of GA1
with ~O, in water. The results of the approach presented here
can provide a fruitful field for further investigations, including
mechanistic studies of the antioxidant activity of polyphenolic
compounds.
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Introduction

Schiff bases are compounds that were first obtained in the
condensation reactions of aromatic amines and aldehydes
(1864)." They are also known as imines or azomethines.> A wide
range of these attractive compounds, with the general formula
RHC=N-R1 (R and R1 can be alkyl, aryl, cycloalkyl or hetero-
cyclic groups), have been synthesized to date. Schiff bases are of
great importance in the field of coordination chemistry because
they are able to form stable complexes with metal ions.* The
chemical and biological significance of Schiff bases can be
attributed to the presence of a lone electron pair in the sp”
hybridized orbital of the nitrogen atom of the azomethine
group.* These imines are used in the fields of organic synthesis,
chemical catalysis and analysis, medicine, pharmacy, as well as
other new technologies.” The antitumor, antiviral, antifungal
and antibacterial properties of these compounds means they
have found applications in medicine and pharmacy.® Due to
these biological properties, Schiff bases are used as basic
materials for the synthesis of many drugs.” It has also been
reported that Schiff bases of salicylaldehydes show some anti-
microbial activity.®
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and computational results, compounds 7 and 8 exhibit the highest radical scavenging properties.

The ability to scavenge free radicals is a common feature of
phenolic compounds. Antioxidative activity of phenolic Schiff
bases (SB-OH) is directly related to their ability to release
hydrogen atoms. A few different mechanisms of free radical
scavenging are known: hydrogen atom transfer (HAT), single
electron transfer followed by proton transfer (SET-PT), and
sequential proton loss electron transfer (SPLET).° All these
mechanisms have the same net result, i.e. the formation of
corresponding phenoxy radical.*

HAT mechanism is the only one which consists of one step in
which hydrogen atom is transferred to free radical.**

SB-OH — SBO" + H (1)

SET-PT and SPLET mechanisms consist of two steps. In SET-
PT mechanism, the first step is characterized by process in
which one electron is lost and radical cation is created, whereas
in the second step radical cation is deprotonated and corre-
sponding radical is formed.***?

SB-OH — SB-OH'" + e~ (2.1)
SB-OH* — SB-O" + H* (2.2)

In SPLET mechanism, the first step is deprotonation of
parent molecule. In the second step the anion formed loses an
electron and corresponding radical is formed."™

SB-OH — SB-O~ + H" (3.1)

SB-O" — SB-O" + ¢~ (3.2)

This journal is © The Royal Society of Chemistry 2015
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These mechanisms are described by thermodynamical
parameters: bond dissociation enthalpy (BDE) related to eqn
(1), ionization potential (IP) related to eqn (2.1), proton disso-
ciation enthalpy (PDE) related to eqn (2.2), proton affinity (PA)
related to eqn (3.1), and electron transfer enthalpy (ETE) related
to eqn (3.2).

It is known that some phenolic Schiff bases act as effective
antioxidants and potential drugs that can prevent disease
caused by free radical damage."* However, the antioxidative
activity of this class of polyfunctional compounds deserves
further investigation. Also, further advance in analysis of their
structure-activity relationship, particularly how the position of
the hydroxy group effects the reactivity of these phenolic
compounds towards radicals is needed. In this sense, we put
under consideration some salicylaldehyde and vanillic Schiff
bases using experimental and theoretical tools.

The first part of this work is devoted to investigation of
antioxidative capacity of ten phenolic Schiff bases, depending
on substitution on the both phenyl rings - aldehyde and
aniline. To fulfil this, DPPH assay is selected as method. Choice
was made due to its well-known application in determination of
the antioxidative activity of compounds,* and due to fact that it
can be used in prediction of activity against reactive oxygen
species present in the living cells.*

Polarity of solvents plays significant role and specifies which
mechanism to overcome. Bearing in mind this, further impor-
tant aim of this paper was to estimate the solvent effects to the
reaction enthalpies. To complete this, water and methanol were
used as polar, whereas benzene was used as nonpolar solvent.
To our best knowledge, this type of compounds, which can be
considered as imine analogues of good antioxidant resveratrol,
has not been subjected to this kind of study.

Results and discussion

In the reaction of aldehyde (salicylaldehyde or vanillin) and
aromatic amine (aniline, 4-fluoroaniline, 4-nitroaniline, tolui-
dine, 2-hydroxyaniline, 3-hydroxyaniline or 4-hydroxyaniline) in
methanol, a series of ten Schiff bases was synthesized (1-10,
Fig. 1), wherein compound 10 is newly synthesized. The selec-
tion of these compounds was based on their structural char-
acteristics, such as positions of hydroxy and methoxy groups in
rings A and B.

DPPH test

All of the obtained compounds were subjected to evaluation of
their antioxidative activity in DPPH test, Tables 1 and S1 ESL. It
was found that compounds 2-6 are poor radical scavengers,
while 1, 9, and 10 turned to be more active. Schiff bases 7 and 8
interact well with DPPH radical and exhibit high, slightly lower,
activity than the reference compound NDGA. On the basis of
this, compounds 7 and 8 can be considered as good
antioxidants.

Obtained results in this study suggest that position of the
hydroxy groups in the Schiff bases plays decisive role in the
antioxidative activity. Namely, the active compounds possess
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R%=0OH,R*=OH 6 R2=OH, R¥=OH
R%2=0H, R¥=NO, 7 R2=0H, R%=OH

R2=OH, R¥=CH; 8 R®=0CH,, R*=0H, R®=0OH
R2=0OH 9 R3=0CH,, R*=0OH
5 R2=0H, R*=F 10 R3=0CH,3, R*=OH, R*=F

BWN =

methoxy groups in rings A and B.

Fig.1 Generalstructural formula of the investigated Schiff bases 1-10.

p-hydroxy group in the ring A (8-10), or o-hydroxy group in the
ring B (7 and 8), relatively to the positions 1 and 1/, Fig. 1. Less
active compounds (2-5) are hydroxy substituted only in o-posi-
tion of the ring A, while compound 6 bears additional hydroxy
group in m-position of the ring B. The only difference between
compounds 1 and 7 is substitution in the ring B, p- and
o-respectively. On the basis of the ICs, values, it can be
concluded that o-hydroxy position in the ring B is responsible
for radical scavenging of these compounds. Common for the
Schiff bases 8-10 is that hydroxy group is present in p- and
methoxy group in m-position in the ring A. Taking into account
ICs, for these molecules, as well as for the compound 1, one can
conclude that presence of p-hydroxy group in the ring A
contributes more to antiradical activity than equivalent substi-
tution in the ring B. Observation that appearance of hydroxy
group in the p-position of the ring A, as well as in o-position of
the ring B contributes to the highest extent to the radical
scavenging activity is additionally supported by the fact that the
most active compound 8 possess hydroxy groups in both posi-
tions. We note in passing that substitution of the ring B by
electron donor or acceptor functional groups, had negligible
impact on the antioxidative activity.

The low activity of compounds 2-5 towards radical scav-
enging activity can be rationalised on the basis that only present
hydroxy group in o-position in the ring A can form intra-
molecular hydrogen bond with nitrogen, and thus will be pre-
vented to interact with DPPH. Although Schiff base 6, in
addition to the hydroxy group in o-position in the ring A, has
another one in the m-position in the ring B, it is reasonable to
expect that radical obtained in m-position will not be stabilised
by delocalisation of its unpaired electron over the entire mole-
cule, but only over ring B. On the other hand, in active
compounds, this stabilisation through delocalisation over both
rings is possible.

Performed DPPH test provided insight into potential anti-
oxidative activity of the investigated compounds. However, to
obtain full insight in the structure-activity relationship of the
investigated Schiff bases, further investigation on the electronic
structure of these compounds was necessary. For the sake of
completeness, DFT study of the compounds subjected to this
examination was performed.
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Table 1 Calculated and experimental properties of investigated Schiff bases

Compound HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV) AE;g, (k] mol™ ") ICso (ULM)

Methanol

1 —0.274 —0.039 0.234 —13.038 561.3 (ref. 17) 117.4 (ref. 18) 186.3°
2 —0.293 —0.075 0.218 41.638 >500¢
3 —0.280 —0.040 0.239 42.042 >500%
4 —0.285 —0.041 0.244 43.145 >500“
5 —0.285 —0.042 0.243 42.827 >500¢
6 —0.283 —0.043 0.240 1.896 468.2 (ref. 17) 406.9 (ref. 18) >500°
7 —0.280 —0.046 0.234 —3.678 27.4 (ref. 17) 98.5 (ref. 18) 18.8°
8 —0.269 —0.041 0.227 —11.227 5.3%
9 —0.273 —0.033 0.240 —13.385 86.2¢
10 —0.273 —0.034 0.239 —13.188 68.8“
Water

1 —0.274 —0.040 0.234 —13.015

2 —0.293 —0.075 0.218 41.310

3 —0.280 —0.041 0.239 41.656

4 —0.285 —0.042 0.244 42.775

5 —0.285 —0.042 0.243 42.486

6 —0.283 —0.043 0.240 1.961

7 —0.280 —0.046 0.234 —3.946

8 —0.269 —0.041 0.227 —11.479

9 —0.273 —0.033 0.240 —13.592

10 —0.273 —0.034 0.239 —13.422

Benzene

1 —0.272 —0.037 0.235 —13.301

2 —0.295 —0.073 0.221 48.283

3 —0.278 —0.038 0.239 49.522

4 —0.283 —0.040 0.243 50.509

5 —0.284 —0.042 0.242 49.611

6 —0.281 —0.042 0.240 1.050

7 —0.279 —0.047 0.232 1.124

8 —0.266 —0.040 0.226 —6.238

9 —0.270 —0.029 0.240 —9.005

10 —-0.271 —0.032 0.239 —8.325

% ICs, values obtained in this study.

Density functional theory

All geometrical and conformational isomers of the investigated
Schiff bases were determined, and their energies calculated.
The most stable isomers of all compounds are presented in
Fig. S1 of ESL.}

To verify the quality of structures predicted by theoretical
calculations, available crystal structures (those for compounds
1 and 7)" were compared to their optimized structures (Tables
S2 and S3,t respectively). As expected, the obtained geometrical
parameters for all solvents used are in mutual, excellent
agreement. Furthermore, the calculations reproduced the
experimental bond lengths and angles, as well as dihedral
angles very well. Some deviations between experimental and
calculated structural characteristics are, certainly, a conse-
quence of the fact that experimental values refer to the solid
state, whereas calculated values refer to the solution. As the
skeleton of other molecules under investigation is identical
with these two, we can assume that their geometries are
also well determined. Furthermore, assumption that Schiff
bases 1-7 form hydrogen bond between hydroxy group in

24096 | RSC Adv., 2015, 5, 24094-24100

o-position of the ring A and nitrogen from C=N is confirmed.
On the basis of the lengths of these intramolecular hydrogen
bonds (Tables S2 and S37) they can be considered as strong.

HOMO and LUMO

The HOMO and LUMO are delocalized through the entire
molecule for all studied Schiff bases (Fig. S21). The energies of
HOMO and LUMO are very important parameter in defining the
reactivity of molecules, because they usually take part in
chemical reactions. The molecule which has the lower Eyomo
has weak electron donating ability. On the other hand, the
higher Eyomo implies that the molecule is a good electron
donor.?® The Egomo values for the Schiff bases are shown in
Table 1. The molecules with hydroxy group in p-position and
methoxy group in m-position in ring A show the largest Eyomo
values of —0.269 eV for compound 8, and —0.273 eV for
compounds 9 and 10. In contrast, molecules with hydroxy group
in o-position in ring A (compounds 2-7) show decreased HOMO
values. Consequently, these compounds have weaker electron
donating ability than other Schiff bases. The results obtained in
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the present work indicate that the existence of structure that
resembles vanillin in A-ring is important for the increased
energy of HOMO orbitals, and thereby better antioxidative
potential of these compounds. The 0-OH group in ring B
contributes to the increase of Eyomo, and cannot be neglected.
All these results are in accordance with the experimental data
for ICs, (Table 1).

The HOMO-LUMO gap determines chemical reactivity. This
energy is directly related to the easiness of excitation of inves-
tigated molecules. Data from Table 1 for HOMO-LUMO gap also
suggest that 8 has the highest antioxidative potential since it
has the lowest value.

Stabilization energies (AE;s,)

Calculated AE;,, values are presented in Table 1. On the basis of
obtained values it is possible to find relative stability for the
involved hydroxy and methoxy groups of investigated Schiff
bases. Applying stabilization energy is a simple method to
predict the antioxidative potential to scavenge free radicals.
Obtained results in this study confirm the importance of
p-hydroxy group in the ring A, and o-hydroxy group in the ring B,
in the stabilization of radical species obtained after hydrogen
atom abstraction. The presence of an additional methoxy group
decreased AEjs, for compounds 8-10, because of the fact that
oxygen atoms can donate lone electron pairs to stabilize the
corresponding semiquinone free radical.

Bond dissociation enthalpy and proton affinity

Homolytic O-H bond cleavage of the investigated molecules
yields corresponding radicals. The calculated BDE values are
presented in Table 2. It is obvious that stability of the obtained
semiquinone radicals plays a very important role in deter-
mining the antioxidative activity of Schiff bases. Distribution of
spin density provides a reliable representation of reactivity and
stability of free radicals.** The radicals with good spin delocal-
ization are formed more easily and they are more stable than
those with localized spin density. SOMOs for the most stable
radicals of investigated Schiff bases are presented in (Fig. 2) and
distribution of the spin density for all radicals in methanol are
presented in Fig. S3.7 In all radicals formed by homolytic
cleavage of the OH group in p-position, either in the rings A or B,
spin density is delocalized over the involved oxygen, and o- and
p-carbon atoms of the corresponding aromatic ring. Additional
stabilization is achieved by delocalization across the double CN
bond, as well as across o- and p-carbon atoms of the adjacent
ring. As a consequence Schiff bases with hydroxy groups in
p-position have the smallest BDE values (compounds 1, 8-10).
Table 2 shows that BDE values of Schiff bases with hydroxy
group in p-position are lower than those with hydroxy groups in
m- and o-positions. The main reason for somewhat higher BDE
values of m-hydroxy groups lies in the fact that less stable
radicals are formed, and that there is less delocalization of spin
density via CN double bond and another aromatic ring (6 in
Fig. 2). As for hydroxy groups in o-position in the A ring, rela-
tively strong intramolecular hydrogen bond with nitrogen is
also responsible for significantly higher BDE values.
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Table 2 Calculated thermodynamical parameters (kJ mol™) of anti-
oxidative mechanisms for Schiff bases

HAT SET-PT SPLET

BDE P PDE PA ETE

A B A B A B A B
Methanol
1 407 351 542 56 0 183 149 414 392
2 406 624 —28 168 428
3 406 559 38 181 416
4 407 584 13 180 417
5 407 586 11 179 419
6 407 366 566 32 -9 178 152 419 404
7 396 360 555 31 —4 167 152 419 399
8 353 364 533 11 22 140 171 403 384
9 351 542 0 146 395
10 351 541 0 146 396
Water
1 412 356 522 71 16 191 159 401 379
2 411 603 —12 177 415
3 411 539 53 189 403
4 412 564 29 189 404
5 412 566 27 188 405
6 412 371 546 47 7 187 161 406 391
7 401 365 535 47 11 176 161 406 386
8 358 369 513 26 37 150 179 389 371
9 356 522 15 155 381
10 356 521 16 155 382
Benzene
1 415 352 636 189 126 465 416 359 345
2 414 661 163 434 390
3 415 650 174 464 360
4 416 665 161 462 363
5 415 639 186 457 368
6 417 367 661 165 115 458 426 368 350
7 400 367 651 159 125 437 429 373 347
8 359 370 621 148 159 409 456 360 324
9 357 630 136 422 345
10 357 633 134 418 349

Heterolytic cleavage of the O-H bonds of Schiff bases leads to
formation of the corresponding anions. Geometrical parame-
ters for anions of Schiff bases 1 and 7 are listed in Tables S2 and
S3.f In comparison to the parent molecules, there are signifi-
cant changes in bond lengths in the ring where anion is formed,
suggesting decrease of aromaticity of this ring. All anions, with
corresponding charge distribution obtained by NBO analysis,
are presented in Fig. S4.f The charge distribution shows that
anions formed in the ring A are slightly better delocalized
compared to those formed in the ring B. The decrease of
negative charge on o- and p-oxygen atoms is a consequence of
good delocalization of negative charge over the ring A and CN
double bond, and across o- and p-carbon atoms of the adjacent

ring (Fig. S371).

