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n3BOJ

WNako je aHTHOKCHJIATMBHAa AaKTHUBHOCT (uIaBOHOHMJAa OO0jeKaT BeOMa MHTE3UBHOT
€KCIIEPUMEHTAJIHOT U TEOPHJCKOT UCTPakUBambha, aHTUOKCUIATUBHO JEJIOBamke OajkajenHa ce
UCOUTYyje TEK OJIHEeAaBHO. Y OKBHpPY OBE€ JUCEpTallMje HUCHUTHUBAHU CYy MEXaHU3MHU
aHTHOKCHJIaTUBHOT JienoBama OajkasienHa, u To HAT (Hydrogen Atom Transfer), SET-PT
(Sequential Electron Transfer — Proton Transfer) u SPLET (Sequential Proton Loss Electron
Transfer). HMcnutuBame aHTHOKCHIATUBHUX AaKTUBHOCTH OajKajJieMHa j€ W3BEIACHO Y

KOpeJaluji ca UICIUTUBAK/EM CTPYKTYPHHX U €JIEKTPOHCKUX 0COOMHA OajKaenHa.

PesyntaTtu oBe moKTOpCcKe mucepTaluje 10O0ujeHu cy moMohy Merona (yHKIHMOHAa
T'YCTHHE, KOje Cy UMILIEMEeHTUpaHe y nporpamcku naket Gaussian: M05-2X, B3LYP u PBE,
y komOuHanuju ca 6asucHuM ckynoBuma 6-311+G(d,p) u 6-311+G(2df,p). [Ipopauynu cy
M3BEJICHU 3a racoBUTY (a3y W BOJCHH PacTBOp. 3a MpolleHy edekara Bojie Kao pacTBapaya
KOpuIINeH je COJBAaTallMOHM MOJEN 3acHOBaH Ha KOHTMHYyMYy — CPCM. Vpahena je NBO
(Natural Bond Orbital) ananu3a cBuUX ONTHUMH30BaHMX TIE€OMETpHja paau yTBphUBama

edekaTa Koju MPOUCTUYY U3 EJIEKTPOHCKE CTPYKTYDE.

bajkanenn je HemaHapaH MOJEKyJ, IITO TOKazyje ekcrnepuMmentanHa (9.0°) u
u3pauyHata (24.5°) BpenHoct 3a aumenapcku yrao usmel)ly mnpcrenoBa B u C. VY
HajcTaOWiIHMj0] KoHpopmauuju OajkajieMH HMMa TpU BOJOHUYHE Be3€ KOje HUMajy
crabmimmsanuonu edekar. Bomonmuna Besa Dy(HS5--O4) naje nHajsehm mompuHOC

cTabuin3anuju MoJiekyia 06ajkajiensa, mro je notspauwia u NBO ananuza.

W3BpuieHo je cumynupame BuOpamuonux u UV/Vis cnekrapa OajkanenHa u
nopeheme ca oarorapajyhum excrnepuMeHTaTHUM crekTpuma. [locTUTHYTO je OIUYHO
ciarambe u3Mel)y ekcrnepuMeHTalIHO ao0ujeHux u cumynupanux IR, Pamanckux m UV
creKkrapa. Y3 TmoMoh CcuMylIMpaHUX CHOEKTapa W3BpIIEHA J€ NpelU3Ha acHUrHaluja
BuOpanmonux moaoBa y IR u Pamanckom crnekrpy. Onpehene cy mMosekyicke opOuTtane

OajkanenHa u3Mel)y Kojux ce BpIie eJIeKTPOHCKH Tpena3u oaroBopau 3a UV crekrap.

Hcnutanu cy cBU paauKaiy, aHjOHM W paauKal KaTjoH OajkajenHa, Koju uMajy
BAXKHY YJIOTY Y aHTUOKCHJIATUBHUM MeXaHu3MuMa OajkanenHa. [lonoxkaj 6 HaJmOBOJbHUJHU j€
3a XOMOJMTHYKO packujgame O—H Bese y racoButoj ¢asu, A0K je M0JioKa] 7 HajIOBOJbHUJU
3a xeTeponuTnuko packugame O—H Bese y BonmeHoj ¢asu. Pacmonena cnuHCKe T'yCTUHE Y

HajctabmwiarjeM O6R1 pamukamy mokasyje na je HeclmapeHHW eJeKTPOH Beoma J00po



NIeJIOKaJIN30BaH, YMME C€ MOXKE O00jaCHUTH CTAaOMIIHOCT OBOT paJuKala U CIIOCOOHOCT
OajkasienHa n1a nenyje antuokcunatuBHo no HAT mexanusmy. Pacnosena HaenekTpucama y
HajctabmwiHMjeM aHjoHy O7A2, mokazana je Ja TOCTOjU JeJOKalIHu3alija HETaTUBHOT
HaenekTpucama y npcreny A. OBaj aHJOH Ce jako CTa0MIN3yje y BOJIGHOM PacTBOPY, YUME CE
MOXK€ OO0jJaCHUTH CHOCOOHOCT OajkasienHa Ja jeiyje aHTtuokcugatuBHo no SPLET

MEXaHU3MY.

Hama wuctpaxuBawa mnpeasuhajy IUTaHapHy CTPYKTYpY 3a pajauKal KaTjoH
OajkanenHa. 3aHMMJbMBA 0COOMHA paUKall KaTjoHa y OJHOCY Ha MOJICKYJ OajkajeuHa je Ta
na je H atom mpemao ca OS5 Ha O4, yume ce MOCTHKE JelOKalIu3alllja HECIapeHor
€JIEKTPOHA MPEKO MPCTeHA A, U TaKO CMamyje HeCTaOMITHOCT HAacTajla TYOUTKOM €JIEKTPOHA.
XeTepoIMTHYKOM JTMCOIM]aIlijoM U3 paJHKal KaTjoHa HAcTajy TpH paaukana. Mcnurane cy
CTPYKTYype cBa Tpu panukana. Haheno je na je menokanm3anuja CIIMHCKE T'YCTHHE HajBHIIIE

M3paKEHA y TepMOIMHAMHUYKH HajcTaOumHujeM C6—O panukaiy.

BDE, PA u IP BpeaHoctu mnociayxuie cy y ojpehuBamwy TepMOIUHAMUYKI
HajnoBoJbHUjEr peakiuoHor myra. HAT mexaHuszam je HAjIOBOJbHUJU DPEAKIUOHH IIyT
aHTHOKCHJIATUBHOT JiesioBama OajkanenHa y racoutoj ¢asu. Ca npyre crpane, SPLET
MEXaHH3aM je TePMOJMHAMUYKU HAjIOBOJbHUJU PEAKUMOHU NyT y BojeHo] da3u. SET-PT

HUJ€ MOBOJbAaH PEAKIIMOHHU MyT OajKaJienHa HU y TAaCOBUTO] HH Y BOJIEHO] (pa3u.

3anoyeTa cy MEXaHUCTHYKA UCTpaKMBamha AHTUOKCUIATUBHOT JIeJI0OBamka OajKajienHa.
Cumynamuja peaxinuje OajkajieMHa ca XHAPOKCH paaukajioM moTBpauia je ma je HAT
JOMHMHAHTaH PEAaKIMOHU MyT y racoBUTO] (Pa3u, U Ja je moJsioxkaj 6 HajpeaKTUBHUJU. YcCIesn
BUILIE EHEPTUje p opOUTaia XUAPOKCUIHOT U METAaHTHOJATHOT aHjOHA Y OJHOCY Ha €HEprujy
SOMO opburane paaukan KatjoHa, HU pagukan katjoH He pearyje no SET-PT, nero mo HAT
MEXaHU3My y racoButoj ¢azu. [locanamma MexaHMCTUYKAa MCTpakKMBama Cy y IMOTIIYHO]

CarjlaCHOCTH Ca pe3yJITaTUMa TCPMOANHAMNYKUX UCTpa)KUBamka.

Nmajyhu y Buay mperiie; ctama y J10CalallllbeM UCTPaKUBalby aHTUOKCHIATHUBHOT
nenoBama (hIaBOHOUIA, TOOHJEHU PE3YITATH, KOJU MPOUCTUIY U3 OBE IUCEpTaIH]e, TIPYKa]y
3Ha4ajaH JOTMPHUHOC pa3yMeBamy CIOKEHHX MEXaHH3aMa MPEKO KOjuX OajkajierH OCcTBapyje
CBOje aHTHOKCHJATHBHO JEJOBalke, THM IIpe INTO Y OBOj 00JacTH HMMa BeoMma Malio
o0jaBireHnx pesynarata. QOuekyje ce ga he pgoOujeHn pe3yiaTaTtd, HTPUMEHOM
KOMILJIEMEHTAPHUX MpPUCTyNa, JONPUHETH OO0JBEM  pasyMeBamy CTPYKTYPHHX U

EJIEKTPOHCKUX 0COOMHA APYTUX MOoJU(EeHOIIa.



SUMMARY

Antioxidative activity of flavonoids has been a subject of intensive experimental and
theoretical investigation. Nevertheless, the research concerning antioxidative action of
baicalein has been initiated only recently. Within this doctoral disertation the mechanisms of
antioxidative action of baicalein: HAT (Hydrogen Atom Transfer), SET-PT (Sequential
Electron Transfer — Proton Transfer), and SPLET (Sequential Proton Loss Electron
Transfer) were examined. The investigation of antioxidative activity of baicalein was
performed in correlation with the investigation of structural and electronic properties of

baicalein.

The results of the present doctoral disertation were obtained by using the DFT
methods, as implemented in the Gaussian program package: M05-2X, B3LYP and PBE,
combined with the 6-311+G(d,p) and 6-311+G(2df,p) basis sets. The calculations were
performed for the gas phase and aqueous solution. To estimate the effects of water as solvent
a continuum-based solvation model, CPCM, was used. The NBO (Natural Bond Orbital)
analysis of all optimized geometries was performed, to reveal the effects that emanate from

the electronic structure.