Ionization potential

The ionization potential (IP) illustrates the easiness of electron
donation of phenolic compounds. It is well known that
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Fig. 2 SOMOs for the most stable radicals issued from the investi-
gated Schiff bases.

molecules with lower IP values are more active. The obtained IP
values of investigated compounds are presented in Table 2.
Comparison of the IP values from Table 2 with IP values of other
Schiff bases,?” showed that the values obtained in this study are
generally somewhat lower. This is due to using different
approaches for calculating these parameters. On the basis of
our results, molecules with only one o-hydroxy group in the ring
A (compounds 2-5) have generally higher IP values. Introducing
another hydroxy group in the ring B in m-, o0-, or p-position
(compounds 6, 7, and 1), additionally reduces the IP value. This
is consistent with the well-known fact that position of the
hydroxy group in the molecule plays a very important role for
the electron donating capacity. The IP values decrease in
molecules with additional methoxy group in m-position
(compounds 9 and 10). Moreover, introduction of another
hydroxy group in ring B in o-position, additionally reduces the
IP values (compound 8). This implies that this compound has
increased electron donor capacity, which facilitates the forma-
tion of the radical cation.

Antioxidative mechanisms

On the basis of values of thermodynamical parameters (BDE, IP,
PDE, PA, and ETE) prevailing antioxidative mechanism of Schiff
bases in a corresponding solvent can be predicted.”® The lowest
value for some parameter points out which reaction mechanism

24098 | RSC Adv., 2015, 5, 24094-24100
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is thermodynamically more probable. All thermodynamical
parameters for the investigated Schiff bases were calculated
using M05-2X/6-311+G(d,p) in water, methanol, and benzene
(Table 2). The obtained results show that compounds 2-6 have
significantly higher BDE, IP, and PA values than other
compounds under investigation. The values of thermodynam-
ical parameters undoubtedly show that negligible antioxidative
activity can be expected for these compounds. These results are
in agreement with experimental ICs, values Table 1. Mutual
comparison of BDE, IP, and PA values in Table 2 for other
compounds (1, 7-10) reveals that IP values are the largest,
indicating that SET-PT mechanism is not a favourable reaction
path in all investigated solvents.

On the other hand, in polar solvents PA values are signifi-
cantly lower than the corresponding BDEs. It means that the
SPLET mechanism is a dominant reaction pathway in polar
medium. Low PA values show that Schiff bases can easily
undergo heterolytic dissociation of OH bonds and yield the
corresponding phenoxide anions. Taking this into account, it is
reasonable to expect that SPLET mechanism prevails under
physiological conditions (pH of 7.4). BDE and PA values in Table
2 show that HAT and SPLET mechanisms are competitive in
nonpolar solvent.

Conclusions

In this study, antioxidative capacity of some phenolic Schiff
bases has been examined, using experimental and theoretical
tools. Two of investigated compounds, one salicylaldehyde (7)
and one vanillic (8) Schiff base, can be considered as good
radical scavengers. p-Hydroxy group in ring A, as well as o-in the
ring B, are responsible for the antioxidative activity of these
compounds. Furthermore, DFT examination showed that pres-
ence hydroxy groups in respective positions influences the
increase of Eyomo, lowers HOMO-LUMO gap, and in that way
contributes to better antioxidative potential of these
compounds. Low activity of Schiff bases 2-6 is assigned to the
intramolecular hydrogen bond formation between o-hydroxy
group in the ring A and nitrogen from C=N, which conse-
quences significantly higher values for the thermodinamical
parameters for these compounds. Based on the same data for
the molecules which exhibit radical scavenging activity (1, 7-10),
SET-PT mechanism is not expected in all investigated solvents.
In polar medium, SPLET mechanism prevails, while HAT and
SPLET mechanisms are competitive in nonpolar solvent. Taking
into account that Schiff bases 7 and 8 interact well with DPPH
radical, and fact that DPPH assay may indicate activity of
compounds towards reactive oxygen species present in the living
cells, these compounds can be considered as good antioxidants
and will be further investigated in vitro/vivo, for example on the
cancer cell lines.

Experimental
Materials and reagents

The compounds salicylaldehyde, vanillin, aniline, 4-fluoroani-
line, 4-nitroaniline, toluidine, 2-hydroxyaniline, 3-hydroxyaniline,
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4-hydroxyaniline, nordihydroguaeretic acid (NDGA), and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were obtained from Aldrich
Chemical Co. All common chemicals were of reagent grade. The
NMR spectra were run in DMSO on a Varian Gemini 200 MHz
spectrometer. Melting points were determined on a Mel-Temp
capillary melting points apparatus, model 1001. Elemental
microanalyse for carbon, hydrogen, and nitrogen were performed
at the Faculty of Chemistry, University of Belgrade.

Synthesis of Schiff bases

Schiff bases (1-10) were prepared according to procedure in the
literature with some modifications.> In our case, aldehyde
(salicylaldehyde, vanillin) (1 mmol), corresponding aromatic
amine (aniline, 4-fluoroaniline, 4-nitroaniline, toluidine,
2-hydroxyaniline, 3-hydroxyaniline, 4-hydroxyaniline) (1 mmol),
and 3 mL of methanol were placed in flask and stirred at 70 °C
for 3 h. After completion of the reaction, the solvent was evap-
orated, and final product was obtained by recrystallization from
ethanol. Schiff bases were obtained in 90-97% yield. All Schiff
bases (1-10) were characterized with melting point and "H NMR
spectra (ESI,} compounds 1-10).

The corresponding data for the new compound (E)-4-((4-
fluorophenylimino)methyl)-2-methoxy-phenol (10) are presented
here: colourless crystals - mp 144-146 °C; "H NMR (200 MHz,
DMSO-de): 6 = 3.84 (s, 3H, —OCHj), 6.89 (d, J = 8.10 Hz, 1H,
Ar-H), 7.16-7.28 (m, 5H, Ar-H), 7.32 (dd, J = 8.3, 1.9 Hz, 1H,
Ar-H), 7.52 (d, J = 1.80 Hz, 1H, Ar-H), 8.44 (s, 1H, CH=N), 9.77
(s, 3 -OH); *C NMR (50 MHz, DMSO) 6 = 56.7, 111.8, 111.4,
116.1, 116.5, 116.6, 117.2, 123.6, 127.5, 145.3, 149.21, 151.1,
153.9, 162.1; C,,H,,FNO, (FW = 245.25): C, 68.56; N, 5.71; H,
4.93%; found: C, 68.15; N, 5.68; H, 4.81%.

DPPH free radical scavenging assay

In this study, the free radical scavenging activity of the exam-
ined Schiff bases was performed using the DPPH method,
according to ref. 25. In brief, 1 mL (0.1 mm) of DPPH solution in
methanol was mixed with an equal volume of the tested
compound (20 pL of compound solution in DMSO and 980 pL of
methanol). The reaction mixture is left at room temperature for
30 and 60 min. After incubation the absorbance was measured
at 517 nm. As control solution, methanol was used. IC5, values
represent the concentration necessary to obtain 50% of a
maximum scavenging capacity. NDGA was used as positive
control with 96% activity at 0.1 mM.

Computational details

All calculations in this paper were performed using the
Gaussian program package.>® The equilibrium geometries of all
Schiff bases and corresponding radicals, radical cations, and
anions were optimized by the empirical exchange-correlation
MO05-2X functional®” and split-valence basis set 6-311+G(d,p).
The MO05-2X functional yields reasonable results for thermo-
chemical calculations of organic, organometallic, and biolog-
ical compounds, as well as for noncovalent interactions.*'*>*
This functional has been successfully used for solution of
different problems by independent authors.***-
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The local and global minima were confirmed to be real
minima by frequency analysis (no imaginary frequencies were
obtained). To evaluate the impact of different solvents (water,
methanol, and benzene) the continuum solvation model CPCM
was used.” The solvent effects were taken into account in all
geometry optimizations and energy calculations. Water and
benzene were used to mimic aqueous and lipid environments,
whereas methanol was selected because the experiments were
performed in this solvent. The NBO analysis of all species was
performed at the M05-2X/6-311+G(d,p) level of theory.*® The
NBO analysis describes a structure by a set of localized bonding,
antibonding, and Rydberg orbitals. Also, this analysis provides
explanation of stabilizing and destabilizing interactions
between occupied and unoccupied orbitals.

BDE, IP, PDE, PA and ETE values were determined from total
enthalpies of the individual species, as follows:

BDE = H(SB-O") + H(H") — H(SB-OH) (4)
IP = H(SB-OH"") + H(e") — H(SB-OH) (5)
PDE = H(SB-O") + H(H*) — H(SB-OH'") (6)
PA = H(SB-O") + H(H") — H(SB-OH) (7)
ETE = H(SB-O") + H(e ) — H(SB-O") (8)

The values for solvation enthalpies of proton and electron
were taken from literature.®* All reaction enthalpies defined in
eqn (4)—(8) were calculated at 298 K.

The radical stability was determined by the calculation of
stabilization energies (AE;s,), as shown in eqn (9), where Ph-OH
and Ph-O’ stand for the molecule of phenol and phenoxy radical.

AE,, = (H(SB-O") + H(Ph-OH)) — (H(SB-OH) + H(Ph-O"))
9
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Abstract The antioxidant properties of some phenolic Schiff
bases in the presence of different reactive particles such as
‘OH, "OOH, (CH,=CH—-0-0"), and "0, were investigated.
The thermodynamic values, AHgpg, AHip and AHpy, were
used for this purpose. Three possible mechanisms for transfer
of hydrogen atom, concerted proton—electron transfer
(CPET), single electron transfer followed by proton transfer
(SET-PT), and sequential proton loss electron transfer
(SPLET) were considered. These mechanisms were tested in
solvents of different polarity. On the basis of the obtained
results it was shown that SET-PT antioxidant mechanism can
be the dominant mechanism when Schiff bases react with
radical cation, while SPLET and CPET are competitive mech-
anisms for radical scavenging of hydroxy radical in all sol-
vents under investigation. Examined Schiff bases react with
the peroxy radicals via SPLET mechanism in polar and non-
polar solvents. The superoxide radical anion reacts with these
Schiff bases very slowly.

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-015-2840-9) contains supplementary material,
which is available to authorized users.

P4 Zoran Markovié¢
zmarkovic@np.ac.rs

Department of Chemical-Technological Sciences, State University of
Novi Pazar, Vuka Karadzi¢a bb, 36300 Novi Pazar, Republic of
Serbia

Bioengineering Research and Development Center, Prvoslava
Stojanovica 6, 34000 Kragujevac, Republic of Serbia

Faculty of Science, University of Kragujevac, Radoja Domanovica
12, 34000 Kragujevac, Republic of Serbia

Keywords Antioxidant mechanisms - Antioxidant
properties - Density functional theory - Phenolic Schiff bases

Introduction

Schiff bases, as azomethines, are an important class of
organic compounds [1-3]. This class of compounds has
found application in the broad field of organic chemis-
try [4-6]. The azomethine group plays an important role
in nature, since it is present in various natural and syn-
thetic products. They are responsible for a broad range
of biological activities, [7-9] including antibacterial, an-
tifungal, antimalarial, anti-inflammatory, antiviral, anti-
proliferative, and antipyretic properties [3, 10]. If these
compounds contain phenolic OH group (one or more),
they can show radical scavenging activity [11].

Scavenging activity of phenolic compounds, Schiff bases
(SBO-H) in this case, is based on their ability to transfer H
atom (from OH group) to other free radicals (RO"). Thus the
obtained phenolic radicals should be more stable and less
reactive than the previous ones.

There are at least three mechanisms [12—14] for this
transfer of hydrogen atom: concerted proton—electron
transfer (CPET), single electron transfer followed by
proton transfer (SET-PT), and sequential proton loss
electron transfer (SPLET). The net result of all three
mechanisms is the same [15]. They are competitive,
implying that the nature of free radicals and polarity
of solvents, as well as other reaction conditions, have
significant impact on the reaction pathways.
Determination of the reaction enthalpies plays a very
important role in understanding of these processes.
Namely, if a reaction is exothermic, it means that the
newly formed radical or intermediate is more stable in
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comparison to the starting radical, and implies that the
corresponding reaction path may be favorable. In the
case that a reaction is endothermic, one may suppose
that this reaction path is not favored [16]. Certainly, to
fully understand antioxidant mechanisms it is desirable
to examine reaction kinetics too. In the present work the
reaction enthalpies were calculated in two ways: in the
absence (Electronic supplementary material), and in the
presence of a harmful free radical RO". Since the latter
results describe antioxidant processes more realistically,
they are presented in the main text.
In the CPET mechanism:

SBO-H + RO'—>SBO’ + ROH (1)

AHgpE can be calculated as follows:

AHgpg = H(SBO") + H(ROH)~H (SBO-H)~H(RO") (2)

where H(SBO"), HROH), H(SBO—H), and H(RO") represent
the enthalpies of the corresponding radicals and molecules.

The SET-PT mechanism takes place in two steps: electron
transfer is the first step of this reaction (Eq. (3)), and depro-
tonation of the generated radical cation (Eq. (4)) is the second
step:

SB-OH + RO'—SB-OH'" + RO~ (3)
SB-OH * + RO——SB-O + ROH 4)
This mechanism is characterized with AHp and AHppg:
AHp = H(SB-OH™)
+ H(RO )-H(SB-OH)—-H(RO") (5)
AHppg = H(SB-0")
+ H(ROH)-H (SB-OH"")~H(RO") (6)

where H(SB—OH™") and H(RO") stand for the enthalpies of
the corresponding species.

As presented in Electronic supplementary material the first
step of the SPLET mechanism is energetically notably unfa-
vorable (as it involves charge separation), which is manifested
through very large PA values (Table S1). It is reasonable to
expect that deprotonation of the phenolic Schiff bases, with
the pK, values of around 5 [17], will be facilitated in a basic
medium, for example at physiological pH of 7.4. For this
reason we investigate this mechanism under an assumption
that it takes place in a basic environment, implying that some
SB—O anions are already present in the reaction mixture.
Thus, the SPLET mechanism can be presented as follows:

SB-O" +RO'—SB-0" + RO~ (7)
SB-OH + RO"—SB-0O + ROH (8)

@ Springer

The first step is electron transfer from SB—O" to an unde-
sired radical where the SB—O" radical is built, and the second
step is reformation of the SB—O ™ anion. These processes are
described with the AHgrs and AHp, values, which can be
calculated as follows:

AHgrg = H(SB-0O') + H(RO™)~H (SB-0")~H(RO’) (9)
AHpp = H(SB-0")
+ H(ROH)-H (SB-OH)~H (RO") (10)

The properties of the scavenged radicals play a very impor-
tant role in the reactions with various antioxidants [18, 19].
Investigation of the effects of various radicals (hydroperoxyl
radical COOH), superoxide radical anion ("0O,), hydroxyl rad-
ical (OH), and vinyl peroxy radical (CH,=CH—O—Q") on an-
tioxidant activity of the investigated Schiff bases (1-11), as
well as the influence of solvents of different polarity (water,
ethanol, and benzene) will significantly contribute to the un-
derstanding of the above mentioned processes. These four
radicals were chosen because they play an important role in
food chemistry and environmental chemistry.

Computational methods

The equilibrium geometries of all Schiff bases and their
radicals, anions, and radical cations were fully opti-
mized by the hybrid density functional method (MOS5-
2X) [20] and 6-311++G(d,p) basis set, [21] as imple-
mented in the Gaussian 09 package [22]. This function-
al developed by the Truhlar group yields satisfactory
performance for thermochemistry and kinetics calcula-
tions, of organic, organometallic, and biological mole-
cules. Also, this functional is useful for describing
noncovalent interactions in molecules. It is worth men-
tioning that M05-2X functional nicely reproduces
nonplanarity between rings B and C in morin and quer-
cetin [23, 24].

The influence of water (¢=78.35), ethanol (¢e=24.85), and
benzene (¢=2.27) as solvents was calculated by a solute elec-
tron density (SMD) solvation model [25]. This model is based
on the quantum mechanical charge density of a solute mole-
cule interacting with a continuum description of the solvent. In
this model name “D” stands for “density” and means that full
solute electron density is used without defining the partial
atomic charges. It should be mentioned that all species under
investigation were fully optimized in all solvents used. The
nature of the stationary points was determined by the vibra-
tional frequencies obtained from diagonalization of the corre-
sponding Hessian matrices. For this purpose the number of
imaginary frequencies was analyzed—O0 for minimum.
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Experimental
Materials and methods

The compounds salicylaldehyde, vanillin, aniline, 4-
fluoroaniline, 2-hydroxyaniline, 4-hydroxyaniline,
nordihydroguaeretic acid (NDGA), and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were obtained from Aldrich
Chemical Co. All common chemicals were of reagent grade.
The NMR spectra were run in DMSO on a Varian Gemini
200 MHz spectrometer. Melting points were determined on
a Mel-Temp capillary melting points apparatus, model 1001.
Elemental microanalyse for carbon, hydrogen, and nitrogen
were performed at the Faculty of Chemistry, University of
Belgrade.

Synthesis of Schiff bases

The procedure for synthesis of the Schiff bases (1-5), as well
as their corresponding spectral characterization are given in
reference [11].

DPPH free radical scavenging assay

The determination of the DPPH free radical scavenging activ-
ity of the examined compounds was performed according to
methodology described in ref. [26]. The investigated Schiff
bases (1-5) were reacted with the stable DPPH radical in
ethanol solution. Briefly, 1 mL (0.1 mM) of DPPH solution
in ethanol was mixed with an equal volume of the tested
compound (20 uL of compound solution in DMSO and
980 uL of ethanol). The sample is left at room temperature
for 30 and 60 min. After the period of incubation the absor-
bance was measured at 517 nm. Ethanol was used as the
control solution. ICsq values represent the concentration nec-
essary to obtain 50 % of a maximum scavenging capacity.
NDGA was used as an appropriate standard possessed 96 %
activity at 0.1 mM.

Results and discussion

The most stable conformers of the phenolic Schiff bases 1-11
[11, 27] are presented in Fig. S1. The conformers of the com-
pounds 1-5 were described in our previous paper [11].
Antioxidant activity of these compounds was determined on
the basis of the ICs results which are presented in Fig. 1. The
ICsq values for the compounds 1-5 were obtained with the
DPPH test, while the corresponding data for the compounds
611 were collected from literature. It was found that com-
pounds 2, 3, and 9 are very good radical scavengers, 6-8, 10,
and 11 are slightly less active, whereas Schiff base 1 is poor
radical scavenger [11]. The reactions of 1-11 with some free

radicals of importance in food and environmental chemistry:
hydroxyl radical ("OH), hydroperoxyl radical (OOH), super-
oxide radical anion ("O,), and vinyl peroxy radical (CH,=CH
—0-0") were investigated. The calculated reaction enthalpies
for all three antioxidant mechanisms (CPET, SET-PT, and
SPLET) of all Schiff bases are presented in Tables 1, 2, 3, 4,
and 5. The preferred mechanism of radical scavenging activity
of Schiff bases with the investigated free radicals can be esti-
mated on the basis of AHgpr, AHp, AHppg, AHpa, and
AHgrg values. The lowest of these thermodynamic values
designates which mechanism may be dominant. An inspection
of Tables 1, 2, 3, 4, and 5 reveals that the AHgrg values are
often positive (corresponding reactions are endothermic),
which would indicate that, in spite of the negative AHpa
values, the SPLET mechanism can be discarded. However, it
should be emphasized that small positive AH values (<40 kJ
mol ") do not necessarily mean that the corresponding free
radical scavenging reactions should be neglected. These en-
dothermic processes may represent significant reaction path-
ways if they do not require high activation energies [28].

Antioxidant mechanisms of Schiff bases with hydroxyl
radical

In Table 1, the thermodynamic data regarding the reactions of
1-11 with hydroxyl radical in all solvents are collected. All
reactions of Schiff bases with “OH are exothermic in all sol-
vents when CPET and SPLET are operative mechanisms. It
should be noted that AHgpg and AHjp are almost constant in
both polar solvents. On the other hand, AHgpg slightly in-
creases, while AHp, and AHp significantly decrease in non-
polar solvent benzene (Table 1).

On the basis of the values of enthalpy of reactions of Schiff
bases with ‘OH (Table 1) it is clear that SPLET and CPET are
competitive. Generally speaking, the lowest values of reaction
enthalpies are for the p-OH group inring A of 9, 3-5, and 8. In
the absence of this hydroxyl group, m-OH in ring B is more
reactive in comparison to other hydroxyl groups.

Antioxidant mechanisms of Schiff bases
with hydroperoxyl and vinyl peroxyl radicals

The thermodynamic data for all reactions of Schiff bases with
hydroperoxyl and vinyl peroxyl radicals in different solvents
are collected in Tables 2 and 3. The latter radical is less reac-
tive, and may mimic lipid peroxyl radicals LOO" which are
abundantly formed in biological systems. Obtained results are
different in comparison to hydroxy radical, since both peroxyl
radicals are less reactive species. Analysis of data from
Tables 2 to 3 indicates that, in general, the values of thermo-
dynamic parameters are slightly higher for vinyl peroxyl rad-
ical, which is in agreement with its lower reactivity in com-
parison to the peroxyl radicals. The values for a certain

@ Springer
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Fig. 1 Structure of the investigated Schiff bases and their ICsq values (uM). The values labeled with ® are taken from ref. [27]
Table 1 Calculated reaction enthalpies (kJ mol ") for the reactions of Schiff bases with hydroxyl radical
MO05-2X/6-311+G(d,p)
Water Ethanol Benzene
Schiff CPET  SET-PT SPLET CPET  SET-PT SPLET CPET  SET-PT SPLET
base”
AHgpe AHyp AHppg AHpy AHgre AHppe AHyp AHppe AHpa AHgre AHppg AHp AHppe AHpa AHpre
1-A —-88.1 919 —-1799 —59.5 —28.6 -87.1 105.7 -192.8 —61.9 —252 —75.6 304.7 —380.3 —103.6 28.0
1-B —143.4 —2353 922 512 —143.0 —248.7 957 —473 —1383 —4429 -1524 142
2-A -1053 1019 —2072 —96.8 -85 —98.0 1193 -2173 781 -199 —90.3 3200 —410.2 -1319 41.6
2-B —-141.0 —2429 815 —59.5 1335 —252.8 929 —-40.6 —1238 —4438 —1395 15.6
3-A -1419 834 -2253 -101.3 —40.6 —141.1 96.7 —237.8 -1047 -363 -1312 289.8 —421.0 -159.7 285
3-B -130.5 -2140 -71.6 -59.0 —129.7 -226.5 -73.8 =559 -1202 -410.0 -1132 -7.0
4-A —144.0 921 —236.0 955 —484 —1432 1055 —248.8 985 —447 -134.0 299.0 —4329 -147.1 132
5-A -1438 913 2351 964 —474 -143.0 1050 —248.0 —99.6 —435 -1333 3015 —4348 -151.0 177
6-B -1294  96.7 —226.1 —73.5 =559 -128.6 1103 -2389 756 —-53.0 —118.1 3084 -4265 -1132 -49
7-A -122.7 987 —221.5 -91.0 -31.8 —1223 1123 -235 —-942 -28.1 -1174 3092 —-426.6 -1458 283
7-B —128.9 —227.6 741 548 —128.0 —240 -76.0 =519 -117.2 -426.4 -111.7 55
8-A -1332 857 2189 -109.1 —240 —1329 99.1 -232.0 -1132 —-19.7 —1294 2935 —4229 -175.8 464
8-B -129.9 -215.6 —713 —58.6 —129.1 —2282 732 558 —1189 —412.5 -109.0 -9.9
9-A3 —148.5 878 —2363 -1164 —-32.1 —1484 1012 —249.6 —-1205 —279 —147.6 2952 —-4428 -1829 353
9-A4 —158.2 —246.0 -129.5 —28.7 —1582 —2593 —1340 242 -158.1 —4533 -202.0 439
9-B -1294 -2172 -71.3 —58.1 -—1284 —229.6 731 553 1172 -4125 -1074 -99
10-B -1293  97.6 —2269 739 —-554 -1283 111.1 —-2394 757 -526 —1174 3064 —-4239 -1105 -7.0
11-B -130.2 838 —2140 -70.8 —-594 -1293 97.0 —2264 727 —567 —118.6 2889 -407.6 —107.9 —10.8

* The numbers denote the compounds in Figs. 1 and S1, whereas A and B stand for the A and B rings. A3 and A4 denote the positions 3 and 4 on the A

ring. The same holds for Tables 2, 3, and 4
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Table 2  Calculated reaction enthalpies (kJ mol ") for the reactions of Schiff bases with peroxy radical

MO05-2X/6-311+G(d,p)

Water Ethanol Benzene
Schiffbase CPET  SET-PT SPLET CPET  SET-PT SPLET CPET SET-PT SPLET

AHppg AHp AHppg AHpy AHgre AHppe AHp AHppg AHpy AHgre AHpps AHyp AHppg AHpy,  AHgpre
1-A 479 1845 —137.0 -165 644 48.8 198.0 —-1492 -183 67.1 588 3857 3269 —50.2 109.0
1-B —74 -192.3 492 418 -7.1 -205.1 —52.1 45.0 -38 -389.5 —99.0 952
2-A 30.7 1949 -1643 539 845 379  211.6 —173.6 -344 724 442  401.0 -356.8 —78.5 122.6
2-B -5.0 —199.9 385 335 24 -209.2 492 51.7 10.6 -3904 —-86.1 96.7
3-A =59 176.5 —1823 -583 525 =5.1 189.0 —-1942 -61.1 56.0 32 370.8 —367.6 -106.3 109.5
3-B 5.5 -171.0 —28.6 34.1 6.2 -182.8 -30.2 36.4 14.2 -356.6 —59.8 74.0
4-A -8.0 185.1 —193.1 -52.6 446 -7.3 197.8 —205.1 -549 47.6 0.5 3800 -379.5 938 942
5-A -7.8 1844 —1922 -534 456 -7.1 197.3 2044 —559 48.8 1.1 3825 -3814 -97.6 9838
6-B 6.6 189.7 -183.1 -30.6 37.1 74 2026 —1953 -31.9 393 163 3895 -373.1 —59.8 76.2
7-A 133 191.8 -1785 -48.0 61.3 13.6 2046 —191.0 -50.6 64.2 170 3900 —-373.2 924 109.4
7-B 7.1 —184.6 —31.1 383 8.0 -196.6 —32.4 404 17.2 -373.0 583 755
8-A 28 1788 —-176.0 -66.2 69.0 30 1914 -1884 —69.6 72.6 50 3746 —-369.5 -—1224 127.5
8-B 6.1 —172.7 283 344 6.9 —1845 -29.6 36.5 15.5 -359.1 =557 71.1
9-A3 -12.5 1809 -193.4 -734 609 -12.5 1934 2060 -76.9 643 -132 3762 3894 -—129.5 1164
9-A4 -22.2 -203.0 -86.5 643 -22.2 —2157 -90.4 68.1 -23.7 —400.0 —148.6 1249
9-B 6.6 -1742 283 350 7.5 —1858 294 369 17.2 -359.1 =540 71.1
10-B 6.7 1907 -183.9 -309 37.7 7.6 2034 -195.8 -32.1 39.7 170 3875 -370.5 —-57.1 74.0
11-B 58 1769 -171.1 —27.8 336 6.6 1893 -—1827 -29.0 356 158 3700 —3542 545 703

thermodynamic quantity are mutually very similar in the two
polar solvents (AHgpg and AHjp values are almost identical
for both radicals in water and ethanol). One may assume that
these two radicals obey the SPLET mechanism in all three
solvents, where the reactions of heterolytic cleavage of the
O-H bond (PA values) are particularly exothermic in benzene.
The order of reactivity of the investigated compounds is the
same as in the case of hydroxyl radical (Table 2).

Antioxidant mechanisms of Schiff bases with superoxide
radical anion

In the case of the reactions of Schiff bases with superoxide
radical anion AHppg has large positive values in all solvents.
Furthermore, these values are almost identical in all used sol-
vents. All these facts show, in accordance with our expecta-
tions, that CPET is not a plausible mechanism for the reactions
of Schiff bases and superoxide radical anion in polar and non-
polar solvents. In polar solvents the reaction enthalpies for the
other two mechanisms are endothermic, except for AHp, val-
ue for compound 9 (Table 4). The AHp, values significantly
decrease in nonpolar solvent, except for 10 and 11. One can
suppose that all compounds, except for 10 and 11, can under-
go the SPLET mechanisms with the superoxide radical anion

in suitable solvents. However, we cannot claim, just on the
basis of endothermicity of the reactions, that other Schiff bases
will not obey the SPLET mechanism. Such assumption needs
to be confirmed or negated with the activation energy values.

Our results show that the superoxide radical anion is not
particularly reactive. This finding is in agreement with the
well-known fact that the superoxide radical anion is in equi-
librium with its protonated form, the hydroperoxyl radical,
whose pK, is 4.9 [29-31].

0, "+ H"—HO,’

Thus, at physiological pH most of the O, /HO," radical
pair exists in the dissociated form, which is less reactive than
its conjugate acid. In addition, O, can react with H,O, to
generate singlet oxygen and the hydroxyl radical, which are
much more powerful oxidants.