Baicalein is a non-planar molecule, as documented with the experimental (9.0°) and
calculated (24.5°) value for the dihedral angle between the B and C rings. In its most stable
conformation baicalein has three hydrogen bonds with the stabilizing effect. The Dy(HS5--O4)
hydrogen bond contributes most to the stabilization of the baicalein molecule. This finding

was confirmed with the NBO analysis.

The vibrational and UV/Vis spectra of baicalein were simulated, and compared to the
corresponding experimental spectra. Excellent agreement between the experimentally
obtained and simulated IR, Raman and UV spectra was achieved. Using the simulated
spectra, a precise assignation of the vibrational modes in the IR and Raman spectra was
accomplished. Some molecular orbitals of baicalein were distinguished. The electron

transitions responsible for the UV spectrum occur among these orbitals.

All radicals, anions, and radical cation of baicalein were examined, because they play
a significant role in the antioxidative mechanisms of baicalein. The 6 site is most favorable
for homolytic cleavage of the O—H bond in the gas phase, whereas the 7 site is most favorable

for heterolytic cleavage of the O-H bond in the aqueous solution. The spin density



distribution in the most stable O6R1 radical reveals that the unpaired electron is delocalized
very well. This finding can explain the stability of this radical and antioxidative action of
baicalein according to the HAT mechanism. The charge distribution in the most stable anion
O7A2 showed that there is delocalization of the negative charge in the A ring. This anion is
strongly stabilized in the aqueous solution. Antioxidative action of baicalein according to the

SPLET mechanism can be attributed to this fact.

Our investigations predict a planar structure of the baicalein radical cation. An
interesting feature of the radical cation in comparison to the baicalein molecule is that the H
atom is transferred from OS5 to O4. In this way delocalization of the unpaired electron is
realized over the A ring, and, thus, the instability induced by the loss of an electron is
reduced. Heterolytic dissociation of the radical cation yields three radicals. The structures of
all three radicals were examined. It was found that the spin density delocalization is most

pronounced in the thermodynamically most stable C6—O radical.

BDE, PA, and IP values served to determine thermodynamically most favorable
reaction pathway. The HAT mechanism is most favorable reaction pathway for antioxidative
action of baicalein in the gas phase. On the other hand, the SPLET mechanism is most
favorable reaction pathway for antioxidative action of baicalein in the aqueous phase. SET-
PT is not favorable mechanism of antioxidative action of baicalein in either gas or aqueous

phase.

Mechanistic investigations of antioxidative action of baicalein have been commenced.
A simulation of the reaction of baicalein with the hydroxyl radical confirmed that HAT is the
dominant reaction pathway in the gas phase, and that the 6 position is most reactive. Due to
the higher energies of the p orbitals of the hydroxide and methanthiolate anions in
comparison to the energy of the SOMO of the radical cation, the radical cation does not
conform to the SET-PT, but to the HAT mechanism in the gas phase. So far, our mechanistic

investigations are in perfect accord with the results of theromodynamical research.

Bearing in mind the findings of previous research regarding antioxidative activity of
flavonoids, the results of this doctoral disertation provide a significant contribution to
understanding the complex mechanisms through which antioxidative action of baicalein is
realized. It should be emphasized that there are very few published results in this scientific
field. It is expected that these results, by applying complementary approaches, will contribute

to a better understanding of the structural and electronic properties of other polyphenols.

7



1. OIIITH JEO



Mexanuzmu anHmuokcudamusHoz 0enosara bajkanreuna

1.1.  ®naasonouou, nojam u 3nauaj

@draBoHonan (IOOMIM Cy WME OJ JIATUHCKE pedd flavus, IITO 3HAYU IKYT)
MIPEJICTaBIbajy TPYITY MOJU(GEHOIHUX jeIUbCHha Koja ce Hajla3e y MHOTUM OmJbKkama, Bohy u
noBphy. Ilo3HaTm Ccy TO KapakTepUCTHUYHMM I[PBEHUM, IUIABUM U  IyPIIyPHUM
AHTOIMjaHUJHUM THTMEHTHMa y Owmsbkama. OBa Tpyma jeaumema MpeAcTBajba BAXKHY
KOMIIOHEHTY Yy JbYJICKO] McXpaHu. M3Bopu (praBoHOMIA y XpaHU Cy YOKojana, mosphe, Bohe,

opamacto Bohe, cCEMEHKe B KOpeme, TOK Cy U3BOpH (uiaBoHOU 1A y Tuhy BUHO, Yaj, UT/.

@dnaBoHOWIM Yy TOCIENE BpEMe NpUBIAYe IyHO IMaXHE 300T CBOje M3BaHpEIHE
AHTHOKCHJIATUBHE aKTUBHOCTH. VcTpakmBama cy mokasaina a (IaBOHOMAM JOOpO pearyjy
ca cJI000THIM paJiiKaInMa, P YeMY HACTajy Mambe PEaKTUBHU (DIIaBOHOUIHU (EHOKCUIHU
paJMKalii, Ta 3aT0 UMajy BaXHY YJIOTY y (hapMaIreyTcKkoj u MpexpaMOeHO] HHAYCTPUjU Kao
JICKOBH W AaHTHOKCHUIAHTH. DIIaBOHOMIM MMajy W HU3 JPYIHX OMOXEMHjCKHX (DyHKIIHja.
3amTuTHA Yynora (IaBOHOMIA Yy OHOJOMIKMM CHCTEMHUMa TIPHIACYje C€ HHXOBO]
COCOOHOCTH CHapHBama EJICKTPOHA CI000THOT pajauKaia, W XeJaTHOT BE3WBama joHA
npenasaux Merama (Fe*” Cu®", Zn®") [1], akTHBHpama aHTHOKCHIATHBHHX eH3uMa [2] U

nHXHOupama okcuaaza [3]. 300r CBoje AHTHOKCHJIATUBHE AaKTUBHOCTH CMaTpa ce Ja



Hoxmopcka oucepmayuja

(dbaBoHOUIM WMajy aHTUOAKTEPU]CKO, AHTHUAJIEPTHUJCKO, AHTHUKAHIIEPOTEHO JE0OBame, a

Takohe ce 3Ha Jja ©Majy U BEJIMKHU YTUIIA] HA YKYC U 00jy Xpane [4].

busbHM npou3BoAM Koju cy 60oraTu (UIaBOHOMAMMA UIpPajy BaXHY YJIOTY y HUCPXaHU
JbYIM, J€p YTUYy MPEBEHTHBHO HAa OUYYBamke HUXOBOT 31paBiba. [lapkuHcoHOBa Ooiiect je
MIPOrPECUBHO 000JbEHE KOj€ T0Ipa3yMeBa MOCTENEeHN I'yOUTaK HepBHUX henuja y onpehenum
JeTOBMMa MO3ra, 70oBojaehr 10 mpobiiemMa ca KOHTPOJIOM MOKpeTa M JPYrUM CHMITOMHUMA
KOJU ce He oJHoce Ha Kperame [5-7]. HexoHTponucana mpou3BOJHka PEAKTUBHUX
kuceoHukoBux Bpcra (POC-a) uma ynory y narorenesu [lapkunconose Gosectu [8], mro ce
oryeqa y MpOMEHH aKTUBHOCTH YHYTaphelnjCKuX eH3MMCKHX aHTHOKCHIaHATa - CYTIEPOKCH/T
TUCMYyTa3e, KaTtajnaze win riyration nepokcuaase. Kon [Tapkuaconose Oosectu je moBehana
JTUTIHAIHA TIepoKcuaanuja [9], Huzak je HuUBo pemaykoBaHor riyratuona [10-12], omrehena je
¢byHkuja mutoxoHapuja [13-14], ycnen okcuaTUBHOT cTpeca IPUIMKOM KOra ce TeHepHIle

POC [15].

PenoBHo koH3yMUpame Boha cMmamyje pusuk of mojae [lapkunconose 6omectu. To
MoceOHO BaXKH 3a MYIIKapIle, KOju MOTY Jla CMambe PU3HK PEJJOBHUM KOH3YMHUpPameM jaldyka,
MIOMOPAaHUM W JPYTHX H3BOpa KOpHCHUX (uaBoHOWAa. VcrmuTHBama Cy IoOKaszaia Ja
MYILIKapuu Koju cy yemrhe koHsymupanu Bohe, umanu cy 40% mamu pu3uK J1a 00ojie of
[TapkurconoBe Oosectr. PenoBHO KOH3yMupame XpaHe OoraTe aHTOIMjaHWJIMHUMA,
nojkiace (hJaBOHOMAA, KOJU yIIIaBHOM MOTHUYY M3 JaroAMYacTor Boha, TECHO Cy TOBE3aHM ca
MamUM pHU3HKOM ox I[lapkuHCOHOBEe OoiecTH KOA MyInKapama u keHa. Cmarpa ce na

aHTOLIMJaHUIMHU Y OBOM Bohy Jiesly]y 3alITUTHUYKY Ha HEpBHE henuje Mosra.

Dpanyycku napadokc

[Tojam “panHirycku mapaJokc” OJHOCH C€ Ha IMOjaBy Jla y CTAaHOBHMILTBY Jy)KHE
@paHIycKe Halla3UMO Mamke KapIHOBAaCKYIApHUX OOJECTH, MpeMIa HCXpaHa, y IMPOCEKY,
CaipxKu Behy KOJIMYHNHY 3acuhieHUX MacTH HEro IMPpOCCYHa UCXpPaHa CTAHOBHHUIITBA OCTAJIUX
pa3BUjeHHX 3eMaspa. lloyeTHa HCTpakmBama TOr (DEHOMEHa TOKa3yjy Ja KOH3YMHpPame
yMepeHe KOJIMYMHE BUHA, IOCEOHO I[PHOT BUHA, MOYKE CMAaBUTH PU3HK O] OOJIECTH CpIia U JI0
40 % [16]. Hexa xoMIoHEHTa IPHOT BHMHA OJTrOBOpPHA je 3a 3aIITUTY OJl OBE OOJIECTH.
Jloka3zaHo je Ja HM30JI0BaHM NOJIUGEHOIM U3 LPHOI BUHA crpedaBajy okcupauujy LDL-

XO0JIECTEPOJIa ¥ Ha Taj HAUMH 3ayCTaBJbajy HACTAHAK aTEPOCKIIEPO3eE.
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Mexanuzmu anmuoxcudamugroe deosarba bajkanreuna

1.2.  Ocnosena cmpykmypa ¢pnagonouoa

OcHoBHy cTpyktypy ¢uaBoHouaa uumau audenmmmponan (CeCsCe), omHOCHO 1-
(dhennn-3-(2-xuapoxcudeHns)npomnan-1-o1 U3 Kojer ce ryOuTkoM Bojae U 3arBapamem C-
npcreHa ao6uja ¢iaBaH, 0J] KOjer ce M3BOJM BEIUKU OpOj pasiMUUTUX JeAUHCHA CIUYHE
ctpykrype. OcHoBHa cTpykTypa Ha ciuiu 1.1 Ham naje mHOpMuIMjE O YCBOjJEHO]
HOMEHKJIATypU OBHX jeAumema. lIpcTteHoBU ce obenexaBajy ca A, B 1 C, a aromu y
IpcTeHOBHUMa oAroBapajyhum apanckum OpojeBuma. ['pynu ¢uaBoHoua npumnazaajy cienehe

IIoaKJace:

e (naBony,

e (maBoHOH,

¢ u30(hIaBOHHU,

e (naBoHOHH,

e (aBaHOHOJIH,

®  XaJIKOHH,

e KaTeXuHH (FpaJuBHE JeIMHULIEC TAHUHA),

® JUXUAPOKCUXAJIKOHH,

®  AHTOILMjaHUJUHH,

® aypoHH.

Jlo nanac je uzosnosano npeko 9000 ¢naBonouaa. Ha ciunm 1.1 cy npukasaHe cTpyKTypHE

dbopmyne jequmena U3 kKiace (GIaBoOHOUIA.
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Hoxmopcka oucepmayuja

OH O OH O

dnaBonu dnapoHonu

OH O 0
dnaBaHOHU dnaBaHoHOH XankoHu

JIMXUapOKCHXaNKOHU AHTOLMjaHUIMHI Ayponu

Cnuxka 1.1. CtpykTypHE opMmyJie jeautbemba U3 Kiace piaBoHOna

VY roroBo cBakoj Ousbl ipoHaheHu cy ¢uraBoHOIM U Yy Mawo] Mepu (iaBonu [17].
WNHuTtepecanTHo je na mojeauHe OMIbKE MOTY caiapkatd U 10 50 paznmuuutux ¢raBoOHOHA.
®dnaBaHOHM W ()TABOHM YECTO C€ Haja3e 3ajeHO, HIIP. y arpymMHMa W TOBE3aHU Cy ca
cnenuUUHUM €eH3UMHMa, 3a pas3iuKy oja ¢uaBoHa W (raBoHONA KOju ce MelycoOHO

UCKJbYUY]y Y MHOTUM Oubkama [18].
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Mexanuzmu anmuoxcudamugroe deosarba bajkanreuna

Paznmuke y mojenuHUM moakiacama ()IaBOHOWIA MOTHYY OJf PA3IMYUTOT CTEIeHa
okcumoBanoctu mnpcreHa C. Kpajmwe peaykoBaHa TmoAKIaca Cy KAaTeXWHH a Kpajibe
okcunoBana (¢iaBonosm. Hajuemrhe ce jaBipajy ¢uiaBoHM M ()JIaBOHOJHM Ca XHAPOKCHIIHUM
rpynaMa y nojoxkajuma 3° u 4° y npcreny B, a pehe oHM ¢ XUIPOKCUITHOM I'pPYIIOM CaMo Y
nojoxajy 4. I'muko3minoBame koJ praBoHouaa noraha ce Hajuenihe y monoxajy 3, a pehe y
nosoxkajy 7. lllehep koju ce Bexke Ha arIMKOHCKH A€0 (JIe0 Koju He calapku Iiehep)
VIJIaBHOM j€ TIyKO3a, MOpeA TIIyKO3€ MOTYy C€ Be3aTH TallaKTo3a, pamMHO3a M KCHII03a.

ATJIMKOHU Cy CHaKHUJU aHTUOKCUIAHTH O] oaroBapajyhux riaukosuna [19, 20].

OH O

Jlyreonun (2.1 mmol/dm’)

HO, OH HOQ, CH;

HOmu il CH HOmme-

OH

'-uquH

OH

OH (6]

Jlyreomun-4"-O-rmuxo3ua (1.7 mmol/dm’) Jlyreomun-3'-7-O-murmako3u (0.79 mmol/dm’)

Crnuxka 1.2. YTHIIa] TIMKO3WIOBaha HA aHTHOKCUIATHBHY aKTUBHOCT JIyTE€OJIMHA

Jla GucMO 0BO MITyCTPOBAJIM YHOPEIHJIA CMO TPONOKC aHTUOKCUAATUBHU KalallUTET
(TEAC)-BpeaHocT nyTeosiMHa ca HeroBuM 4 -MoHO U 3°,7-aurnuko3uaoM. Kao mro ce Buan
ca cinuke 1.2, aHTHOKCHIaTUBHA aKTUBHOCT ()JIaBOHCKUX TJIMKO3U[IA CE CMakbyje ca opacToM
Opoja rauko3uaHux rpyna. [lopex mpucycTBa yKymHOT Opoja TIMKO3UAHUX Tpyla BaXHY

yIJIOTY UMa T0JIOKa] Y KOJeM Ce Hajla3W MojeHa Tpyna, Kao U CTpyKTypa mehepa.

@®naBoHOWAM KOjU Cy 3aCTYIUBCHH Yy XpaHH pa3iuKyjy ce TO0 TI0J0Xajy
XUJIPOKCUIIHUX, METOKCH U IVIMKO3UJHUX Tpyla, U y KoHjyranuju usmelhy npcreHonsa A u B.
®naBoHOMIM Y OMJbKaMa YIJIaBHOM Cy y 00NHMKY 3-O-rMKo3u/a Wik y OO0NHMKY MOJMMepa.

Jlo monumepusanuje ¢raBaHoNa y TAHHH U OCTaJIa CJIOXKEHA JeANHCHA J0JIa3u MPUITUKOM
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Hoxmopcka oucepmayuja

(dbepmeHTalje, €H3UMCKOM OKCHJAIMjOM JHinha 3€JIeHOr Yy UpHU Ya]. TaHWuHW wuiu
raJIOTaHUHH Cy ecTpu 3,4,5-TpuxuapokcudOeH3ojeBe kucenuHe. ['aiaTHa rpymna THX TaHWHA U
MOHOMEPHHUX KaTEeXWHA y 3€JICHOM 4ajy ACITMMHUYHO je€ OJrOBOpPHA 3a CITIOCOOHOCT XeJaluje 1
XBaTama CI000HUX paauKkana. KoHJIeH30BaHN TaHMHH WM MIPOAHTOIMjaHUINHU CacTOje ce
o/ (1aBaHOJICKUX jeIWHMIIA KOJUX MOXXe Outh m 10 17 y jemHOM MOJEKyly. 3a JbYICKY
HCXpaHy HajBaXHHU]ja OJ TUX JEIUICHA CY HPOYUJAHUOUHU KOJU CE€ CacTOje O]l MOHOMEpa
(+)-xarexuHa u (—)-enukarexuHa. (—)-Karexunu u (+)-enukarexuHu cy (UTOTOKCUYHHU, U
HEKe UX OMJbKE CUHTETH3Y]y y KOpEHY Jia Ou crpeuunsie HacesbaBame IpYyrux Ousbaka Ha TOj
teputopuju [21]. IIpounjaHuaHu 1UMepH, TPUMEPH U OJUTOMEPH KOjU C€ Haja3e y L[PHUM
BHHUMA, CEMEHKaMa Ipoxha, jabykama u ceMeHKama Kakaoa Be3aHu cy [}4—6 (Be3a uzmehy
atoma C6 kpajmer mosiekyna u atroma C4 nmouyetHor moJiekyna) u f4—8 (Be3a uzmel)y aroma

C8 kpajmer mosekyna u aroma C4 moueTHOT MOJieKyiia) Be3ama (ciuka 1.3).

OH OH
HO O
OH B OH
"OH
OH OH
(+)-Karexun (+)-Enukarexux
OH
HO O o
o
OH HQ
“OH HO Z
OH O =
HO i OH HO [TITLIEES
OH 0

o
T
o
o
jun)
jas)
On

OH

OH HO

OH
OH

B 48 [IpouujaHuaHu TpUMeEp B 4—6 Tlpounjanuann TpuMep

Cnuka 1.3. HajBaykHHjH POLIMjaHUTHE TPUMEPH KOjH C€ KOPUCTE Y JbYIICKO] UCXPaHH

1.3. Memooe oopehuearmwa anmuoxkcuoamugne aKkmueHocmu .1agoHoUOa

3a ozxpehuBame aHTMOKCHUIATUBHE aKTMBHOCTH (DIAaBOHOMJA JI0 caja Cy pa3BUJEHE

MHOT€ MeTOJle, Kao WTO cy ojapehuBame CIOCOOHOCTH pearoBama ca pPEaKTUBHUM
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Mexanuzmu anmuoxcudamugroe deosarba bajkanreuna