Taking into account the AHp values (Tables 1, 2, 3, and 4)
one can suppose that SET-PT is not the operative scavenging
mechanism with the radicals under investigation [32, 33].
Namely, AHp values increase with the decreasing dielectric
constant of used solvents. Apparently, the first step of the
SET-PT mechanism, formation of the radical cation in the
presence of free radicals (Eqs 3 and 5), is too endothermic. It
is known that radical cations, which are odd-electron positive
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Table 3  Calculated reaction enthalpies (kJ mol™") for the reactions of Schiff bases with vinylperoxy radical

MO05-2X/6-311+G(d,p)

Water Ethanol Benzene
Schiffbase CPET  SET-PT SPLET CPET  SET-PT SPLET CPET SET-PT SPLET
AHppg AHp AHppg AHpy AHgre AHppe AHp AHppg AHpy AHgre AHpps AHyp AHppg AHpy,  AHgpre

1-A 51.8 1584 -106.6 139 379 527 1705 -117.7  13.1 39.6 63.1 3421 -279.0 23 654
1-B =35 -161.9 -18.8 153 -3.1 -173.6 -20.7 175 0.5 -341.6 —51.1 51.6
2-A 346 1684 -1339 -235 580 419 1841 -1422 3.0 449 485 3574 -3089 —30.5 79.0
2-B -1.1 -169.5 81 7.0 6.4 -1777 -17.8 242 14.9 —342.5 -38.1 53.1
3-A -2.0 150.0 —-151.9 =279 260 -1.2 1615 —-162.7 -29.6 28.5 7.6 3272 -319.7 583 65.9
3-B 9.4 —-140.6 1.8 7.6 10.1 —-151.4 1.3 89 18.6 -308.7 -11.8 304
4-A —4.1 158.6 -162.7 -222 18.1 =34 1703 -173.7 -23.4 20.1 48 3364 -331.6 —45.8 50.6
5-A -39 1579 -161.8 -23.0 19.1 -32 1698 —1729 245 213 55 3389 3335 —49.7 55.1
6-B 105 1632 -1528 -02 10.6 11.3 1751 -163.8 —-0.5 11.8 207 3459 -3252 119 325
7-A 172 1653 -148.1 -17.6 3438 175 1771 —-159.5 -19.2 36.7 213 346.6 -3253 —444 658
7-B 11.0 -1542 -0.8 11.8 11.9 -1652 -1.0 129 21.6 -325.0 -104 319
8-A 6.7 1523 -145.6 -358 425 70 1639 -156.9 -382 45.1 94 3310 -321.6 -—745 839
8-B 10.0 —142.3 21 79 10.8 —153.1 1.8 9.0 19.8 =311.1 =77 27.5
9-A3 -8.6 1544 -163.0 —43.0 344 -8.6 1659 -—1745 -454 36.8 -88 332,66 —341.5 -81.6 72.7
9-A4 —-18.3 -172.6 —56.1 378 —-18.3 —1843 —589 40.6 -19.4 -352.0 -100.7 81.3
9-B 10.5 —143.8 21 85 11.4 —154.5 20 94 21.5 =311.1 -6.0 27.5
10-B 106 1642 —-153.5 -05 112 11.5 1759 -1644 —-0.6 122 213 3438 3225 -9.1 304
11-B 9.7 1504 -140.7 26 7.1 10.5 161.8 —151.3 24 8.1 20.1 3264 -306.2 -6.5 26.7

species, can be formed in different ways: by means of UV and
visible light [34-38] and chemical oxidants [39—41], as well
as in electrochemical processes [42—44] and metal-catalyzed
oxidations [45—48]. In addition, radical cations can be obtain-
ed from electron-rich cyclopropanes, arylalkenes, and dienes
using appropriate oxidizing agents [49]. It is clear that inter-
mediate radical cations are formed under extreme conditions,
and these processes cannot be expected to occur in vivo, but
only in vitro. Once formed radical cations can react with
Schiff bases:

SB-OH + ROOH* —»SB-OH* + ROOH (11)

For this reaction AHjp value can be calculated as follows:
AHp = H(SB-OH™)

+ H(ROOH)—H (SB-OH)—H (ROOH ") (12)

AH;p values for formation of radical cations of investigated
Schiff bases with hydroperoxyl and vinyl peroxyl radical cat-
ions are presented in Table 5. All AHjp values are negative,
which means that newly formed radical cations of Schift bases
are more stable than the starting radical cations. The second
step of the SET-PT mechanism is deprotonation of the radical
cation with different bases [50]. Since all AHppg values

@ Springer

indicate that the second step of the SET-PT mechanism is
exothermic (Tables 3 and 4), one can assume that, provided
that radical cations of Schiff bases are obtained in the reaction
(11), SET-PT can be the dominant scavenging mechanism.

SAR and QSAR analysis

The structure activity relationship (SAR) examines the rela-
tionships between the structure of chemical compounds and
their biological activity. A brief SAR study of the examined
compounds can relate their chemical structure and antioxidant
activity. On the basis of the measured ICs( values in Fig. 1 itis
clear that the position of the OH groups, and to which aromat-
ic ring they are bound, A or B, are of crucial importance to
antioxidant capacity of the observed compounds. On the basis
of the number and position of the OH groups the antioxidant
Schiff bases can be divided into two groups.

The first group is without OH group in the ortho position
on ring B (compounds 1, 4, and 5, ICsy between 116 and
275 uM). The compounds 4 and 5 do not have any OH group
on ring B, and the structure of their ring A is the same. The
difference between them is that there is F in the para position
of ring B in 5, which reduces the value of ICs, because the
inductive effect of fluorine is stronger than the resonance
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Table 4 Calculated reaction enthalpies (kJ mol ") for the reactions of Schiff bases with superoxide radical anion

MO05-2X/6-311+G(d,p)

Water Ethanol Benzene
Schiffbase CPET  SET-PT SPLET CPET  SET-PT SPLET CPET  SET-PT SPLET
AHppeg AHyp AHppg AHpy AHprg AHppg AHyp AHppg AHpy AHpre AHppg AHyp AHppg AHpy AHgre

1-A 1337 4104 2767 693 644 1353 4392 3039 682 67.1 1543 8553 —701.0 453 109.0
1-B 78.4 -332.0 36.6 418 79.4 -359.8 344 450 91.6 -763.7 35 952
2-A 116.5 4204 -303.9 320 845 1244 4528 -3284 520 724 139.7  870.6 -7309 17.0 122.6
2-B 80.8 -339.6 473 335 88.9 -363.9 372 517 106.1 -764.5 94 96.7
3-A 80.0  402.0 —322.0 275 522 81.4 4303 3489 254 56.0 98.7 8404 -—741.7 -10.8 109.5
3-B 91.3 -310.7 572 341 92.7 -3376 563 364 109.7 =730.7 357 740
4-A 779 4106 -332.8 332 446 79.2  439.0 -3599 31.6 47.6 959  849.6 —753.6 1.7 942
5-A 78.0 4099 -331.9 324 456 79.4 4385 —359.1 30.6 488 96.6 8522 7555 2.1 988
6-B 924 4152 -322.8 553 371 93.8 4438 -350.0 546 393 111.8 859.1 —7472 357 762
7-A 99.1 4173 -3182 378 613 100.1 4458 3457 359 642 112.5 859.8 —747.4 3.1 1094
7-B 93.0 -3243 547 383 94.4 —3514 541 404 112.7 -7471 372 755
8-A 88.6 4043 -3157 19.6 69.0 89.5 4326 3431 169 726 100.5 8442 -743.6 269 127.5
8-B 91.9 -312.4 57.5 344 93.4 -3393 569 36.5 111.0 -7332 398 711
9-A3 733 4064 -333.1 124 609 740 4347 -360.7 9.6 643 82.3 8459 -763.5 -34.0 1164
9-A4 63.7 -3427 0.7 643 64.2 -3704 -39 68.1 71.8 =774.1 -53.1 1249
9-B 92.4 -3139 575 350 94.0 -340.7 57.0 369 112.7 -7332 415 711
10-B 926 4162 -323.6 549 377 94.1 4446 3505 544 397 112.5 857.1 —7446 384 74.0
11-B 91.6 4024 -310.8 58.0 336 93.1 430.5 —-3375 575 356 111.3 839.6 —7283 410 703

effect. The ICsq value of 1 higher than 200 uM suggests that
this compound is biologically inactive [51], while the other
two compounds are very modest antioxidants.

The second group comprises the compounds with the OH
group in the ortho position on ring B (2, 3, 611, IC5, between
7.7 and 28.1 uM). These compounds show good antioxidant
activity, where the following order is observed: 3>9>2>6~
7~8~=10>11. The ICs, values for 3 and 9 are slightly higher

than the corresponding values for flavones and flavonols. For
example, the ICs, value of 3 is 7.7, while the corresponding
value for quercetin is 5.1 [51], which is consistent with the
BDE values in water of 358 (Table S1) and 333 kJ mol ',
respectively [50]. In the most active Schiff bases 3 and 9,
the two sp’ oxygen atoms are ortho to each other in ring A,
which makes the compounds particularly active. This positive
impact of both electron donating groups is in agreement with

Table 5 Calculated reaction

enthalpies (kJ mol ) for the Schiff base ~ Water Ethanol Benzene

reactions of Schiff bases with

radical cation HOOH™ CH,CHOOH™ HOOH"' CH,CHOOH" HOOH" CH,CHOOH™
1 —-161.0 —54.9 —164.6 —56.7 -216.8 —85.9
2 -151.0 —44.9 -151.0 —43.1 —201.5 —=70.6
3 -169.5 —63.3 -173.6 —65.6 -231.7 —-100.7
4 -160.8 =547 —164.8 —56.8 —222.5 —91.6
5 -161.6 =554 —-165.4 =574 —220.0 —89.0
6 —-156.2 =50.1 -160.0 =52.0 —213.1 —82.1
7 —154.2 —48.0 —-158.0 —=50.1 —212.3 —81.3
8 -167.2 —61.0 -171.2 —63.3 —227.9 -97.0
9 —-165.1 —58.9 -169.2 —61.2 —226.3 -95.3
10 —155.3 —49.1 -159.2 —51.3 -215.1 —84.1
1 —-169.1 —62.9 -1733 —65.3 —232.6 -101.6
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the literature data on the structure—antioxidant activity rela-
tionships of polyphenols with the catechol and guaiacol moi-
eties. Similar behavior of 3 and 9 is not surprising, since the
only difference between these two compounds is on the A
ring, where in 3 this ring is guaiacol-like, and in 9 it is cate-
chol-like. Small difference in the ICs values is in accordance
with the antioxidant activity of other similar pairs of com-
pounds, such as caffeic and ferulic acids, or protocatechuic
and vanilic acids [52]. The SAR analysis revealed that only
those Schiff bases with the OH group in the ortho position of
the ring B exhibit notable antioxidant activity. For this reason,
these compounds (2, 3, 6-11) were further subjected to the
quantitative structure-activity relationship (QSAR) analysis.

QSAR is an analytical application that can be used to in-
terpret the quantitative relationship between the activities of a
particular molecule and its structure. Some generally accepted
principles as correct data selection and partition, selection of
molecular descriptors, testing of the models’ complexity and
robustness, model validation and model accuracy estimation,
are used in the development of QSAR models [53, 54]. QSAR
models are to be simple and should rely on descriptors with
clear physicochemical interpretation.

In our previous paper [54] BDE and number of neighbor-
ing OH groups were used as good descriptors for describing
the antioxidant capacity of polyhydroxy phenolic compounds.
In this paper the number of neighboring oxygen atoms instead
of neighboring OH groups were used as molecular descrip-
tors, Eq. (13).

IC50=AXBDE+BXHO+C (13)

In the above equation R is the correlation coefficient, s the
standard error of estimate, F is Fisher’s F-value, while A, B,
and C represent corresponding fitting coefficients.

Obtained results, Table 6, with the R values of 0.90 for all
radicals under investigation, show good agreement between
the ICso values on one side, and BDE and the number of
neighboring oxygen atoms on the other side. In this way
BDE and the number of neighboring oxygens proved to be
properly selected descriptors for describing antioxidant activ-
ity of the phenolic Schiff bases. The type of the radical does
not influence the correlation quality. However, the examined
sample is too small to derive any general conclusion.

Table 6  The obtained results with QSAR analysis

A B C R K F Radical

0.1 (£0.2) —5.5 (+2.7) 42.7 (£31.7) 0.897 3.73 10.2 OH
0.1 (£02) —5.5(+2.7) 23.0(£1.8) 0.897 3.73 102 OOH
0.1 (£02) —5.6 (+2.7) 22.5(£24) 0.895 3.75 10. CH,=CHOO
0.1 (£0.2) —5.6 (+2.7) 10.4 (+21.9) 0.895 3.73 102 OO

@ Springer

Conclusion

In this paper, the antioxidant properties of phenolic Schiff
bases in the presence of "OH, "OOH, (CH,=CH-0-0"), and
~0, were investigated. Using the thermodynamic values:
AHBDE: AHIPS AHPDE, AHPA, and AHETE: the CPET, SET-
PT, and SPLET mechanisms were considered.

The AHpp values reveal that SET-PT is not an operative
antioxidant mechanism when Schiff bases react with radicals
under investigations. Changing the reaction conditions, when
the reactive particle is not radical but radical cation, then the
SET-PT mechanism can be the dominant mechanism, because
AH;p values are lower than AHgpg and AHpy.

On the basis of the values in Table 1, one may suppose that
SPLET and CPET are competitive mechanisms for radical
scavenging of hydroxy radical in all solvents under investiga-
tion. The CPET is dominant in polar solvents, while SPLET
prevails in benzene.

Two peroxy radicals, ‘OOH and CH,=CH-0-0",
(Tables 2 and 3), unlike hydroxyl radical, will react via
SPLET mechanism in polar and nonpolar solvents.

The results presented in Table 4 lead to an assumption that
investigated phenolic Schiff bases will not react with superox-
ide radical anion in nonpolar solvents. Moreover, these Schiff
bases will react with superoxide radical very slowly.

The obtained results provide a fruitful field for further re-
search, for example, mechanistic investigations of the antiox-
idant properties of Schiff bases. Such investigation will pro-
vide the rate constants through activation energies, which will
contribute to either confirmation or denial of all assumptions
derived from this thermodynamic study.

The SAR analysis reveals that the position of the OH
groups plays a very important role in the antioxidant activity
of'the investigated Schiff bases. Actually, only the compounds
with OH group in the ortho position on the ring B exhibit
notable antioxidant activity. The QSAR analysis showed that
BDE values and number of neighboring oxygen atoms are
good descriptors of antioxidant activity of the phenolic
Schiff basis.
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Abstract The six chelate N,0O-copper(Il) complexes were
synthesised starting from salicylaldehyde anil Schiff bases,
as ligands. Their structure is elucidated using experimental
and theoretical tools. In vitro biological activities, i.e.
cytotoxic and prooxidative effects against human epithelial
mammary gland/breast metastatic carcinoma MDA-MB-
231, epithelial colorectal carcinoma HCT-116, and foetal
lung fibroblast healthy MRC-5 cell lines of investigated
compounds are also determined. Complexes Cu-1, Cu-6,
and especially Cu-7 showed significant cytotoxic effects,
with ICs, values comparable with effects of positive con-
trol CisPt. In addition, investigated complexes induced
extreme oxidative and nitrosative stress in all treated cell
lines. The most prominent effect is observed on HCT-116
cells, and on MRC-5 cells, while MDA-MB-231 cells
showed higher resistance to the investigated cell lines,
giving us direction towards the substances with more
specific selectivity.
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Introduction

Schiff bases are organic compounds known for almost two
centuries (Da Silva et al. 2011; Schiff 1864; Vigato and
Tamburini 2004; Abu-Dief and Mohamed 2015). They
found utilisation in almost every part of chemistry,
including organic synthesis, catalysis, analytical chemistry,
food industry, as well as industry of pigments and dyes
(Genin et al., 2000; Santwana, 2003; Supuran et al., 1996).
The main structural fragment of these compounds is imine
group, which is considered to be responsible for a broad
range of biological activities (Bringmann et al. 2004; Guo
et al. 2007; Souza et al. 2007; Abdel-Rahman et al.
2014, 2015). Some of them are antibacterial, antifungal,
antimalarial, anti-inflammatory, antiviral, antiproliferative,
and antipyretic properties (Guo et al. 2007).

In addition to this, if Schiff bases consist of some
additional heteroatom to nitrogen from imine group, they
can serve as chelators for numerous transition metal ions
(Krishnapriya and Kandaswamy 2005; Panda and
Chakravorty 2005). Various Schiff base complexes have
been described, as well as their chemical and biological
applications (Bian et al. 2003; Faniran et al. 1974;
Mohamed et al. 2006; Abdel Rahman et al. 2016, 2017).

It is known that coordination of ligands to metal can
induce increase of biological activity (Petrovi¢ et al.
2015a, b; Sharma and Khar 1998). Numerous articles
studied biological activity of transition metal complexes
(Canovié et al. 2016; Sun et al. 2007; Xu et al. 2002).
Schiff base-derived complexes with transition metal ions,
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such as Cu(II), Mn(II), Co(II), Ni(II), and Pd(II), have also
been reported (Ispir et al. 2008; Kavitha and Reddy 2013;
Kondaiah et al. 2013; Prakash and Adhikari 2011). Among
others, copper(I) complexes showed important effects
such as antifungal (Creaven et al. 2010), antiviral (Wang
et al. 1990), and antibacterial (Zhang 2016). For copper—
Schiff base complexes it is shown that they possess sig-
nificant effects against cancer cells, e.g. Joseyphus et al.
pointed ICsy 25.8 M and Rama et al. IC5o 54 pM against
HCT-116, and 6.5 pM against MDA-MB-231 cancer cells
(Rama and Selvameena 2015; Joseyphus et al. 2014).
Similarly, we chose to examine the impact of Cu(Il)-Schiff
bases complexes on epithelial colorectal carcinoma HCT-
116 and human epithelial mammary gland/breast meta-
static carcinoma MDA-MB-231 cells, as well as on foetal
lung fibroblast healthy MRC-5 cell lines.