KHCCOHHUKOBUM BpcTama [22,23-26], oapehuBame criocOOHOCTH pearoBama ca pajuKainma,
Hip. 1,1-nudennn-2-nmukpunxunpasun paaukaiom (DPPH) u 2,2°-a3unoOuc-(3-etunbdenso-
THa3onuH-6-cyndonar) (ABTS) paaukan katjoHoM [27], 1 €H3UMCKO U HEEH3UMCKO MEPEHE
uHXUOuIMje aunuaHe nepokcuaanuje. CBe OBE METOAE Cy YIJIaBHOM OrpaHUuYEHE Ha

penatuBHO ynopehuBame ca peepeHTHUM jeIUbEeHUMa.
1.3.1. ABTS memooa

2,2"-a3uH00uC-(3-eTnnbeH30-THa30mH-6-cyndoHaT) je 6e300jHa HATPU]yMOBA WIIU
amonujymoBa co (ABTS), xoja moxe dopmuparu mnaBo-3eieHu ABTS pamukan karjon
(cnmuka 1.4) XeMHjCKOM WM €H3WMCKOM OKCHJAIIMJOM HEKOJIMKO CaTH Tpe aHaiuze. 3a
okcumanujy pactBopa ABTS-a xopuctm ce pactBop Kamujym-niepcyidara K;S,Os.
MemaBuHa ce oHAa pa30IaKu €TaHOJIOM, IIPH Y€MY Ce JOCTH)KE MaKCHMYM aricopOaHIle 0J1
0.7 £ 0.02 na TanacHoj ny>xunu o1 734 nm. OBa ancopOaniia ce neduHuIIe Kao pepepeHTHa
ancopOanna (Arf). Kaga ce ABTS paaukan kaTjoH Melia ca aHTHOKCHUIAHTOM, J0JIa3H JI0
penykiuje renepucanor ABTS panukan xatjoHa, Te ce amncopOaHIia cMamyje 10 cTaOuiiHe
BpeaHOCTH (Adetect), 300T peaknuje aHTHOKcHMmaHTa ca ABTS pamukan KaTjoHOM.
AHTHOKCHIaTUBHA aKTHBHOCT CYIICTAHIIE Y MPOLEHTHMA C€ U3padyHaBa Ha OCHOBY GopmyIie
(1-Adetect/ Arer)x100. OBo je HajjemnoctaBHHMja mpuMeHa ABTS pamukan karjoHa 3a
WCIIUTHBAKE YKYITHE AHTHOKCHIATHBHE CIIOCOOHOCTH y XpaHH U Yy30pIUMa KpBH.
Wnrtepakuuja usmely antuokcuganta u ABTS pagukan karjoHa ©OKaszyje YKYIHY
AHTHOKCHIATUBHY CIOCOOHOCT MOJIEKYyJNa, JaKiie, HE MOXKE JaTh KBAHTUTATHBHY OLIEHY

CIOCOOHOCTH MOJeAMHAYHUX XUAPOKCUIIHUX rpyna [28].

. {
\\S/OH N
S —
=
N S g%o
N O//‘l
> OH

Cnuxka 1.4. Ctpykrypa ABTS panukan katjona

Tpomoke (6-xunpoxcu-2,5,7,8-TeTpaMeTuiIXpoMaH-2-KapOOKCHUITHA KUCEINHA, CIIHKa
1.5) je koMepuUjaHU CHUHTETUYKH AaHTUOKCHJAHT, KOJU je y BOJAMU PACTBOPAH JAEpUBAT

Butamuua E.
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HO

Cnuxka 1.5. Tponokc (6-xunpokcu-2,5,7,8-rerpaMeTHiIXpoMaH-2-KapOOKCHITHA KHCEITHHA)

Tpomoxkc je peepeHTHH aHTHOKCHAAHT Koju pearyje ca ABTS pagukan xatjoHOM.
[ToTpebHO je na u Ipyru aHTHOKCHAAHTU pearyjy ca ABTS paaukan KaTjoHOM MOJA MUCTUM
eKCIIEpUMEHTaJIHUM YycioBUMa. Pesynratu 3a apyre aHTuokcuaante y xBaTawy ABTS
paaukan KaTjoHa ce mopeae ca TpoJIoKCoM, W J00HjeHe BPETHOCTH CE€ HM3pakaBajy Kao

Tponokc antnokcuaarusau kamanutet (TEAC) [29].
1.3.2. DPPH memooa

DPPH paaukan (ciuka 1.6) Ha coOHOJ TemIiepaTypu je cTaOmiaH pagukail ca N-
LHECHTPOM, U KOPHUCTHU CC 3a UCITUTHUBALC CIIOCOOHOCTH XBaTama paavKajia aHTUOKCUAaHTUMaA.
36or cBor HecmapeHor enektpona, DPPH paagmkan pacTtBopeH y eTaHONy TMOKa3zyje
aTncopmIMjy y BUIAJBUBOM [Ny CIeKTpa (Jbyondacta 00ja) Ha TajmacHO] AYKUHU o4 517 nm
(Arer oxo0 1.0). JlomaTkoM aHTHOKCHAAHTAa CMamyje ce arcopOaHIia pacTBOpa 0 CTAOWIHE
BpeIHOCTH (Agetect), IITO Cc€ Takohe orjega y mpoMeHu 0oje U3 JpbyOMUacTte y IKYTY.

CrniocoOHocT anTHOKcunaHTa na yxsatu DPPH pamukan (%) wuspauyHaBa ce momohy

bopmyne (1-Agetect/ Arer)x100.
o -
N—N 4@7N02
G o

Crnuxka 1.6. Ctpykrypa DPPH panukana

Ha ocHOBY aHTHMOKCHIATHBHE CIIOCOOHOCTH 3a pa3iMyYUTe KOHIETpalHje y30paka
mpaxene y npouentuma, oapehyje ce 1Cso. ICso mpencraBpa KOHIIETpAIM]y y30pKa Koja je
noTpebHa 3a nuxubupame 50% DPPH panukana niun ABTS paaukan katjona. OBaj nogaTtax
CC KOPHUCTH Ja CC HCKaXEC AHTHUOKCUAATHUBHU KaIlallUTCT HWCIIUTHBAHC CYIICTAHIIC. Maie

BpenHocTH [Csp 3a HEKO jeTMBEH-E TIOKA3y]y /1a C€ OHO TOHAIla Kao Jak aHTUOKCH/IAHT.
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VY HOBHje BpeMe yMECTO JI0CTa HECUTYPHOT ojipehBama KOHIICHTpaluje GraBoHOHU 1A
pu Kojoj ce mouetHa koHneHTpanuja DPPH cmamu Ha 50 % (ECs¢/ICso BpeanocT), yBeaeHe
Cy HOBE METOJIC KOj€ C€ 3aCHMBAjy Ha oJipehuBamy KOHCTAaHTE Op3UHE U IPYTrUX KMHETHUYKUX

napamerapa peakiuje [30].
1.3.3. Peaxuyuje ca Cl;COO0O padukanom

Tpuxnopomerun nepokcu (Clz;COO) panukan ce Takohe KOPUCTH 3a HUCHUTHBAHKE
AHTHOKCHJIATUBHE aKTUBHOCTHU paznuuuTux antuokcuaanara. Cl;COO pagukan ce reHepHiie
y MemaBuHu koja caapxu 1% CCly (v/v) u 5% (CH3),CHOH (v/v) y 10 mM KH,P0O4-KOH
nypepy Ha pH = 7.4. Cmarpa ce nma ce Cl3COO pagukan ¢opmupa HHTEPAKIIHAJOM
oarosapajyhux aremaca ca ‘OH koju je remepucan pamuoiamzoMm (ciuka 1.7). CLCOO
paaukan HUje JOBOJAHO cTaOWiaH Ja ce ouyBa Ha coOHOj] TemmepaTypu. KoHncrante Op3uHe
3a peaknuje Clz3COO panukana ca HEeKHMM MPUPOJHUM (DEHOIMMA, NMPUKa3aHe Cy Ha CIIHIN

1.8 [31].

(l)H (l)H
"OH +CH;CHCH; — CH;CHCH; T H20
o)

Il
cal, l (CH,CCH; + HY)

€.q +CClz—="CHCl; +CI’
ozl
CLCOO

Crnuxa 1.7. Tenepucame Cl;COO pamukana nmomohy ‘OH

o
4 O.
OH
OH
OH
(|) 0 OH
OH |

3.82x10° 3.92x10’ 4.67x10° 5.63x10° 8.37x10°

Cnuxka 1.8. Koncranrte Op3uHe peakiyje paznuuntux dperona ca Cl;COO pamukanom
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1.3.4. Peaxuyuja ca 2anguHoKkcui paouKkaniom

lanBuHOKCHA panukan (cnuka 1.9) Ha coOHOj TeMrepaTypu je CTaOWIaH paguKkai ca
paJvKaJICKUM LIEHTPOM Ha aTOMY KHceoHUKa. [IpuMeHa ralBMHOKCUI paJuKaia je ucTa Kao u
DPPH - moxa3yje crmocoOHOCT aHTHOKCHJIaHATa Ja pearyjy ca CIOOOJHHMM paJuKaauMa.
AHTI/IOKCI/I)IaHTI/I CMaH)yjy HHTCH3UTCT CHUIHalla TAaJIBUHOKCHUJI paJuKajla Yy CICKTpHUMa
€JICKTPOH TapaMarHeTCKe pe30HaHIMje, MPU YeMy KOHCTaHTa Op3uHe peakmnuje u3Mmelhy
TAJIBMHOKCUJI paJfiKaja M aHTHUOKCHJaHAaTa MOXKe OWTH mpenus3Ho m3MepeHa. Ha mpumep,
KOHCTaHTe Op3MHE 0-TOKO(epolIa i yOUXHHOHA Y PEaKIijy ca OBHUM pagukainom cy 1.0x10% u

6.0x10°M's™ [32].

Crnuxka 1.9. CtpyKkTypa raJBUHOKCHJ paJuKaia

Ha ocnHoBy cnuke 1.9 BUIMMO 5@ KHCEOHUK Ca HECIIAPEHHUM €JEKTPOHOM Yy CBOM
OKPYXEHhY UMa TEepI-OyTUJI TpyIie, KOje CTBapajy CTEPHE CMETHE 3a MPHUCTYIN PEAKIMOHOM
LEHTPY TaJIBUHOKCUJI paJiuKaja, IITO MMa 3a MOCIeIUIly Jla 0Baj paJuKall pearyje camo ca

MaBbUM MOJICKYIIUMaA.

1.4. Cmpyxkmypue ocobune u aHmuOKCUOAGMUBHA AKMUBHOCH (D1ABOHOUOA
@1aBOHOM/I K0 aHTHOKCUJAHT MOpa Jia 33J10BOJbU JIBa YCIOBA!