Our previous studies were based on the influence of
Schiff bases and their palladium(II) complexes on cancer
cell lines. In continuation of our examinations, we wanted
to synthesise complexes with a biometal/chelating agent.
The choice was the life-important copper. Although this
metal is essential for a lot of life processes, there are many
questions concerning copper’s influence on dysregulation
of Cu homeostasis, which leads to diseases (Festa and
Thiele 2008). In addition, copper is one of the participants
in the Fenton’s reaction whose radical products may cause
cell damage or antioxidant/prooxidative response. There-
fore, we focused our efforts towards the in vitro investi-
gation of the prooxidative and cytotoxic effects of the
Cu(II) complexes, obtained in the reactions with previously
studied Schiff bases, Scheme 1 (Markovi¢ et al. 2015;
Petrovi¢ et al. 2015a, b) on the cancer and healthy cell
lines.

Computational methods

All calculations were performed with the Gaussian 09
software package (Frisch et al. 2009), B3LYP functional
with D3 dispersion term using Becke—Johnson damping
function (Grimme et al. 2010) in combination with triple

5R', R*=H, R3=F
6 R'=H, R?=OH, R*=H
7 R'=OH, R?=H, R3=H

1R'", R%=H, R®=0OH
3R, R?=H, R®=CH;
4R' R? R3=H

Scheme 1 Schiff bases used as ligands
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split valence basis set 6-311 + G(d,p) was used for all
atoms (Lee et al. 1988; Vosko et al. 1980). The structures
of investigated compounds were fully optimised in the gas
phase. Frequency calculations were carried out to confirm
that all structures are local minima (all positive eigenval-
ues). The gas phase structures were used for the exami-
nation of geometrical parameters and predicting IR spectra.
The computed frequencies were scaled by the factor of
0.97. The natural bond orbital analysis (Gaussian NBO
version) was performed.

Experimental
Synthesis of copper(Il) complexes

Copper(Il) acetate (0.5 mmol) was added to a solution of
corresponding Schiff base (1, 3, 4, 5, 6, 7) (1 mmol) of
ethanol (5 mL) and heated at reflux for 3 h. After com-
pletion of the reaction, the solvent was evaporated and
remaining powder was washed with ethanol (3 x 2 mL).
Obtained powder was dissolved in a mixture of dichlor-
omethane:ethanol 1:2, recrystallized, and the resulting
crystals/powder was dried under vacuum. Unfortunately,
obtained crystals were not suitable for X-ray analysis.
Complexes were obtained in 80-85% yield. All complexes
were characterised with elemental microanalysis and IR
(Fig. 1). It is worth pointing out that obtained compounds
were not suitable for NMR spectroscopy due to their dia-
magnetic properties.

Cu-1: dark brown powder—C,gH,oCuN,04
(FW = 487.99): C, 63.99; N, 5.74; H, 4.13%; found: C,
63.45; N, 5.81; H, 4.16%.

Cu-3: brown crystals—C,gH,,CuN,O, (FW = 484.06):
C, 69.48; N, 5.79; H, 5.00%; found: C, 69.18; N, 5.85; H,
5.04%.

Cu-4: brown crystals—C,sH,9CuN,O, (FW = 456.00):
C, 68.48; N, 6.14; H, 4.42%; found: C, 68.05; N, 6.21; H,
4.38%.

Cu-5: red-brown crystals—C,cH;3CuF,;N,0,
(FW = 491.98): C, 63.47; N, 5.69; H, 3.69%; found: C,
63.51; N, 5.76; H, 3.65%.

Cu-6: brown crystals—C,cH,gCuN,0O, (FW = 487.99):
C, 63.99; N, 5.74; H, 4.13%; found: C, 63.54; N, 5.8; H,
4.16%.

Cu-7: green powder—C,H,,CuN,O4 (FW = 487.99):
C, 63.99; N, 5.74; H, 4.13%; found: C, 63.48; N, 5.83; H,
4.17%.

Cell preparation and culturing

The epithelial colorectal carcinoma HCT-116, human
epithelial mammary gland/breast metastatic carcinoma
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MDA-MB-231 cells, and foetal lung fibroblast healthy
MRC-5 cell lines were purchased from the American Tis-
sue Culture Collection (Manassas, VA, USA). The cells
were propagated in controlled laboratory conditions in
DMEM supplemented with 10% foetal bovine serum,
100 IU/mL penicillin, and 100 pg/mL streptomycin in
humidified atmosphere with 5% CO, at 37 °C.

Biological in vitro assays

Determinations of cell viability, concentration of super-
oxide anion radical, nitrites and reduced glutathione were
performed following standard procedures briefly described
in our previous studies (Petrovic et al. 2014, 2015a, b).

Statistics

All experiments have been performed in three individual
experiments performed in triplicates for each dose and all data
were expressed as mean =+ standard error (SE). Statistical
significance was determined using the Student’s ¢ test or the
one-way ANOVA test for multiple comparisons. A
p value <0.05 was considered as significant. The magnitude
of correlation between variables was done using SPSS (Chi-
cago, IL, USA) statistical software package (SPSS for Win-
dows, version 17, 2008). The ICsy values were calculated
from the dose curves by a computer program (CalcuSyn).

Chemicals

The compounds salicylaldehyde, aniline, 4-fluoroaniline,
4-nitroaniline, toluidine, 2-hydroxyaniline, 3-hydroxyani-
line, 4-hydroxyaniline, copper(Il) acetate, and 5,5 -dithio-
bis(2-nitrobenzoic acid) were obtained from Aldrich
Chemical Co. Dulbecco’s Modified Eagle Medium
(DMEM) and PBS were obtained from GIBCO, Invitrogen,
USA. Foetal bovine serum (FBS) and trypsin—-EDTA were
from PAA (The Cell Culture Company, Pasching, Austria).
Dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT), and nitro blue
tetrazolium (NBT) were obtained from SERVA, Heidelberg,
Germany. N-1-Naphthylethylenediamine dihydrochloride
was purchased from Fluka chemie GMBH, Buchs,
Switzerland. Sulphanilamide and sulphosalicylic acid were
purchased from MP Hemija Belgrade, Serbia. All solvents
and chemicals were of analytical grade.

Results and discussion
In our previous studies we examined in detail antioxidative

properties of some salicylaldehyde- and vanillin-derived
Schiff bases (Markovi¢ et al. 2015; Petrovi¢ et al.
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2015a, b). These compounds, as well as their respective Pd
complexes, were tested in vitro on cancer cell lines (Pet-
rovié et al. 2015a, b). It was found that Pd complexes exert
noticeable higher cytotoxic activity, than Schiff bases by
themselves. Taking into account induced increase in
cytotoxic activity by complexation with palladium, we
explored the effects of complexations with copper. Here we
present six copper(Il) complexes, prepared from N-sali-
cylidene aniline Schiff bases (Scheme 1 (Markovi¢ et al.
2015; Petrovi¢ et al. 2015a, b), Fig. 1) and copper(Il)
acetate (molar ratio 2:1). The obtained complexes were
structurally characterised using experimental (IR) and
theoretical tools (Density Functional Theory), and sub-
jected to biological testings. For complexes (Cu-3-6),
crystal structures are known (Bindlish et al. 1976; Burgess
et al. 2001; Ren et al. 2016; Shibuya et al. 2008; Wei et al.
1964; Xu and Pei 2012; Xu et al. 2012; Yildirim et al.
2002), and they were used as starting points in theoretical
optimizations. For Cu-7, structural characterization is
given for the first time here, and to the best of our
knowledge, this kind of characterization for copper com-
plexes has not been reported elsewhere until now.

Structural characterization of the investigated
complexes

The optimised geometries of investigated Cu-1, Cu-3, Cu-
4, Cu-5, Cu-6, and Cu-7 complexes, as well as experi-
mental and simulated IR spectra are presented in Fig. 1.
Bond lengths, angles, and dihedral angles of all complexes
calculated are listed in Tables S1-S6, while corresponding
atoms’ labellings are depicted in Figs. S1-S6. In all
investigated cases, copper is forming two six-membered
chelate rings. Each of them is formed via coordination of
nitrogen from azomethine group and oxygen originating
from salicylaldehyde part of Schiff base, with copper(Il)
ion. In the case of Cu-7 complex, chelation in five-mem-
bered fashion is also explored, Fig. S7.

Possibility of the formation of different geometric iso-
mers of the investigated complexes is explored (Fig. 1;
Figs. S1-S8; Tables S1-S7). It is assumed that the com-
plexes exhibit square planar coordination (either frans or
cis). Yet, it is found that, after the optimisations, some of
the structures become distorted. In these cases, it was not
obvious whether the coordination is square planar or
tetrahedral. Hence, the geometry of chelate complexes is
determined on the basis of the plane—plane angle defined
by the two chelate rings (Shibuya et al. 2008). Angles 0°,
90°, and 180° correspond to the ideal trans-square planar,
tetrahedral, and cis-square planar geometries, respectively.

On the basis of this, structures with angles of the chelate
planes close to 0° (Fig. 1; Tables S1-S6) are characterised
with frans-square planar. In all of structures delineated this
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way, copper(Il) exhibits nearly ideal square planar coor-
dination, with N-Cu-O, and N-Cu-N/O-Cu-O bond
angles close to 90° and 180°, respectively. The only
deviation is in the case of Cu-7, where chelating plane
angle is close to 25°. This distortion is most probably due
to favourable position of OH substituent in aniline ring
towards ligating oxygen atom from the other chelating ring.
In that way hydrogen OH---O bond is formed. On the other
hand, structures with plane—plane angles close to 125°
possess geometry which is closer to tetrahedral than cis-
square planar.

In all cases, the NBO analysis revealed that, in place of
formed bonds between copper(Il) and ligands, there is
donation of electron density from the donor atoms to the
metal centre. Oxygen lone pairs from pure p orbitals, and
nitrogen lone pairs from the sp> orbitals delocalize to the
half empty d orbital and formally empty s orbital of Cu(Il).
As a result, occupancies of mentioned copper orbitals are
higher than before, with consequently lowered occupancies
in the orbitals of donor atoms.

To confirm or to negate that calculated structures cor-
respond to the experimentally obtained complexes, theo-
retical spectra obtained by means of density functional
theory are compared to experimentally acquired IR spectra.

IR spectral characterization

In all investigated cases, good agreement between experi-
mental and calculated spectra is achieved, Fig. 1. Similar
to our previous work with Pd complexes (Petrovic et al.
2015a, b), deviations are observed in the region above
3000 cm™'. Namely, in the cases where OH group is still
present, these bands are overestimated, apart from the
trans-Cu-7, where OH stretches are matching experimental
ones. This can be rationalised on the basis of that in this
case there is intramolecular OH---O hydrogen bonding
(Shibuya et al. 2008). On the other hand, this was not
repeated in other calculated structures. This is most prob-
ably due to excluded possibility of intramolecular hydro-
gen bonding, as well as due to the intermolecular hydrogen
bonding present in the solid state but not in the optimised
structures. Compared to the spectra of ligands (Petrovié
et al. 2015a, b) (Fig. S9) bands belonging to OH stretching
vibrations are changed in cases for Cu-1, Cu-6, and Cu-7,
while in others these bands are missing, implying that Cu—
O coordination occurred.

In the spectra of corresponding complexes, the C=N
bands are present at lower wavenumbers 1605-1612 cm™ ",
than in corresponding ligands, implying that N coordina-
tion occurred (Abdel-Rahman et al. 2016, 2017a, b). In
addition, there are new bands in the regions of 520-550 and
450-470 cm™'  originating from Cu-O and Cu-N

vibrations. It is worth pointing out that our IR data, both
experimental and the calculated, are in accordance with the
literature available (Abdel-Latif et al. 2007; Campos-Val-
lette et al. 1993; Kusmariya et al. 2016; Vafazadeh et al.
2010).

Based on the calculated spectra, one cannot conclude
which isomer prevails. Comparison of the relative free
energies among corresponding isomeric structures revealed
that, except in the case of Cu-7, tetrahedral isomers are
somewhat more stable, but one should note that differences
are not pronounced (up to about 6 kJ/mol, Table S7). On
the other hand, in the case of Cu-7, trans-square planar
structure is by about 30 kJ/mol more stable than corre-
sponding tetrahedral geometry. In addition, this six-mem-
bered complex is far more stable than any of equivalent
five-membered chelates, Table S7. Taking into account that
the crystal packing of Cu-3 is built of both isomeric
structures (Xu and Pei 2012), it is possible that in all cases,
apart from Cu-7, both isomers are present.

Biological evaluation
Cytotoxic effects

Standardised MTT assay was used for the determination of
the cytotoxicity of investigated complexes and results are
expressed by ICsy values presented in Table 1 and
Figs. S10-S12. When compared with positive control
CisPt, the strongest effect was observed with Cu-7, which
showed very high cytotoxicity to all three cell lines. Cu-1
and Cu-6 expressed significant activity on HCT-116 and
MRC-5 cells. Unlike these complexes, Cu-3, Cu-4, and
Cu-5 did not express such prominent cytotoxic effect, but
these substances expressed noticeable cytotoxic activity
only towards HCT-116 cells. This is important since these
complexes showed selectivity towards one cancer cell line
versus healthy cells. On the other hand, Cu(OAc), served
as negative control and we observed no cytotoxicity on all
three cell lines, Table 1. These results might suggest that
investigated thermodynamically stable six-membered che-
late Cu(II) complexes are stable and that they hydrolyse
very slowly in cell. Our previous results showed that pal-
ladium complex analogues of Cu-1 and Cu-6 expressed
significant cytotoxicity on these three investigated cell
lines.”* Similar to our previous findings (Kosaric et al.
2014; Petrovi¢ et al. 2014, 2015a, b), HCT-116 cells are
more sensitive to investigated Cu(Il) complexes than
MDA-MB-231 cells. This could be explained by the nature
and origin of these cells. MDA-MB-231 cells are meta-
static and thus more resistant cells, while HCT-116 cells
have been derived from primary tumour.
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Table 1 ICs, values (uUM) of

the investigated compounds HCT-116 MDA-MB-231 MRC-5
24 h 72 h 24 h 72 h 24 h 72 h
ICs0, UM
Cu-1 25.49 18.55 >500.00 155.0 51.78 31.03
Cu-3 >500.00 38.27 >500.00 >500.00 >500.00 237.21
Cu-4 53.69 21.84 >500.00 >500.00 125.38 105.53
Cu-5 58.77 37.89 >500.00 >500.00 225.85 470.47
Cu-6 35.15 13.98 >500.00 108.2 12.17 11.42
Cu-7 9.31 2.15 67.30 27.80 12.51 11.66
Cu(OAc), >500.00 >500.00 >500.00 >500.00 >500.00 >500.00
CisPt 219.70 19.40 322.40 38.60 188.10 22.10

Inhibitory activity was expressed as the mean of 50% inhibitory concentration of triplicate experiments

Superoxide anion radical (O, ) content changes

It is well known that redox equilibrium in cells is very
important. Thus, we examined the influence of Cu(Il)
Schiff base complexes on the level of superoxide radical
anion O, as an important indicator of reactive oxygen
species (ROS). Results representing the level of measured
O are presented in tables S8-S10 for HCT-116, MDA-
MB-231, and MRC-5 cells, respectively. These data rep-
resent the level of measured O, in whole plate well. From
the obtained data, one can notice that there is significant
increase of O3 content for investigated Cu(II) complexes.
Considering that treatment influenced significant lowering
in cell number (cytotoxic effect), we recalculated all data to
be related to the number of survived cells (from MTT data)
(PetroviC et al. 2015a, b). This way, we obtained another
point of view of the level of O; . Such recalculated data
revealed very significant increase of O, for all complexes
on all three cell lines, i.e. cells were under significant
oxidative stress, Figs. S13-S15. Similar to the effects on
cell viability, Cu-1, Cu-6, and especially Cu-7 induced
huge increase in O5 content in dose- and time-dependent
manner (Petrovic et al. 2015a, b). Increased content of ROS
could lead to the irreversible damage of cellular compart-
ments and biomacromolecules (including DNA), leading to
enhanced cytotoxicity. Thus, it is expected that if some
substance leads to the enhanced production of ROS, it
could also be cytotoxic (Deavall et al. 2012). When the
results of O, and MTT are compared, significant com-
patibility can be found. Cu-1 induced the highest produc-
tion of O; and the highest cytotoxic effect on HCT-116
cells. Cu-6 induced similar compatibility on MRC-5 cells.
Cu-7 showed the highest cytotoxic effect on HCT-116
cells, while the increase of Oy was largest in healthy
MRC-5 cells. Comparison of the structures of phenolic
complexes Cu-1, Cu-6, and Cu-7 revealed that the most
active complex Cu-7 contains free OH group in o-position
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of aniline moiety, as well as Schiff base which was used as
ligand and which showed significant cytotoxic effect on
HCT-116 cells (Petrovié et al. 2015a, b). According to the
fact that our complexes are Cu(Il) based, one of the
questions from where such high amount of O; comes
could be explained by Fenton reaction. In mitochondria,
produced H,O, reacts with cytochrome iron yielding water
and Oz . It is proved that Fenton reaction could also be
catalysed by transition metals such as copper (Pham et al.
2013). It is known that many of the anti-cancer drugs are
designed to induce overproduction of ROS and, therefore,
prooxidative (Barrera 2012). Our results showed that
increase in O amount is larger in HCT-116 cells and in
MRC-5 cells than in MDA-MB-231 cells.