1. Kaga je mpucyTan y Majoj KOHLEHTpAIMjJd y OJHOCY Ha CYIICTAHILY IOJIOKHY

OKCHJALIUjU, MOpa OUTHO YCIIOPUTH WJIM CIPEUUTH PEaKi]y OKCUIALIN]E;

2. V3 wera HacTalu paguKkajd Mopa OMTH CTaOwiaH na He OU IMOJICTUIIA0 JIAaHYaHY
peakuujy. Hactanm pamukanu ce OOMYHO CTa0WIHN3Y]y JeIOKaIM3alMjoM EJIeKTPOHa,
CTBapamkbEeM HHTPAMOJICKYJICKHMX BOJOHMYHHX BE34a, HIHM OaJbOM pCaKHI/IjOM ca Jpyrum

paauKanoMm.
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I'maBHE cTpykTypHE OCOOMHE (hIaBOHOMAA BaKHE 3a CIOCOOHOCT pearoBama ca

pagukanuMma cy cienehe:

1. o-guxumpokcuiaHa (KaTexoJiHa) CTPYKTypa y B-mpcTeHy koja nmaje ctaOuiaHOCT

pagukany u oMoryhyje nenoxanuzanujy enektpona (ciauka 1.10A);

2. IBoctpyka Be3za usmehy C2 u C3 atroma Ha npcreny C je y KOHjyranuju ca 4-keto

IpylioOM Ha MpPCTeHy, IWTO oMoryhyje nenokanu3anujy ejlekTpoHa u3 B-mpcrena (ciuka

1.10B);

3. XuapoKCcWiHe Tpyre Ha mojioxkajuma 3 u 5 koje 00e30el)yjy BOIOHUYHY Be3y ca

KeTo rpynom y nosioxajy 4 (cimxka 1.10C).

OH

Cnuka 1.10. CTpyKkTypHE TpyIe BayKHE 32 XBaTame CIO00HUX paluKaia

Benuka mnaxma ce 1mnocBehyje UCHUTHBaKky aHTUOKCUIATHUBHE AaKTHUBHOCTHU
(dbaBoHOWA KOja MPOM3WIA3M M3 FHUXOBE CIIOCOOHOCTH J1a XBarTajy CIOOOJHE pajuKaie.
[To3naTo je ma cy CTpyKTypHE OCOOHMHE 3HauajaH (PaKTOp KOju YyTHYEe HA aHTHOKCHIATHBHE
aktuBHOCTH ¢maBoHonma [33-39]. YV Tabenmu 1.1 cy mnpukazaHe aHTHOKCHJIATHBHE

AKTUBHOCTHU Q)HaBOHOI/II[a Y 3aBUCHOCTH O[] lbUXOBUX CTPYKTYPHHUX ocoOuHa.
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Tabena 1.1. AHTHOKCHIATHBHE aKTHBHOCTH ()JIABOHOWIA Y 3aBUCHOCTH O] FBUXOBUX CTPYKTYPHHX

ocobuHa [39,40]

[Tonoxayj 2,3- AHTHOKCHIATUBHA AKTUBHOCT
Jenumeme cnoboganx OH aBoctpyka
rpymna BE3a TEAC (mmol/L) DPPH (%)
@1aBOHONH
KBEPLETUH 3,573, 4 + 4.7 89.8
enuranokarexud 3,5,7,3%, 4,5 3.8
MHPHLETUH 3,5,73,4".5 + 3.1 72.8
MOpPHH 3,5,7,2°, 4 + 2.5 96.5
CITUKATEXUH 3,5,7,3, 4 2.5
KaTeXHH 3,573, 4 2.4
pyTUH 5,73, 4 + 2.4 90.9
Kemrdepoi 3,5,7.4° + 1.3 93.0
rajJJaHruH 3,5,7 1.2 91.1
(bucernn 3,73°.4 + 79.0
AHTOLWJHUIWMHA
L(MjaHy IHH 3,573, 4 4.4
MICOHHTH 3,5,7,4° 2.2
MaJIBUINH 3,5,7,4° 2.1
HeTaproOHUINH 3,5,7,4° 1.3
®naBoHU
OajkasienH 5,6,7 + 2.6
JIyTEONTUH 5,73, 4 + 2.1
JyTE€OIHH-4 - 573" 17
TJIMKO3HU]T
anureHnH 5,7,4' + 1.4 0.7
KpHUCHH 5,7 + 1.4 1.1
JyT€OIHH-3",7- 5.4° 0.8
JIUTIIAKO3HU]T
®aBaHOHU
TaKCU(OIHH 3,5,7,3, 4 1.9 94.8
HApUHTCHUH 5,7,4' 1.5 6.3
XeCIepeTHH 5,73 1.4 30.0

1.4.1. Ynoca 2,3-060ocmpyke 6e3ze u 4-kemo zpyne

Kao mrTo cmo pexnm, mocrojame 2,3-ABOCTPYKE Be3€ 3ajefHO ca 4-KEeTO TPyInoM
noBehaBa crmocoOOHOCT peakiifje ca CII000AHUM pauKaiuma. 2,3-IBOCTPyKa Be3a Ha MPCTEHY

je y KoHjyramuju ca 4-KeTo TrpymnoM, ITo omoryhyje aenokanu3aiujy enexkrpoHa u3z B
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npcreHa y npcted C, u TUMe A0JaTHO crtaduiusyje Hactanu pamukan. Ha coumum 1.11 cy
IpUKa3aHe CTPyKType Tpu ¢uaBoHouga ca uctuMm OpojeM OH rpynma u BUXOBUM
pacriopenoM, anu ca pasnukama y npcteny C. Kepuerun y npcreny C uma 2,3-aBOCTPYKY
Be3y U 4-keto rpyny u nokasyje Hajumly TEAC Bpennoct [39], uujaHuauH ca CBOJUM
npcreHoM C koju omoryhasa xoHjyranujy uma ckopo jennaky TEAC Bpeanoct [39]. OBo
HaM JI0Ka3yje Ja Cy mocTojame He3acuhema y npcteHy C 1 MOTyhHOCT pe30HaHIM]je BaXKHU
¢dakTopu KOJM YTMUY Ha CTa0MJIIHOCT Hactajor paaukaia. C japyre cTpaHe I0JI0Xkaj
nBocTpyke Be3e y mpcreHy C Takohe wrpa BaxHY YIOTY y CTaOWIM3alUjd HACTAINX
pagukana. Kama ce nBocTpyka Be3a HajasW y MOJOXKajy 2,3 Kao IITO je TO Yy Ciy4ajy
KBEPIIETUHA, OHA JOMPUHOCH J0JATHOj CTaOMIM3auju HacTanor paaukana. C apyre crpaHe
BEHO HETOCTajalbe y MOJICKYJy MOTEHIMjaTHOT aHTHOKCHIIAHTA, Ka0 y CIIy4ajy KaTeXuHa

(cnuka 1.11), y 3HaTHOj MepH YTHYE HA Mamkby CTAOUITHOCT HACTAJIOT pajrKaa.

OH
HO 0% ‘
= OH

Vs

OH
OH O Q!
Kgepuetun Hujanuaux
(4.7 mmol/dm’) (4.4 mmol/dm’)
OH
OH

Karexun
(2.4 mmol/dm)

Crnuxka 1.11. 2,3-1BOCTpyKa Be3a U 4-KETO Tpylia OJrOBOpHA 3a PEaKItjy ca CJIO0O0IHUM paauKaInMa

1.4.2. Ynoca xuopokcunnux zpyna

AHTI/IOKCI/I)IaTI/IBHa aKTUBHOCT BehuHe HOJ'II/I(bCHOJ'[HI/IX AHTUOKCHJaHaTa 3aBHUCU O[]
pacrmopena u yKynmHor Opoja xuapokcuinHux rpyna [37,41]. Ha cnmocoGuocT pearoBama POC

ca (1aBOHOMAMMA HajBUIIIE YTUYY XUAPOKCUIHE rpyne npcreHa B.
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OH (@] OH O
Ksepuetnn MupuueTtuH
(4,7 mmol/dm’) (3,1 mmol/dm’)

OH O OH ©
MopuH Kemndepon
(2,5 mmol/dm®) (1,3 mmol/dm’)

Cnuka 1.12. YTumaj 6poja 1 pacriopeia XHIPOKCUITHUX TPyIa OJrOBOPHUX 32 aHTHOKCHAATUBHY

AKTUBHOCT

Ha ciumum 1.12 npukazana je BaXXHOCT CyCe/ICTBa JIBE XUIAPOKCUIIHE TPyTIe Ha MPCTEHY
B 3a anTHOKCHAAaTUBHY akTUBHOCT. KBEpUETHH ca O-TUXMIPOKCHIHUM pPACIOpEIOM HMa
Hajpuiry TEAC Bpennoct [39], 10k MOpPHH ca m-TUXUAPOKCUIIHUM PACIOPEIOM y MPCTEHY
B uma 3nauvajuo Hmwxy TEAC Bpeanoct [39]. Kemndepon uma camo jenHy XUAPOKCHIHY
rpynny y B npcreny u uma Hajamxy TEAC Bpennoct [39]. To ynyhyje Ha uumeHuny na
npcteH B ca camo jeqHOM XHAPOKCHIIHOM TpyloM HHje edukacaH JOHOP BojoHUKaA. Takohe,
npucyTHocT Tpehe xuIpokcuiHe rpymne Ha npcteHy B (kon mupuneruna) He nosehaBa
AHTUOKCHUJIATUBHY aKTHBHOCT HETO jé YaK W CMamyje Y OJHOCY Ha kBepuetuH. Kama je y
CTPYKTYpH (pIaBoHOMa TPHUCYTaH KaTexoJ, TaJa Cce OH OKcHuayje Ha mpcteHy B nmajyhum

NEIOKAIM3AIIM]JOM €JIEKTPOHA CTAOUITM30BaH 0-CEMUXHHOHCKHU paaukai [34,42].