Nitrite (NO, ) content changes

Besides ROS-induced oxidative stress, the cell redox
equilibria could also be altered by reactive nitrogen species
(RNS). Nitrites could be considered as an indicator of NO
which is one of the most important RNS factors. Results
representing nitrite levels are presented in Tables S11-S13
and nitrite levels related to the number of viable cells in
Figs. S19-21 for HCT-116, MDA-MB-231 and MRC-5
cells, respectively. It was observed that investigated com-
plexes induced increase in nitrite level. The most signifi-
cant effect was in cases of Cu-1, Cu-6, and Cu-7 in the
dose- and time-dependent manner. Cu-4 increased nitrites
only in the highest concentration. Similarly, as in NBT
assay, when recalculated to the number of survived cells,
the NO,™ increase is significant and related to the cell
viability. Thus, our results again suggest that cells are
under high nitrosative stress. The origin of nitrites is quite
complicated for explanation because it could be derived
from many sources, e.g. from catabolism of investigated
substances (our substances contain nitrogen atoms), and/or
from the induction of enzymes that could be involved in
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NO production such as iNOS and many others. NO (and
thus nitrite) level is greatly influenced by O* ~ production.
According to Ferrer-Sueta and Radi (2009), O*~ possess
great affinity towards NO, forming peroxynitrites, which
exert great oxidative potential. NO" and O; react rapidly
in vivo, and the formed ONOO™ also quickly reacts with
thiol groups of GSH and many proteins (Lancaster 2006)
inducing non-controlled and non-desired posttranslational
modifications. The largest production of NO, ™ is observed
in healthy MRC-5 cells.

Reduced glutathione (GSH) content changes

Glutathione is a tripeptide, y-L-glutamyl-L-cysteinyl-
glycine, responsible for preventing the influence of ROS
and RNS that could cause damage to the cell structures and
affect cellular processes and cell viability. Tables S14-S16
and Figs. S16-S18 represent results obtained for GSH
measurements on HCT-116, MDA-MB-231 and MRC-5
cells, respectively. Considering the level of GSH related to
the number of survived cells, these results suggest signifi-
cant increase in GSH level induced by investigated sub-
stances, especially after 72 h from treatment. The highest
production is observed in healthy MRC-5 cells. On HCT-
116 cells all investigated substances induced increase of
GSH in similar extent. On MDA-MB-231 cells, Cu-7
induced the most significant increase, while in MRC-5 cells
Cu-1, Cu-6, and Cu-7 induced the largest increase. Such a
denominated increase in GSH level could be related to the
increased oxidative and nitrosative stress as a positive
feedback of cell. This GSH production could be related to
previous intensive production of ROS/RNS. Interaction of
GSH with redox changed active moieties of proteins
includes oxidation to GSSG with subsequent NADPH-de-
pendent reduction to GSH by glutathione reductase
(Nordberg and Arnér 2001). In addition, this might be
achieved in interaction of GSH with tested substances, or
with some reactive species originating from phenolic
complexes Cu-1, Cu-6, and Cu-7 (Radu et al. 2010).

Conclusions

The results presented in this paper include the synthesis of
the six chelate N,0-copper(Il) complexes, investigation of
their structures using experimental and theoretical tools, as
well as in vitro biological evaluation on cancer and healthy
cell lines. On the basis of obtained experimental and the-
oretical data, it is found that the complexes Cu-1-6 exhibit
either frans-square planar or tetrahedral geometry, while
Cu-7 exclusively adopts trans-square planar geometry.
In vitro study of biological activity of synthesised Cu(Il)
complexes revealed that, similar to our earlier findings with

Pd(II) Schiff complexes, Cu-1, Cu-6, and Cu-7 induced
significant oxidative/nitrosative stress followed by
enhanced cytotoxicity of healthy and cancer cells. Com-
pared to CisPt, investigated Cu-7 showed higher cytotoxic
effect against treated cells with no selectivity. Such cyto-
toxic effect is a consequence of increased production of
superoxide radical anions and nitrites as a result of
prooxidative action of these complexes. It is important to
emphasise the effect of Cu-3, Cu-4, and Cu-5. They
exhibited higher cytotoxicity against HCT-116 cells than
against healthy MRC-5 cells, with no effect against MDA-
MB-231 cells. Compared to the results of analogue Pd(Il)
complexes, Cu(Il) complexes exerted higher selectivity to
healthy MRC-5 cells.
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KOMIIOHEHTaMa, OfipyKaBarbe OalaHca IpaBIIHe UCXPaHe,
KpYLIjaHa je CTBap y 60pOM IPOTHB MOTEHIUja/THIX PY-
3UKa Off KaH1iepa [6].

3AKIbYUIIN

1. Konsymmparse Meca 1nMa cBoOje pefHOCTH, He Tpeba
3a60paBUTH a MeCO IPECTAB/bA BaXKaH M3BOP
HyTpUjeHaTa, a1y IIpeBe/yKe KO/IMYMHe [IPBEHOT Me-
ca v MecHux npepabeBnHa, foBoge o mosehaxor
pU3MKa Off pa3Boja KaHIlepa. Jako je BaXKHO BOIUTHI
padyHa 0 KO/IN4YMHM KOja ce KOH3yMupa.

2. Haumn npumpeme mpencraB/ba jemaH of OMTHMX
¢axropa, crora je mOTpeOHO CBECTV HA MUHUMYM
Ip)Kekbe, POLITIBCKY IPUIIPEMY, CMABbUTI AVIM/be-
HO Meco, CTIaHIHy, Kobaculie, IpLIyTy.

3. Jako je GurtaH 1 HAYMH MCXpaHe KMBOTYIbHA, KA0 1 yC-
70BY, Ha hapMaMa Koje ce raje 3a KaCHlje IIpaB/berbe
MecHux npepabeBuna. [lonaBarme pasHUX aHTIONO-
TVIKa Y OCTAIVX CPefCTaBa XXMBOTUAMa TaKohe Mo-
Ke JIOBECTY JI0 Makbe KBa/IMTeTHOT Meca Koje ce Kac-
HMje KOPUCTY Y ICXPaHIL

4. Ocobe koje nMajy IpobeMa ca KapOBaCKy/TapHIM
CUCTEMOM VIV TeHeTCKY IPefUCIIO3ULNjy Off Ha-
CTaHKa KaHIlepa CTOMaKa, >Keylia, jeTpe, au 1 OCTa-
NUX OopraHa, Tpebaso 6u moce6HO fa u3berasajy mpo-
U3BOJie CIIpeM/bEHE Y IMPEKTHOM KOHTAKTY ca IlIa-
MEHOM.

Abstract
CARCINOGENICITY OF RED MEAT-BACON

Kristina JOKSIMOVIC, MSc student of biochemistry,
Faculty of Chemistry, University of Belgrade.

Bacon represents the processed meat product, usually
pork dried parts. As types of meat, which is one of the
primary sources of water and fat, bacon contains between
20-30% protein, and well-balanced micronutrients. A great
source of iron, zinc and selenium, as well as vitamins B6,
B12, vitamin D and omega-3 unsaturated fatty acids, is also a
great source of some of the key nutrients necessary for the
proper functioning of the body, such as folic acid.

SN0 F ©

Bacon is usually produced from pork red meat and
further actions depend on its processing purposes. To be
able to maintain its freshness and persistence, when
preparing a number of additives are added. U composed of
many components, of which the most important iron from
heme. Some components are created after further
processing of meat, such as N-nitroso components and
PAH (polycyclic aromatic carbohydrates).

The studies that were based on an animal model have
shown that exposure to increased concentration of HCA
and PAH leads to the occurrence of cancer. In many
experiments, food that contains HCA leads to the
development of breast, colon, liver, skin, lung, prostate and
other cancers.
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CVMHTETNYKA ®EHOJIHA JEIVIHEIbA 1 IbUIXOBA

AHTNOKCUIOATNBHA AKTUBHOCT

AHTMOKCUIAHTH CY jeiibera KOoja, IPUCYTHA Y
ManuM KONM4YMHaMa y ofrosapajyhem cymcrpary
TIOJUIOXKHOM OKCHAIIMjH, 3HAYajHO MHXMOVPAjy WM TIOT-
IIYHO CIpeYaBajy OKCUJaLujy TOT CylcTpara. Beoma cy
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IPYUCYTHHU Y )XVBOM CBeTy [1,2], 1 Hajuerhe ce jaBbajy y
006/11Ky (PeHOTHNUX KIUCEVHA, eCTapa i eTapa, iepuBaTa
XMJIPOKCUIIVIMETHE KUCeHe 1 (praBoHOMzA [3].



DeHOMHUM jeMIbenlMa ce IPUIICYje BeTUKY 3Ha-
4aj Off Ka/ja je YO4eHO Jja Urpajy K/bY4HY YOIy Y ofdpam-
6eHOM MeXaHM3My OMOOLIKYIX CHCTeMa U fia IIOKa3yjy
3HauajHM edpeKaT MHXMOMIMje MyTareHese ¥ KapIyHore-
Hese. AHTMOKCU/IATYBHA aKTUBHOCT OBMX jefIUIberba je
HallTa BeMKy IpUMeRy 1 y mHAycTpuju. Ha etukerama
MHOTUX Ipor3Bohada IpexpaMOeHIX IIPOU3BO/A, XpaHe
u nuha, gecTo cToju “6orar u3BOp aHTMOKCHAAHATA .
ITponssopyu nomyT y/ba, MacT! 1 XpaHe KOja Cafp K /-
Hufe ce, IPY 3arpeBarby WM 300T AyTOTPajHOT CK/Ia-
JMIITERa, KBape jep Ce, IOJ, TAKBUM YCTIOBMMA, OlUTPaBa
Ipoliec OKCUJialje TUITNAA U IeTpajialiyja HaCTammuX OK-
CUIALMOHMX Ipou3Bofa. 3axBakyjyhu ympaBo cBojoj
CTaOWIHOCTY, aHTUOKCUIAHTH CY HALUTY IMPOKY IpU-
MeHY y npexpaMOeHOj MHAYCTPUjI Ka0 CPEACTBA KOja
CripevaBajy mpomnajame XpaHe [4], a MICTOBpeMeHO 110-
60/plIIaBajy IeHa OpraHo/IenTyKa cBojctea. [IpBu aH-
TUOKCUJAHTY KOjI CY Ce KOPUCTUIIM 33 KOH3EePBUPatbe
xpaHe cy 6unu 3aunHu. Mehytum, oHu cy saMemeHn
CUHTETUYKVIM CYIICTaHIaMa Koje cy jedrvHuje, yrBphene
uncrohe 1 mocenyjy yjeiHa4eHMja aHTMOKCU/JATYIBHA
cBojcTBa [5]. OBa jenumema ce 4eCTO Ha3VBajy U a{UTH-
BUMa J 03HauaBajy cioBoM E u oprosapajyhum tporu-
¢bpennm 6pojeMm.

CHHTETNYKN AHTMOKCUIAHTHU

CHUHTeTMYKM aHTMOKCUIAHTH CY IOYesIN fla Ce KO-
puCcTe y mpexpaMOeHoj MHAYCTPUjI YeTPAECEeTUX TOIHA
XX Beka. Op camor 1o4yeTKa HbIX0Be YHOTpebe, IpBeH-
CTBEHO Cy KopuurheHu Kao fofaly MacTMMa U XPaHU
KOja canp>ku MacTh. JlaHac ce oBa jeqMiberba KOpUCTe Y
npexpaM6eHoj MHAYCTpHUju, Hajuenmhe kao 3aMeHa 3a
IpYMpPONHEe aHTHOKCHUAHTe. VIaKo CHHTETIYKY aHTUOKCH-
[AHTY II0Ka3yjy U3y3eTHe 0COOMHE IIPU KOH3EePBUPaY
XpaHe U CIIPEeYaBajy IEeHO TPY/betbe U IIPOIIafiathe, MOpajy
ce yseTu y 003Vp 1 IIOTEHIVja/IHY INTeTHY e()eKTH IyTo-
pouHor kopumihema [5], 360r yera MHOTY UCTPaKMBAYN
Hpencnutyjy 6e36eHOCT HEKMX BPJIO MOITy/TAPHYX CUH-
TeTUYKNUX (PEHONMHNUX aHTUOKCUJaHATa Kao IITO CY, Ha
npumep, 6ytunoanu xupapokcuronyer (BHT, E321), 6y-
TrnoBanu xuppokcuannson (BHA, E320), terc-6ytunxu-
npoxunoH (TBHQ, E319) u ranaru [6].

CuHreTrdky QeHOMHM aHTMOKCHUIAHTI 9eCTO Cajip-
Ke 11 ofiroBapajyhe ankui- rpyte jep ce, 3axBabyjyhu mu-
Ma, HO00JbIIIABA 11 IJIXOBA PACTBOP/BMBOCT Y MaCTMMAa I
ypuMa [7]. HajpacTBOp/BMBUjY aHTMOKCUAAHT Y YIbY je 2-
(1,1-gumeTuneTnn)-1,4-6ensenpgnon (TBHQ) unja je
CTpYKTYypa ITpuKaszana Ha Crmim 1.

HO OH

Cnuxka 1. terc-by Tunxuppoxnaox

2,6-[Tu-terc-6yTmin-4-mMetwideHon wiu 6y TMIoBaHN
xuppokcutonyer (BHT) (Cnuxa 2), Hajuemnhe Hamasn
IpUMeHY y IPOM3BOAbY MacT! ¥ OM/BHUX YIba, XKBa-
kahyx ryma, XpaHe 3a )KUBOTUHE UTH., AN Ce, Takobe,
yroTpe6/baBa 1 y KO3SMeTUII 1 (hapMaliey TCKMM IIPOM3-

BopuMa. OBO jerumberbe MHXIOMpa OKCHIATUBHE IIPOMe-
He Ha ofiroBapajyhuM nponssoiyuma 13a3sase KiCceHa-
Ma. VIcKycTBO je moKasano fa KO3MEeTUIKY MpenapaTu
KOju Cafip>Ke OBO CPENICTBO MOT'Y M3a3BaTy aJIePrujcKe pe-
aKIIMje Ha KOXKI.