[Ipcren C monprHOCH aHTHOKCHIATHBHO] aKTUBHOCTH TaKO IITO TOCEAYyje CII000AHY
XUJIPOKCUJIHY I'pyny Ha nojoxajy 3 [41] u omoryhyje koHjyrauujy mnsmel)y apomatuyHux
npcreHoBa. CynmepuopHOCT KBEpLETHHAa Yy MHXMOUMLMJU OKCUAATUBHUX oluTehema
JNEIMMUYHO C€ TIPHUIIACYJe HHETOBO] XHUAPOKCIIIHO] TPYNU Yy TMOJOXajy 3 3a Kojy ce
mpeTnocTaB/ba Aa mnoBehaBa craOumHOCT (QuraBoHOMIHOT paaukana [43], ka0 u y
MJIAHAPHOCTH MOJIEKYJIa, jep je Top3uoHu yrao u3mely npcrenoBa B u C, koju je oaroBopan

3a IJIaHAPHOCT MOJIEKYIa, OJIM3aK HYIH.
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YumeHuIa 1a je MOJIEKYJ KBEepIIETHHA CKOPO IUIaHAPaH, Y BEIUKO] MEPH JAOMPUHOCH
CTaOMIHOCTH HAacCTAIUX (JIaBOHOMAHUX paaukana [44]. GnaBoHOIU U (IIaBaHOIH KOJU UMA]y
XUAPOKCUIIHY TPYIY Y TIOJIOXKa]y 3 Cy IJIaHApHH, 32 pa3iauKy of (praBoHa U (hpraBaHOHA KOJU
je Hemajy [44]. IlnanapHoCT momyinTa TPOMIMPEHY KOHJYraiujy y MOJICKYJy, IITO UMa 3a
nociaeauily 0o0Jby JI€TIOKadu3alMjy eJIeKTpoHa, u Behy CcTaOWIHOCT (IIaBOHOMIHUX
(dheHokcuaHuX paaukana. ['yOutak XuApOKCHIIHE TPYIE y TOJI0XkKajy 3 TOBOIM JI0 JACBHjaIM]e
OBOT' TOP3MOHOT yIJIa, OJHOCHO MOJIEKYJ TIOCTaje HeIUlaHapaH, INTO MMa 3a MOCIEeAUIy
3HaTHO Mamy MOTYNHOCT [eloKanu3aluje T eIeKTpOHa, a CaMHM THM J0Jla3d JI0 Iaja
cTtabmiHOCTH (PIIABOHOMIHUX paauKaia. BaXHOCT ynore XuJIpOoKCUIIHE TPyIE y MOJokajy 3

ce MOJKe BUIeTH Ha ciauiy 1.13.

OH (@]
KBepueTuH

(4,7 mmol/dm’)

e N

OH
o OH O
JIyreonun Takcudonnn
(2.1 mmol/dm?) (1.9 mmol/dm)

Crnuxka 1.13. YTunaj XuapoKCHiiHe rpyie y Ioinoxajy 3 Ha aHTHOKCHAATHBHY aKTHBHOCT ITPUKa3aHa

je nomohy TEAC BpenHocTu
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I'muko3oBame (1aBoHOMA Yy OJIHOCY Ha ojroBapajyhu ariukoH (KBepUETHH U PYTHH)
CHIDKaBa HUXOBY aKTHUBHOCT. Y pyTUHY, Tiuko3oBawkeM 3-OH rpyme u 3aapxaBambem
katexonue crpykrype TEAC BpeHOCT ce cMamyje 3a 2.3 mmol/dm’ y omrocy Ha KBepueTHH
[39], a y nyreonuny xoju Hema 3-OH rpymy 3a 2.6 mmol/dm’ y oxHoCcy Ha KBepieTHH.
TakcudonnH 3a pa3IuKy 01 KBEpIETHHA, PyTHHA W JyT€oJuHAa HeMa 2,3-ABOCTPYKY BE3Y,
LITO CIpeyaBa JeoKaIu3alujy eleKTpoHa apUIOKCUIIHUX paarKaia ca npcreHa C Ha npcTeH
B, a Tume u Ha A, mwTo pe3ynryje 3HauajHuM cHmkaBawkbeM TEAC Bpennoctu (ciuka 1.13)
[39]. OBo mopeheme kBeplieTHHA, JIYTEOJMHA M PYTHHA TOKa3yje BAXHOCT MHTEpaKIHje 3-
OH rpyne ca 1BocTpykoM Be3oM y npcteHy C 3a aHTMOKCHIaTUBHE aKTUBHOCTU ITOMEHYTHX

j[1171:39: X0

1.5. Aumuokcuoamuenu mexanusmu rasonouoa

[TocTtoje Tpu OCHOBHAa peakiMOoHA IyTa KOjuM (QuiaBoHOMAM W Japyra (eHosHa

jemumema (ArOH) Mory ocTBapuTH CBOje aHTUOKCHUJATUBHO JIEJIOBAHE:
1) Tpaucdep atoma Bogonuka (Hydrogen Atom Transfer) - HAT mexanuzam
R+ ArOH — ArO" + RH (1.1)

2) Tpancdep jeanor enekrpoHa u TpaHcdep nporoHa (Single Electron Transfer — Proton

Transfer) - SET-PT mexanuzam
R+ ArOH — R +ArOH™
R +ArOH"— RH + ArO’ (1.2)

3) TI'yourak npotoHa mnpaheH mnpeHocoM enekrpoHa (Sequential Proton Loss Electron

Transfer) - SPLET mexanuzam
ArOH — ArO" + H”
ArO"+ R — ArO"+ R’ (1.3)

R+H" — RH
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Ha ocHoBy jenHaumna 1-3 Mory ce yBecTM TEPMOJMHAMUYKU MapaMeTpu Koju

oapehyjy kojum he MmexaHu3MoM (hJIaBOHOU]] pearoBaTH ca CI000THUM PaJUKATIOM:

1) Enrannuja packuaama Beze (Bond Dissociation Enthalpy - BDE) 3a ArOH mo HAT

MEXaHU3MY.

2) Joumzarmmonu notenumjan (lonization Potential - IP) 3a ArOH u entanmnuja nucouujanuje

npotona (Proton Dissociation Enthalpy - PDE) 3a ArOH™ o SET-PT mexanusmy

3) Adunurer nmpema nportony (Proton Affinity - PA) 3a ArOH u enrannuja mpeHoca
enekrpoHa (Elecrton Transfer Enthalpy - ETE) uz ArO™ 3a SPLET mexanuzam

1.5.1. Aumuoxkcuoamuena akmuenocm naeonouoa no HAT mexanusmy

HAT wmexanuzam oapeheH je eHTalImujoM XOMOJMUTHYKOr packuigama O—H Bese

MoJieKyJia (pIaBOHOUIA, IITO CE MOXKE MIPEACTABUTH ClieIchoM peaKifjoM:
Ar-OH — Ar-O°* + H* (1.4)

[IpousBon oBe peakuuje je peHokcuaHu panukan ¢iaaBoHouga. BDE ce pauyna Ha ocHOBY

cnenehe jeqHaunne:
BDE = H(Ar-0°) + H(H *) — H(Ar—OH) (1.5)

H(Ar—0°) je entanmuja ¢puaBonugHor pamukana, H(H®) je eHrtanmuja BOJOHHKOBOI aTtoma,

H(Ar—OH) je enrannuja monexyna [45-49].
1.5.2. Aumuokcuoamuena akmuenocm gpnagonouoa no SET-PT mexanuzmy

[Ipu xopak y SET-PT wmexanusmy [47, 50-55] oapehen je joHM3aMOHUM
MOTEHIN]aJIOM OTITYINTama EIEeKTPOHA W3 MOJIEKYJa, IITO Ce MOXKe ImpeacTaBuTH cienehom

PEeaKIjoM:
Ar-OH — Ar-OH™ + e (1.6)

[IpousBon oBe peakuuje je paaukan katjoH ¢iaaBoHouga. IP ce pauyna Ha ocHoBy cienehe

jenHaynHe:
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IP = H(Ar—OH"") + H(e" ) — H(Ar—OH) (1.7)
H(Ar—OH"") je enTanmuja paaukan katjoH ¢paaBoHona, H(e ) je eHTaNIHja elIeKTPOHa.

Hpyru kopak y SET-PT mexanusmy ozpeheH je eHTaqnujoM AMCOLMjalMje MPOTOHA
paaukan KaTjoH (paBOHOHUA, YCIIEl Yera 10J1a3u 10 ICPOTOHOBAMmA PaJUKaN KaTjoHa, IIITO

ce MOXe MPEeACTaBUTHU cieiehoM peakijoM:
Ar-OH"" — Ar-O°*+H" (1.8)

[IpousBon oBe peakuuje je ¢peHokcuaHu pagukan ¢raBoHouaa. PDE ce pauyHa Ha OCHOBY

cnenehe jeqHaunHe:

PDE = H(Ar-0%) + H(H") — H(Ar—OH"") (1.9)
H(H") je entanmuja mpoToHa.

1.5.3. AHTHOKCHMIATHMBHA aKTUBHOCT ¢uiaBoHonaa no SPLET mexanusmy

[IpBu kopak y SPLET mexanusmy [48, 55-60] je xerpeonutruuko paxuaawe O—H

Bese, u ozipehen je PA Bpennonthy.
Ar-OH —» Ar—O +H" (1.10)

[IpousBon oBe peaknuje je dheHOKCHUAHM aHjoH ¢aBoHOMAAa. PA BpeaHocT ce padyHa Ha

OoCHOBY cienehe jeqHaunHe:
PA = H(Ar-O") + H(H") — H(Ar—OH) (1.11)
H(Ar-O) je enTannuja aHjoHa.

Hpyru kopak y SPLET mexanusmy ojpeleH je eHTannujoM oTIyluTama eIeKTpoHa U3

(heHOKCHIHOT aHjoHa ()IABOHOUIA, IIITO CE MOXKE MPEACTaBUTH cieaehom peakiujom:
Ar-O > Ar-O°" + ¢ (1.12)

[IpousBon oBe peakuuje je penoxkcuanu pagukan ¢iaaBoHouna. ETE ce pauyna Ha ocHOBY

cnenehe jeqHaunHe:
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ETE = H(Ar-O") + H(e") — H(ArO") (1.13)

1.6. bajkaneun

XeMHjCKO TToHaIIame (IaBOHOM 1A Ka0 aHTHOKCHAAaHAaTa je 001acT BeOMa HHTE3UBHOT
U eKCIIEpUMEHTAJIHOT M TEOPUJCKOI HCTpaxuBama. [lo cajga je Ha Ty TemMy 00jaB/b€HO Ha
CTOTHHE pasoBa. MelhyTuM, HCIUTHBAaWkE AaHTHOKCHUAATUBHOT JIETIOBama OajkalieMHa ce
HUCTpaXKyje OJHEIaBHO. Y OKBUPY OBE IucepTalyje, a y Iuby ojapehuBama Moryhmx
PEaKIMOHUX IyTEeBa, NCIIUTUBAHH Cy MEXaHU3MH aHTHOKCHIATUBHOT JIeJIOBama OajKajernHa.
[Ipe cBera mmciu ce Ha cinenehe mexanusme: HAT, SET-PT u SPLET. VcnutuBame
AHTHUOKCH/IATUBHUX aKTUBHOCTH OajKajleMHa je M3BEJEHO Yy KOopelalMju ca UCHUTHBAEM

CTPYKTYpPHHUX U €JIEKTPOHCKUX 0cOOMHA OajKasienHa.

bajkaneun (5,6,7-Tpuxuapokcu-2-penmn-4H-xpomen-4-o1) je BaxxHO OHOAKTHUBHO
(h1aBOHCKO JeTMI-EHe Koje je nmpoHal)eHo y KuHeckoj Ousbiiu Scutellaria baicalensis, n3 uujer
KOopeHa je mpBoOUTHO n30s10BaHo [61]. bajkanenn je 6Mo mpeaMeT HEKHX TEOpHjCKux [62] u
eKCTICpUMEHTATHUX HMCIUTHUBamka KOja Cy MMaja 3a Wb Jla NMPUKaXy HAuYWH U TOJPY4je
HETOBOT XEMH]CKOT JIeTIOBamka, Kao IITO je CIpedyaBame JUIUIHE MePOKCUIANN]je N3a3aBaHe
NpHUCYCTBOM  TBOXkDa, 3aTUM  FHETOBO  AHTUKAHIIEPOTEHO, AHTUUH(IAMATOPHO H
AHTHOKCHJIATUBHO JieioBame [63-65]. bajkanens ce Moke KOPUCTUTH y MEIUIIMHCKE CBPXE Y
Jedery OOJIECTH ca CHMITOMHMA HECAaHUIIE, MOBHUIIICHE TeMIIepaType U OOWIIHUX 3HOjeHba.
HberoBo aHTHOKCHIATHBHO JIENOBamke C€ Orjena y TO3UTUBHOM e(QeKTy TPOTHB
OKCHJATHUBHOI CTpeca, jep pearyje ca clo0OJHUM paaukainMa wTuTehu HeypoHe of
OCKMAATUBHOI omTehewa. bajkanenH mokasyje HEypONPOTEKTUBHU edekar, anonTOTHYHU
edekar, u Jnenyje aHTuMH(IAMaTOpHO CTUMyIUIIyhn on0pamMOeHM MexaHu3aM, 4YHMeE
moOoJblllaBa CTamka HacTalla yCJeJ HEYpOJereHpPaTHBHUX 000JheHa Kao ITO je u3Melhy
octasior [lapkunconosa 6onect [66]. CMmarpa ce na je peTaTUBHO jaK aHTHOKCUIAHT, HEroBa
TEAC Bpennoct je 2.56 [40] , nako npcten A, Ha kome ce Hanmaze OH rpyme, Huje mobap

CIICKTPOH JOHOD.
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2.1. Yeoo

Pauynapcke Merose Mory ce CBpPCTaTd y JIBE KaTEropuje: MOJIEKYJICKO MEXaHHYKe U

KBAHTHO MEXHaAHW4KCE.

Y Monexynckoj mexanuyu 3aKOHUW KJIacUYHE (PU3MKE MPUMEHY]Yy Ce Ha MOJIeKye, 0e3
eKCIUTMIIUTHOT pa3MaTpama eJleKTpoHa. MoJieKysl ce OTHCYje Kao CKYI IOBE3aHHUX aTroMa. ATOM
ce TpeJIcTaBJba Kao cdepa duja Maca 3aBHCH O]l BpCTe eleMeHara. XeMHjcKa Be3a ce rmocmarpa
Kao ompyra [67]. EmacTudHOCT onpyre 3aBUCH OJ1 BpCTE aTOMa KOjH je rpaje, | OJ Tora Ja JIH j&
Be€3a JEeOHOCTPYKa, IBOCTpyKa WM TpocTpyka [68-74]. Keammmna mexanuka mocmaTpa
MHTepakiuje u3Mel)y jesrapa u ejaeKkTpoHa y MoJeKyiry. Mojiekyicka reoMeTprja pa3marpa ce
Kao pacropej jesrapa KOMe OAroBapa MUHUMaiHa eHepruja [68-72, 75, 76-83]. OBe meroze
nene ce Ha Tpu kimace: ab wmnHmMnmo (ab initio), meroae ¢ynknuonana rycrude (DFT) u
cemueMnupujcke Merojge. CBe KBaHTHO MEXaHMYKE METOJIE 3aCHHBAjy C€ Ha pellaBamby
[peaunrepose jennaunHe. Xaptpu-OokoBa ad MHUIIMO METOJA HAJIAa3u CE HA PACKPCHHIM Yy
pemaBamwy lllpenuHrepose jeqHaynHe: YBOJE C€ KOPEKIIHMjE OBE METOJE Ca IUJBEM Jia ce J00u]y
peumiewa Koja he TexuTH erszakTHuM peuiewuma lllpenunrepoBe jenHaurHe (OBO BOJIM Ka
KopeJincaHuM a0 MHHUIMO MeTojama), WIM C€ YBOJAE JOJaTHE ampoKCHMallMje KOje BOJE Ka

cemuemnupujckuM Merogama. Muore DFT merone kopucre Xaptpu-PokoB UHTETpasl U3MEHE.

2.2. Hlpeounzeposa jeonauuna

HlpenunrepoBa jenHauMHAa j€ OCHOBHA jeJAHAYMHA Yy HEPEJATUBUCTHUYKO] KBAHTHO)]
MEXaHUIIU, KOja OIHKCY]je KpeTame eeKTpoHa u jesrapa [84]. [lotmyHo onxbairyje mokyiaje na ce
KpeTame eJIeKTPOHA OJ[BHja 10 OoJpe)eHuM myTamaMa y aTOMY, M HACTOjH Jia OINUIIE EHHXOBO
KpeTame MCKJbYYMBO TAJIACHUM OcoOMHama. Y HEKOM TPEHYTKY BepoBaTHOha Ja ce eleKTpoH
Hal)e y HEeKOJ Ta4KU MPOCTOPa Cpa3MEepHa je KBaJApaTy arcoyTHE BPEIHOCTH TajacHe (PpyHKIH]e.
3a MOJIEKYJICKH CHCTEM KOjH C€ cacToju o1l Na je3rapa U n eJIeKTpOHA, BPEMEHCKH HE3aBHUCHA U

HepenaTuBuctuuka lllpeaunreposa jeqHaunHa MoXe ce npukasatu ciaenehoM popmynom:
H¥(r,R) = E¥(r,R) 2.1)

rae je H XamuntoHoB omepaTop (XaMHJITOHH]JaH), KOJU CAaJApPXKHU CBE OMNEPATOPE KOJH OIHCY]Y

KMHETUYKY U TOTEHLHUjaNHy eHeprujy onapehenor monekyna, W(r,R) ramacna ¢ynkuuja cBux
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jesrapa u enekTpoHa (r u R cy enexTpoHCKe U HyKjIeapHe KoopauHate), a E je eHepruja crama
Koje je ommcaHo TanacHOM (ynkumjom V. Pa3Bujenn oOnmk XaMHITOHOBOT oOIeparopa y

aTOMCKHM jeIMHUIIaMa MpuKa3aH je cienehoM popmynom:

RSN IED WIS @)

11A11A i=l j>1 1] A=1 B>A AB

[Ippa nBa wW3pa3a MoBe3aHa Cy ca KHHETHYKOM EHEPTrHUjOM eJIEeKTPOHAa H je3rapa
(T=T.+Tx). [IpeocTana Tpu uU3pasza npeacTaBbajy NOTCHIHMjAIHY €HEPrUjy MpHUBIIauemka n3Melhy
enekTpoHa u jesrapa (Ven), U MOTEHIHjaTHY eHeprujy onoujama m3mely enektpoHa (Ve) u
jesrapa (V). Ma B Z4 ¢y Maca 1 aToMcku 6poj atoma A. V7 je JlammacoB omepatop Kojd je y
KapTe3MjaHCKOM KOOPIMHATHUBHOM CUCTEMY Je(UHHCAH Kao 30up Ipyrux napuujaiHuX U3BOJa
dbyHKIHjE:

o> o0 0

ox* oy’ oz’ (2-3)

Tpeba HarmacuTu J1a ce eJICKTPOHU TPETUPA]y WHIWBHIYAIHO, IOK CE je3rpa TpeTupajy

Kao arpe€ratu CauyuimbCHU 01 HYKJICOHA.

2.3.  Bapujayuonu npunyun 3a 0CHO8HO cmarse

Y  cnyuajy IlpeaunrepoBe jeaHauyuHe, IO BapUjallMOHOM MPULHUIY CBaka
anmpokcuMaTtuBHa TanacHa ¢ynkiuja W(r,R) maje BpemHoct 3a eneprujy kKoja je Beha oj er3aktae
eHepruje OCHOBHOT cTama Ey. JIpyrum pednma, mTo je HUXKa €Hepruja Koja oJroBapa TajaacHo]
¢yukumju W(r,R), To je ta dynkumja ¥(r,R) npubnmxxuja ersaktHoj TanacHoj (QyHKUUjU
Yo(1,R).