OH

Cnuxka 2. 2,6-Ilu-terc-6yui-4-metundeHon

Mupycrpujcku ce BHT yrmaBHOM fo6uja peakijom
4-MeTideHona ca U300y THIEHOM, Y IIPUCYCTBY CYMIIOp-
He KIICe/I/He Kao KaTa/m3aTopa:

N
CH;(CgH,)OH + 2 CHy=C(CH;), M ((CH;);C),CH;CH,0H

AntepHarusHo, BHT ce Moxe mpumpeMuTy us 2,6-
nu-terc-6ytindeHomna.

Bbytunosanu xuppoxcuanuson (BHA) je BepoBaTHO
HajBuIIIe KopuinheH aHTHOKCUAHT Y IpexpaMOeHoj H-
mycTpuju. 360T CBOje paCTBOP/BUBOCTI Y MACTIMA 1 Y/bI-
Ma MMa IMpPOKy npuMeHy. OBO jeaumerbe je TepMOoCTa-
6unHO 1 MMa HajOoby edeKaT y TepMudKy obpaheHnm
HaMMpHUIIaMa jep uM omoryhasa 1y pok Tpajama.
360r Beh IOMeHyTIX 0COOMHA OBOT CMHTETUYKOT aHTUO-
KCUJIAHTA, OH Ha/Iasy IIPUMEHY Y IPOM3BONBY OV/bHIX
y/ba, y/ba 3a NIp>Kekbe, XpaHe 3a )KMBOTUIbE, )XUTAPUIIa,
>kBakahux ryma, maxysbuiia, Kao u y 1akoj MHLYCTPUjU ¥
IIPOM3BO/IbY KO3METHYKIX Tpoussopa. BHA, sajenno ca
IPYTUM aHTMOKCUIAHTVIMA, CIIafia y TPYITY aHTMOKCHTA-
HaTa 4uja ynorpe6ba nusasusa 3Ha4ajHe Hecyrmacutie. [To-
CTOje U CTyfiMje KOje CyTepuIly Jia je OBaj aHTMOKCUJAHT
KaHIleporeH 3a Jbyficku opranusam [8]. ITon o3nakom
BHA ce, 3anpaBo, mofjpasymMeBa cMela 2-iiepy-6y Tmi-4-
XVUJIPOKCUAHN3071A U 3-iiepy-6y TUI- 4-XUTPOKCHAHN30/Ia
(Cnuka 3).

~ ~

O O

OH OH
Cnuka 3. ByTuioBaHu XMapOKCHAHN30/IN

Ipormmn-ranar (E310), mwiv mpomnwmi-3,4,5-TPYXut-
npokcubeHosoat (Cmka 4), je CMHTeTUYKY aHTVOKCH -
JAHT V1 lepMBaT Ta/IHe KMCeTIMHE KOja je cama 110 cebu jo-
6ap anTHokcupaHT. OBaj lepuBarT rajHe KUCeIVHe Mo-
Kasyje 13y3eTHy aHTUOKCUJATUBHY aKTVBHOCT Y XpaHU 1
OV/BHOM Y/bY, HAPOUIMTO Y KOMOMHAIM)I Ca aCKOPOWII-
nanMuTaToM. [Iponmi-rasaT mokasyje Mamwy pacTBOP/bI-
BOCT y y/buMa y nopebewy ca BHA 1 BHT, 1 oBa ierosa
0co6¥Ha MocrIelTyje CMHePTMCTIYKO fienioBame ca BHA.
ITopen, mwera, Kao aguTHBMK (HIp. 33 OUyBaba KBAMTETa
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crnaponena nny npepahenor Meca) ce 4ecTo KOpucTe 1
oktwi-ranar (E311) u mogenmn-ranar (E312). ITokasano ce,
MebyTuM, la OHV MOTY M3a3BaTy YTy CITy30KOXKe JKeITy-
1ja ¥ HeKe TIpobyieMe KOfj acMaTidapa.

OH

HO OH

HO OH

OH

Cnuxa 4. laHa kucenuHa (J1eBo) ¥ NPOIMI-ranaT
(mecHo)

TTaksie, 360T YMILEHMIIA 1A CUHTETUYKY aHTHOKCH-
IAHTY MOTY IIPOY3POKOBATH 3IPaBCTBEHe IIpobeMe KOf
TbyAu, cBe Yernhe je BIXOBa ynorpeba oy 3HaAKOM I
Tama. [Topen Tora, y peaknujama muxoBe CMHTE3E YIIO-
Tpeb/baBajy ce pacTBapauy U KaTalI13aTopy KOju HUCY
6MOKOMIIaTHOWIHMY, a 300T U30CTAHKA PETMOCe/IeKTIB-
HOCTY 1 HUCKVIX IIPYHOCA, M30/I0Babe U peuninhaBame
IPOM3BOJA je KOMIUIVKOBAHO. 300T CBera OBOT II0jaBIIIa
ce noTpeba 3a pasBojeM HOBMX METOfla CMHTe3e Koje 3a0-
BO/baBajy cTaHyapae 3eneHe xemuje [9]. KoHuenT seneHe
XeMMje 3aCHOBaH je Ha MepaMa CMarberba OTIIafHOT MarTe-
Ppujana, OTacHOT [ieI0Barba MOa3HIX I HOBOHACTA/INX

CyBH JIMOKCaH

CH,COOH

R=OMe, OEt, OCH, O, OH 1 c.

CYIICTaHIIV, €HEPIYje ¥ TPOIIKOBA YK/bYYEHUX Y XEMMCKE
nporece. CrHXa 1 capafHALM [10] CY pasBuIu HOBE Me-
TOJie 3a CUHTe3y (PeHONHYX jef/Iberba Koje 3a0BO/baBajy
oBakBe cTaHpapye. CeHNNINnponaHOUAM IPEfCTABIbAjY
PasHOBPCHY I'PyITy IPMPOJHIX Ipou3Bofia, a C1HXa 1 ca-
PpagHNLIV CY YCPEICPENIN CBOja ICTPKIBatba Ha pasBoj
0MOaKTUBHNX QEeHNINPOIAaHONU[A Kao WTO CY de-
HIWINPOIeHY, PeHITIPONaHy, YMeTHA KVCeIIHA I Hhe-
HU JlepyBaTy, AepUBaTY LIMHAMIII aJIKOXO/IA U LIYHaMaJl-
nexupa, u c. lepyBaTi iIMeTHe KMCETMHE U IIVIMETHOT
almexupa ce, MHade, 4ecTo Mory Hahu y mpupopu 1 oHu
HOKa3yjy 3HaTHO Belly aHTMOKCUJATUBHY aKTUBHOCT ¥
OJJHOCY Ha JilepUBaTe XUPOKCUOEH30eBe KUCeIIHE 300T
npucycrsa -CH=CH-COOH rpyne. OBa jeguberba noce-
Iyjy: anTHOaKTepyjcKa, aHTU(YHTATHA, aHTOKCUJATIB-
Ha U aHTMKaHIeporeHa cojcrsa [11]. Ha Illemn 1 npuxa-
3aH je HOBY IIPUCTYII 33 CMHTE3y IVIMETHOT a/IieX/ia 0-
nasehn on apwimponana. IluMeTHN anpmexuy ce mpuipe-
Ma One-pot peaKkIjoM KOja ce CacToju U3 OeXUPOTeHN3a-
1Lyje ¥ OKCHiallyje apVIIpPOIIeHa Ca BUIIKOM JVXJIOP-5,6-
IMIUjaHOOEH30XMHOHA, CTUMY/IICAaHe YITPaCOHUKa-
L1joM, Y IPYICYCTBY AMOKCaHa U cupheTHe KucemHe [11].

ITopen Beh rope cioMeHyTe ,,3e7IeHe METOfie , 3 CUH-
Tesy (DeHOMHIIX jenyiberba YIOTpeO/beHe CY I jOHCKe Ted-
HOCTM. JOHCKe TEeYHOCTM CY ce ITOKasaje Kao BeoMa Ko-
PYICHU KaTann3aToOpy WK KaO ,,3€JIEHN PacTBapadn’ y
OPTaHCKMM I MeTa/I-OPTaHCKUM peakiujaMa. Y moTpe-
6a joHCKMX TeyHOCTM Moryhaje y pasnm4uTuM IIOH-
pyd4juMa Kao ITO Ccy papMareyTcka MHEyCTpuja, Omo-
TEXHOJIOTMja, MeAuLMHa, HaHoTexHonoryja. Ha lemmu 2
IPYKA3aHO je HacTajarbe HeKMX (PeHOMHNIX jenyimberba e-
KapOOKCIMIaIjoM KapOOKCIIHMX KVCeVHA Y TIPUCYCTBY
jOHCKMX TEYHOCTH.

o

//

Illema 1. CuHTesa 1HaMangexua nojaasehn og apuinpomnana

74 Xemujcku tipeineq



Joncka Teunoct - Boga
HOOC .

R=R'=H, CH,
X=H, Cl

77X
co,

R=
Wnyonu, Apun eTeHu u AepuBatu ApeHa

Rs '=H, CH,

R4

Rs R,-Rg=H, OMe, OH

IlTema 2. [lekapOokcmanyje HeKIX KICeNTUHA y IPU-
CYCTBY jOHCKMX T€YHOCTU

JoHCKe TeYHOCTM Ce MOTY KOPUCTUTI 1 32 HeXupa-
Talyjy aJIKOX0/a. Y I/by pa3Bijarba ehMKacHOT POTO-
KOJIa ieXupparanyje u aeectepudukaiyje 6eH3uI-aaKo-
X071a ¥ ecTapa y ofrobapajyhe apuiankene pasujeH je
IIPOTOKOJI 3aCHOBAH Ha Kopuinhemwy jOHCKe TeUHOCTH.

xR
x/ P
X=0OH, NO,, Cl

R=H, CH;, CH,-C¢Hj
OBa METOAAa KOPUCTU 1-XE€KCUI-3-METV/INMIA30/ Iy M-
6poMuLT Kao jOHCKY TeYHOCT KOja je Hey TpalHa U MOXKe I
ce peruxmpa ([ema 3.).

BunnndeHomny, rpyna GpyHKIMOHATHIX CTUPEHa, Cy
jenHa of; Haj0osbe VCIMTAHVX TPyIa (PEeHOMHIX jeANberba
U I1bUXOBA IIPMMEHA jeé BEOMa PaCcIpOCTpabeHa y Impe-
xpambeHoj nHpycTpuju. Pag Ha pasBujarby jeTHOCTaBHE 1

OR"
R' R'
N A X
MuxkpoTaacHH 3panu
1 -xeKcmn-S-MeTmnMMM,u,asonmylvT
. oo / Eietmale . / /

R =H, OCH,, OH, NO,, C,H;
R’ =H, CH,, C,H,, C;H,
R” =H, COCH,, COC.H;

IlTema 3. Jexuapatanuja u geectepudukanyja 6eH3MI-aIKOX0MA X eCTapa y IpUCYCTBY

JOHCKMX TE€YHOCTH
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Ry

Ry OH
R, CHO
R, COOH
AcOH
+ CHy(COOH), ————>t
AIIEPUIH
HO COOH
Ry Mukporanacu |,

3palu
Rs
Ry

R1
Kuoesenarein-/loeGHeposa

Dpeakimia Ry AN
/

/
/_\ .

CO, Ry

COOH

Kunacuynu nporokosn Ry

3amruTa henona

XuHomn/6akapHa co

240-260 crenenu

YIUIalbalbe 3alITHTE d)euoua
o,

Ry
MozanQpukoBaHH IPOTOKOI x
N

7N .

CO, R4

Ry

R1=R2=R3=R4=OMC, H, OH, Bl‘, N02

IlTema 4. CuHTe3a 4-BuHWIPEHOTA U3 4-XUAPOKCH OeH3aNIexnia

e(buKacHe METOLOJIOTHIje 3a IbJMXOBY CUHTE3Y KOja I10/1a3n
Off 4-XV/JPOKCH CYIICTUTYMCAHNX OeH3anexuza 61o je 3a-
XTeBaH 3agaTak [10]. CuHresa je yHanmpehena u Moxxe ce
M3BECTH Y [IBa KOPaKa y jefJHOj IIOCY/IV, 11 TIOf, Y TULajeM
MuKpoTanacHyx 3paka (Illema 4). 4-Bunmndenonu ce ko-
PUCTe U Kao MHTepMefyjepy 3a IIPUIIPpeMy HeKVX 0110aK-
TVBHIX MOJIEKY/Ia, [IO/IMepa U Koto/mmepa [12].

XWIPOKCUIOBAHY CTUIOEHM TIPEeICTaB/bajy BXKHY
TpyIy IPUPOJHYX jefyiberba 3aXBabyjyhu mmpokom
criekTpy 6monomkux ocobuHa. [Toctoju Benuku 6poj
IIPOTOKOJIA 33 CUHTe3Y OBMX OMOaKTUBHIX CTUIOEHA, anu
HajucTtakHyTyja je [TepkuHOBa peakiuja usMelhy 6ensan-
mexupa v (peHnIaeTaTHYX KucenuHa. HoBu acriekT wra-
cuuane [TepkuHoBe peakuyje 06yxBara HEOOMIHY UCTO-
BpeMeHy KOHJIeH3al1jy U JeKapOOKCIIALjy ITO OMO-
ryhaBa jegHOCTaBaH OIPUCTYI Pa3HUM OMOAKTVBHUM
ctundenuma (Illema s).

Heke cunretnuke denonne Illndose 6ase ce, Ta-
KoDe, IIOHaIIajy Kao epeKTHY aHTUOKCUAAHTI. Y JuTepa-
Typu ce Mory Hahu nogany Koju notephyjy ma cammuim-
nanpexupse Illndose 6ase nokasyjy aHTMOKCUIATUBHY 1
AHTMMMKPOOHY aKTUBHOCT [13]. AHTVMOKCHATIBHA aK-

tuBHOCT (peHomHMX [IndoBux 6a3a je pupexTHO MOBE3a-
Ha ca BbuxoBoM Moryhxorhy oTIyInTama BOLOHUKOBOT
aroMma [14]. ITowrro Ilndose 6aze 06yxBatajy 1 HIMPOK
CIIEKTap Pa3/IN4UTO CYIICTUTYUCAHUX (peHOIa, MHTepe-
CaHTHO je 6uno aHamusupaTy MebhycoOHy nmoBesanoct
CTPYKTYpe 11 aKTMBHOCTY OBVIX jelyiberba. Y Be3U Ca TUM,
UCIUTaHe Cy HeKe aHWINHCKO-CaMNLIAEXVHe I aHW-
ymucko-BanmwnHcke [Tudose 6ase, kopucrehn excriepn-
MeHTasTHe 1 Teopujcke MeTofie [15]. OBa jemmbersa cy n3a-
6paHa Ha OCHOBY VXOBIX CTPYKTYPHUX KaPaKTEPUCTI-
Ka, Ko LITO CY [OJI0)Kaj XVPOKCYJTHIX U METOKCH TPyIIa
ynpcreny A u B, Cnmkas.

3a eKCIepMMEeHTaTHO MCIUTUBabe aHTUOKCHU IA-
TMBHE aKTVBHOCTY OBUX jenumbera Kopuithex je DPPH
TeCT, a 38 TEOPMjCKa VICIIUTYBaKa MeTOA (PYHKI[VIOHAIA
ryctude (DFT). Ha ocHOBY o6MBeHuX pe3ynTaTa MOXe
Ce 3aK/bYYNTH 1A CY TIOJIOXKAj¥ XMAPOKCH/THVX IPyTIa BEO-
Ma OMTHMU 3a AaHTMOKCUAATUBHY aKTUBHOCT OBMX je-
mumwemsa 1 fa cy [lndose H6ase Koje MMajy XUAPOKCUIHY
TPYIly y para-NoIoXajy IpcTeHa A 1 orto- ooXajy 1p-
crena B HajaktuBHuje [15].

R7
6 6 ;
R! R R R
R1
R2 cHo R
COOH 2
R \ ‘
N nUNepuanH R
é 35 PEG Mukporanacuu
R? R® R R 3parm R
R® RS
R® R
R'vnu R* vrm R® unu R® unn R® nnn R = OH R4

R'-R"=H, OMe,-OCH,0-,0H, CI, NO,

Illema 5. CuHTe3a XUAPOKCUIOBAHUX CTHIOEHA
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Jemum.
1 R2=0H, R¥=OH 6
2 R=OH,R¥=NO, 7
3 R=OH,R¥=CH, 8
4 R=OH 9
5 R®=OH,R*=F 10

R*=OH, R¥=F R"=OH
R*=OH, R®=OH
R’=0CH,, R*=OH, R®=OH
R3=OCH,, R*=OH
R3=OCH,, R*=OH, R*=F

Cmnka 5. opmyrne ncnutuBanux lndosux 6asa

METOJE OJPELVIBAILA
AHTNOKCUIATVUBHE AKTUBHOCTU
OEHO/IHUX JENVIILEIbA

JlaHac ToOCTOje pasmMuuTe BPCTE TECTOBA 33
onpehuBame aHTMOKCUAATYBHE aKTMBHOCTY 1 CBY UMajy
cBOje mpefHOCTM 1 MaHe. He nocroju jenHa MeTopa Koja
ce MO>Ke M3[BOJUTH, 1A Ce CMATpa Jia je Hajoo/be pellerbe
7ia ce KopucTe pasnuunute Metoze. Heke meTone ce kopuc-
Te 3a CUHTEeTIYKe aHTMOKCUIAHTe YTV CIOOOJHE pajiuKa-
JTe, Heke Cy crierdudHe 3a IMIIHE IIepoKcuaaLyje 1 3a
BIXOBO U3Boheme oTpebHe Cy )KMBOTUIbCKE W OVJbHE
hernuje, mok Heke MeTOfe 3aXTeBajy MUHMMAJIHY IIPUIIpe-
My ¥ MaJIe KO/IMYIHe peareHaca 1 6p3o JJoBOfie 10 pesyi-
Tara. Y Tabenu 1 Ha/Tase ce HeKM Off Haj3sHAYAjHM}UX 1 Haj-
BUILE IPUMEHUBAHUX TECTOBA KOjU Cé KOPUCTE 3a
oxpehuBame aHTMOKCUAATUBHE AKTUBHOCTY CUHTETIY-
KVIX VIV IPUPOJHMX jeNUEbERba.

Ta6ena 1. IIpnka3 Heknx MeTopa 3a ogpehnusame
AHTHOKCHUJATHBHE aKTHBHOCTH

Tecr Mexanusam Pedepenna
ABTS .
. MHAKTUBaIMja C1o60p- Ped. 16
2,2" -a3uHO6MC-(3-eTUNOEH30-
HIUX pajyKama Ped. 17
TUA30/INH-6-CyI(OHAT)
DPPH .
MHAKTUBALMja CIOOOJ- Ped. 16
(2,2-AndeHNI-1-INKPUIXN-
HIUX pafjKaa Ped. 17
Apasmn)
CLCOO .
MHAKTMBaLMja C1o60p-
TpUXIOpMETIIT IIEPOKCH HIX pajKana Ped. 18
pagmKan
TanBUHOKCUIT pajiyiKan WHAKTUBALHjA 10607 Ped. 19

HIX pajuiKana

Mexanusmu anitiuoKcugamusHol genosarea
peHonnux jegurverba

AnTnoxcuaatyBHe 0cobuHe (EeHOHIIX jeberba Cy
YITIABHOM IIOBE3aHe Ca BIXOBOM criocobHohy ma mpe-
Hecy BOJIOHMKOB aTOM Ha CI0OOJJHO PaJiNKanCKy BPCTY.
ITpeHOC BOTOHMKOBOT aTOMa MOYKe OUTY OIIVICAH Ca Haj-

Marbe TPJ MeXaH!3Ma KapaKTepIUCTIYHa 32 cBa (eHOMHA

jenuberba [20]:

1. Tpancdep aToma BomoHmka — eni. hydrogen atom
transfer (HAT),

2. IlpeHoc jenHor enexTpoHa npaheH MpeHOCOM IIPOTO-
Ha — enl. single electron transfer followed by proton
transfer (SET-PT)

3. CexBeHIVOHATHU TyOUTaK IPOTOHA IpaheH ryou-
TKOM €/IeKTPOHa — eHi. sequential proton loss electron
transfer (SPLET).
3a cBak1 Off HaBeJeHIX MeXaH13aMa MOTY Ce YBeCT!

TepMOAMHAMIYKY IapaMeTpu Koju oapebyjy xojum he

MeXaHU3MOM (PEHOTHO jefliIberhe pearoBaty ca ClI00o-

HJM PaiKaJIoM:

1. Enranmmmja packupama Bese (Bond Dissociation
Enthalpy - BDE) 3a PhOH no HAT MexaHusMmy.

2. Joumsaumonu noteHuujan (Ionization Potential - IP)
3a PhOH u enrannuja guconujannje npoToHa
(Proton Dissociation Enthalpy - PDE) 3a PhOH'* no
SET-PT mexaHusMmy.

3. Adunnrer npema nporony (Proton Affinity - PA) 3a
PhOH u enrannuja npenoca enexrpona (Electron
Transfer Enthalpy - ETE) us PhO™ 3a SPLET mexa-
HI3aM.

AniliuoKcugamtiueHa axiiiueHOCIHI (PeHOTHUX
jegurerva tio HAT mexanusmy

HAT mexanusam onpebeH je enranmmjom xomonu-
Tr4Kor packupama O—H Bese monekyna ¢eHoMHOT je-
IVBemba, LITO Ce MOXKe IpefcTaBUTHU clefehoM peak-
LUjOM:

Ph-OH > Ph-0°® + H* (11)

Enrannuja packupama ose Bese, wim BDE, ce pauyna
Ha OcHOBY crienehe jenHaunHe:

BDE = H(Ph—-0°) + H(H*) - H(Ph-OH) (12)

H(Ph—0°) je entannuja GeHOKCUFHOT pajyKaa,
H(H®) je enrannmja Bogonukosor pagykana, H(Ph—OH)
je eHTaIMja MOJIEKYTIa.

AHTIUOKCUGATHUBHA AKTIUBHOCTH (PeHONTHUX
jegurwerva tio SET-PT mexanusmy

ITpsu xopak y SET-PT mexanusmy onpebet je joun-
3anyoHnM noteHnyjanoM (IP) ormymrama enekTpona us
MOJIEKy/1a, IITO Ce MOXKe NpeficTaBuTy cnefehom peak-
LUjOM:

Ph-OH > Ph-OH"* + e~ (2.1)

[TpomsBoy oBe peakiyje je pafguKai KatjoH GpeHo-
HOT jenubersa. [P ce pauyHa Ha ocHOBY criefiehe jemHaun-
HE:

IP = H(Ph—OH*") + H(e”) — H(Ph-OH) (2.2)

H(Ph—OH®") je enranmuja pagukan katjoH QeHorn-
HOT jenmberva, H(e™) je eHTanmmja enekTpoHa.

Ipyru xopax y SET-PT mexanusmy oppebet je en-
TA/IIINjOM AMCOLMjaLyje IPOTOHA pafuKasl KaTjoH ¢de-
HOJIHOT jellME-€rba, YCTIer, Yera 0713y Jio AelIPOTOHOBaba
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PajyIKas KaTjoHa, LIITO Ce MOXKe IpefcTaBuTH cefehoM
peakuujom:
Ph-OH*" > Ph-O°+ H* (2.3)

ITpousBox oBe peaknuje je GeHOKCUTHU pagyKal
¢denonuor jenumera. PDE ce pauyHa Ha ocHOBY crienehe
jenHavmHe:

PDE = H(Ph—0°) + H(H") — H(Ph—OH"")
H(H") je enranmuja nporona.

(2.4)

AHTIUOKCUGATHUBHA AKTIUBHOCTH (PeHONTHUX
jegurwerva tio SPLET mexanusmy

ITpeu xopak y SPLET MexaHM3MY je XeTeponmnTITaKo
packuname O—H Bese, n ofpeben je PA Bpenunomhy, on-
HOCHO aMHUTETOM IIpeMa IPOTOHY.

Ph-OH->Ph-O~ +H* (31)

ITpouseox oBe peakiyje je GeHOKCUIHY aHjoH Pe-
HOJIHOT jeiniberba. PA BpeHOCT ce padyyHa Ha OCHOBY
cnepehe jenHaunHe:

PA = H(Ph-O") + H(H"*) - H(Ph-OH)

H(Ph-O") je enrannuja HpeHOKCUIHOT aHjoHa.

Ipyru xopak y SPLET Mexanusmy onpeben je enran-
IMjOM OTIYLITaba eJIeKTPOHa U3 (PeHOKCUTHOT aHjoHa
(eHOHOT jenMbeba, ITO Ce MOXKe IPEACTaBUTH Clle-
nehoM peaxuyjom:

(3.2)

Ph-O~ > Ph-O°*+e” (33)

ITpousBox oBe peakuuje je GeHOKCUTHU pafgyKal
¢deHoMHOT jennbema. EHTannmja mpeHoca eneKTpoHa
ETE ce pauyna Ha ocHOBY cniefiehe jenHaunHe:

ETE = H(Ph—0°) + H(¢") - H(Ph-O") (3.4)

Hacranu deHOKCHIHY pajyiKai MoyKe fajbe OUTH -
PEKTHI ,,XBaTad" HEKOT JPYTOr pajiukasa, Ha IIpYIMep Iie-
poxcupHsor, Cnmka 6.

OH o

ancTpaxigja XBaTambe

BOJIOHHKA ROO"

CH, CH,

Ciuka 6. lllemarcky mpuKa3 HaCTaHKA U [ieNoBamba GeHOKCUIHOT pajjy-

Kaa

3AK/bYYAK

HInpoxk criekrap jenyrberba MPUPOFHOT IOPEK/IA Koja
HOKa3Yyjy aHTUOKCHIATVBHE OCOOMHE je 3HauajaH 11 He MO-
Ke ce UrHoOpucary, anu cBe Beha morpeba 3a HoBnM, edu-
KacHUjUM, Matbe IIKO[BUBIUM Y CIIeLUPUIHIUM CUHTe-

78 Xemujcku tipeineg

TUYKVM jeIMILEbIIMA OBE BPCTe OTBapa IIPOCTOP 32 HOBa
UCTpaKuBama. VIMajyhu cBe 0BO y BULLY, MOXe ce OUeKH-
BaTy Ja he ce y ronuHaMa Koje jo/ia3e BeoMa aKTUBHO pa-
AUTN HA TOM IIO/BbY.

Abstract

SYNTHETIC PHENOLIC COMPOUNDS AND THEIR
ANTIOXIDANT ACTIVITY

Jelena Dorovi¢, Zorica Petrovi¢, Faculty of Science,
University of Kragujevac, Zoran Markovi¢, State
university of Novi Pazar, Serbia

There is a significant number of natural compounds
which show antioxidant activity and this fact cannot be
ignored, but the increasing need for new, more efficient,
less harmful and more specific synthetic compounds of this
type opens the door to new research. Bearing that in mind,
it can be expected that this field of research will be very
interesting and active in the years that are coming.

JINTEPATYPA

1. M. G. Simic, J. Chem. Educ,, 158, 1981, 58125.

2.  H.W. Gardner, Free Rad. Biol Med, 1989, 765.

3. M. F. Andreasen, L. P. Christensen, A. S. Meyer, A.
Hansen, J. Agric. Food Chem., 48, 2000, 2837.

4. M. Laguerre, et al., Prog. Lipid Res., 46, 2007, 244.

A. Misan: ANTIOKSIDANTNA SVOJSTVA

LEKOVITOG BILJA U HRANTI -doktorska disertacija,

Novi Sad, 2009.

6. M. Mona, et al., Asian Jour. Plant Scien., 11, 2012, 100.

J. F. Hudson, London, Elsevier Applied Science, 1990.

National Toxicology Program, Department of Health

and Human Services, CAS No. 25013-16-5, 2011.

9. Anastas P T & Warner ] C, (Oxford University Press,
New York), 1998.

10. A.K.Sinha, N. Sharma, A. Shard, A. Sharma, R. Kumar
& U. K. Sharma, Ind Jour. Chem., 48, 2009, 1771.

11. Joshi B P, Sharma A & Sinha A K, Tetrahedron, 62,
2006, 2590.

12. Jennifer M A & Glesni M, Phytochemistry, 29, 1990,
1201.

13. C. Silva da, D. Silva da, L. Modolo and R. Alves, J. Ad.
Res., 2, 2011, 1-8.

14. L.-X. Chenga, J.-J. Tanga, H. Luob, X.-L. Jina, F. Daia,
J. Yanga, Y.-P. Qiana, X.-Z. Lia and
B. Zhoua, Bioorg. Med. Chem. Lett.,
20, 2010, 2417.

15. Z. D. Petrovi¢, ]J. Dorovié, D.
Simijonovi¢, V. P. Petrovi¢ and Z.
Markovié, RSC Adv. 5, 2015, 24094.

16. N. Filipovi¢, S. Grubisi¢, M.
Jovanovi¢, M. Dulovi¢, 1. Markovié,
O. Klisurié, A. Marinkovié, D. Miti¢,
K. Andelkovi¢ and T. Todorovic,
Chem. Biol. Drug. Des., 84, 2014, 333.

17. J. Moon, T. Shibamoto, J. Agric.
Food Chem. 57, 2009, 1655.

18. L. Zai-Qun, Chem. Rev., 110, 2010, 5675.

19. H. Shi, N. Noguchi, E. Niki, Free. Radic. Biol. Med., 27,
1999, 334.

20. G. Litwinienko, K.U. Ingold, Acc. Chem. Res., 40, 2007,
222.

\.I'|

o

(0]

HsC OOR



	ДoкторскаДисертација-ЈеленаЂоровић
	1
	Influence of different free radicals on scavenging potency of gallic acid
	Abstract
	Introduction
	Computational details
	Results and discussion
	Radicals, radical cation, and anions of gallic acid
	Free radical scavenging mechanisms of gallic acid
	Antioxidative mechanisms of gallic acid with different free radicals

	Conclusions
	References


	2
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...

	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...
	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...

	Experimental and theoretical study of antioxidative properties of some salicylaldehyde and vanillic Schiff basesElectronic supplementary information (...


	3
	Investigation of the antioxidant and radical scavenging activities of some phenolic Schiff bases with different free radicals
	Abstract
	Introduction
	Computational methods
	Experimental
	Materials and methods
	Synthesis of Schiff bases
	DPPH free radical scavenging assay

	Results and discussion
	Antioxidant mechanisms of Schiff bases with hydroxyl radical
	Antioxidant mechanisms of Schiff bases with hydroperoxyl and vinyl peroxyl radicals
	Antioxidant mechanisms of Schiff bases with superoxide radical anion
	SAR and QSAR analysis

	Conclusion
	References


	4
	Study of the structure, prooxidative, and cytotoxic activity of some chelate copper(II) complexes
	Abstract
	Introduction
	Computational methods
	Experimental
	Synthesis of copper(II) complexes
	Cell preparation and culturing
	Biological in vitro assays
	Statistics
	Chemicals

	Results and discussion
	Structural characterization of the investigated complexes
	IR spectral characterization
	Biological evaluation
	Cytotoxic effects

	Superoxide anion radical (O2middotminus) content changes
	Nitrite (NO2minus) content changes
	Reduced glutathione (GSH) content changes

	Conclusions
	Acknowledgements
	References


	5
	HP_3_16_NBS-1.pdf



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Click for updates and to verify authenticity: 