2.4. Anpoxcumayuje 3a pewasare Lllpeounzepose jeonauune

[peauHrepoBy jenHadynHy Moryhe je mOCTaBUTH 3a CBaKH aToM M MoOJjekyda. Mmak, Ty
JeHaYuHYy j€ M3PA3UTO TEIIKO PEIINTH, Ma €Tr3aKTHO, AaHAIUTUYKO PEIICHE, MOCTOJH CaMmo 3a

aTOM BOJIOHMKA. JeHOCTaBHO, IOCTOjU CYBHUIIE NPOMEHJPMBUX Ja OW ce 3aucra peuuia
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HlpenunrepoBa jeiHauMHA 3a BEJIMKE aTOME M MOJIEKYJICKE CUCTEME, Ia CE€ y TUM CllyuyajeBUMa

BpIIIC HYMEPUYKE alpOKCHMAIIH]E.
2.4.1. Bbopn-Onenxajmepoea anpoxcumauuja

TokoM mpomIior Beka MPEUIOKEHE CYy pa3IMYuTe anpoKCHUMaIMje 3a pellaBarbe
HIpenuarepoBe jenHaumHe. [IpBa y HU3Y ampokcHUMaIdja Koja BOIM J0 yoponrhaBama
Buieenekrporcke lllpenunrepose jeanaumne je bopH-OmnenxajmepoBa ampokcumainuja. OBa
ampoKCHMMallja pa3fBaja KpeTame eJEeKTpOHA O]l KpeTama je3rapa [68-72, 75, 76-83]. bopH u

Omnenxajmep mpeiaxy Ja ce jeJaan mpoosieM pas3aBoju Ha 1Ba mpoodiiema [85].

Jesrpa cy MHOrO Teka M Kpehy ce cropuje Hero eleKTpoHH, Na ce KHHEeTHYKa CHepruja
jesrapa Moxke 3aHeMapuTH. To 3Ha4M Ja ce eNEKTPOHH Kpehy y mosby QUKCHpaHUX je3rapa.

Enexrponcka lllpenunrepoBa jeqHaurHa 3a MOJIEKYJICKH CUCTEM JaTa je cieaehom dhopmynom:

HW. (1) = E.Y. (1) (2.4)

A

rae je We(r) enekrponcka tanacHa ¢yHkuuja, E. je enekTpoHcka eHepruja u H. je emekTpoHckn

XaMUJITOHOB OTIEPaTOp JaT ciieAehnM H3pa3oM:

~ 1& 5 n Ny ZA non]
NN ) W 23)

i=1 A=l Lia  i=1 j>1 Ti

VYKynHa eHepruja MoJIEKyJICKOT CHCTEMa je cyma eJeKTpoHcke eHepruje E. u koHcTaHTe

KOja MpeACTaBJba MOTEHIMJATHY €Heprujy (UKCUpPAHUX je3rapa:

Na Na ZAZB

E=E.+ ) >’

A=1B>A RAB

(2.6)

OBa mpBa ampokcuMalMja IpeICTaB/ba OCHOBY 3a CBE METOJE KBAaHTHE MEXaHHKE.
Paznuunte KBaHTHO-MEXaHMYKE METO/IE 3aCHUBA]y C€, YCTBApH, HA PA3IMUMTUM TOKYIIajuMa J1a
ce IITO TauyHMje M3pauyHa eleKTpoHcka eHepruja. ¥ namem tekcty H, W u E npencrasspahe

€JIEKTPOHCKU XaMUJITOHU]JaH, €IEKTPOHCKY TaJlaCHY (PYHKIIH]Y U €IEKTPOHCKY €HEPIH]y.
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2.4.2. Cnejmepoea oemepmunanma

Yak u mopen bopn-OnenxajmMepoBe anpokcumanuje lllpenunrepoBa jemHaumHa ce HE
MOX€E PEIIUTH 3a CUCTEME KOjU MMajy BHUIIE OJI JeAHOT E€JICKTPOHA. 3aTO MOpajy Zia Ce YBEIy

JoaTHE anpokcumaruje [68-72, 75, 76-83].

Bumeenekrponcka tanacua gynkmnuja W(r) 3aBucu oa KoopAWHATa CBUX €JEKTPOHA Y
MOJIEKYIly. XapTpH je MPeUIoKHO Ja Ce BHUILEEIEKTPOHCKA TalacHa (PyHKIMja MPEACTaBH Kao

MPOM3BO/I JeTHOETEKTPOHCKUX (DYHKIIHM]a (MOJIEKYJICKUX OpOUTaia):
Y(r,12,...1) = @(11)QAT2)... QI (2.7)

Tanacua ¢yuknuja (jean. 2.7) HaszuBa ce XaptpujeB npousBo. [locTtoju n oBakBuX
JjeIHaurHa, 1o jeJiHa 3a CBaku eleKTpoH. Dok je npumeTHo na XapTpujeBa TajacHa (pyHKIHMja He
3a/10BoJbaBa [laynujeB MpUHITUIT HCKIbYYCHA, jep jenHadnHa (2.7) mpeTnocTaBiba Jia c€ y CBaKO]
MOJIEKYJICKO] OpOUTaNI HaJIa3u caMo jemaH elekTpoH [67]. Dok je mpeyiokKuo 1a ce y u3pas 3a
TanacHy QyHKIM]y yBeAe cnuHcKa pyHkmuja o(s), o=a, . Crnuncka ¢yHKuja je nedpunrcana

Ha cienehy HaunH:

a(T)=1 a(4)=0
B(T)=0 B =1

rjae ctpenuue T ¥ | 03HauaBajy eJIeKTpOHEe ca CnuHoM +1/2 u -1/2.

Enextpon je ommcan crnmH opOuTasioM Yi(Xj), KOja je jemHaka MpOu3BOay wu3Mehy

pocTopHe opOuTane @ i(ri) u jeaHe o 1Be Moryhe cnuHcKe QPyHKITH]e:
%i(%;) =0,(1)o(s), o=a,p (2.8)

Cnun opburtana je ¢yHKIHMja W TMOJOXKaja €JEKTPOHA M HeroBor crnuHa. JenHauuHa (2.8)
MoKa3yje J1a 1MmocToje ABe CuH opOuTane yi(Xi): @i(ri)o u @;i(ri)P, mTo 3HaYM Ja c€ MPOCTOPHO]

opOuTanu ¢i(r;) MOTy IPUIPYKUTH JIBA €JIEKTPOHA CYPOTHUX CIIMHOBa [67].

3a BUIIEENCKTPOHCKA CHCTEM KOJU MMa N €JIEKTPOHA, YKyIHa TayjacHa (yHKIHja je

npuka3zana CnejTepoBoM JIeTepMUHAHTOM [86]:
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1) x2(x1) x3(X1) - An(X1)
x1(X2) %2(X2) A3(X2) - An(X2)
X1(X3) %2(X3) A3(X3) - An(X3)

&
|

=1~

Xl(xn) X2(Xn) X3(Xn) ann)

.
rae je = (hakTop HOpMHpaAKA.

2.4.3. Xapmpu-Dokoea anpoxcumayuja

Cymrtuna  Xaptpu-®OokoBe  ampokcuUMaluje je Jla KOMIUIMKOBaHE IHpobieme
BHIICCICKTPOHCKHUX CUCTEMA 3aMCHU HpO6J'ICMI/IMa jC)IHOCJ'ICKTPOHCKI/IX cucremMa, 1 ToO TakKO 1IITO
ce oabujame n3Mel)y enexkTpoHa mpeacTaBba Kao npocedan edekar [87]. Enexrpon “ne Buan”
CB€ Pa3IUYUTE EJIEKTPOHE OJIBOJEHO, A “BUAM~ TOTEHIIMJAJIHO TIOJhE KOj€ j€ HACTaJo YCIeH
JIeTIOBakba CBUX JIPYTHX eNeKTpoHa. XapTpu-DokoBa ampoKCHMaIfja MOKE CE MpPEICTaBUTH

cienehum uspazom:
f(Pi(ri):81‘({)1(1‘,‘); i=1,2,..,n (2.9)

OBux n jegHaumnHa 30By ce Xaptpu-Dokose jemHaumne, rae f mnpencraBba DokoB
oTIepaTop, a & CHEPruje MOJIEKYJICKUX opOutana [67]. ®okoB omeparop je jeAHOCICKTPOHCKH

oTIepaTop KOoju je neuHucaH u3pa3om:

r 1 2 o ZI ef
fl=evI-Y 2y (2.10)
2 : Arlj
[IpBa aBa wiaHa oHOCE C€ HA KHHETHUYKY €HEPIHjy €JIEKTPOHA U MOTEHIUjaJIHy EHEPTU]Y
KOja je pe3yaTaT MpuBiauema u3Mel)y enexkTpoHa M jesrapa. Vjef je ebeKTuBHU WU XapTpu-

®okoB noreHuujan. OH ce cacToju O] JBE KOMIIOHEHTE, IITO CE€ MOXKE BHUIETH Ha OCHOBY

cneneher u3pasa:

n/2

V=Y (23, K,) (2.11)

i=l1
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J je KynoHoB omepaTtop Koju MpeAcTaB/ba MPOCEYHU OJ00JHHM MOTEHIHjald Koju oceha

jelaH eIeKTPOH Of MPeoCTalX n-1 eneKkTpoHa:
- L1
1,0 ) =| [ o] —o,@)dn |0, () (2.12)
Ar,
K je omepaTop U3MeHe U 1e(pUHUCaH je Kao:

ﬁi(r])@k(rl){f@?‘ﬁ@k(rz)drz}@i(n) (2.13)

OH (Qu3nyku oJroBapa KpeTamy €JIEKTpOHA ca MCTUM clHMHOBHMMA. To je y ckiaay ca
[laynujeBUM MPUHIMIIOM, KOJU Kajke Jia €IEKTPOHH Cca UCTHM CIIMHOM He Mory (1) UMaTu UCTY

eHeprujy u (i) OUTH Ha UCTOM MECTY.
2.4.4. Pomxan-Xonosee jeonauune

PemaBawy Xaptpu-®doxoBux jennaunna gonpuHenu cy Porxan [88] u Xox [89] tako

MTO Cy TPEMIOKWIM Jla C€ MOJIEKYJCKa opOuTrana mocMarpa Kao JUHEapHa KOMOWHaiuja

aromckux opourana 1M, (LCAO) [68-72, 75, 76-83]:

L
¢, =.c,m, (2.14)
p=1

e ¢, IpecTaBba 30up L aromckux opOuTanal), HOMHOKEHHX MOJIEKYJICKO OpOHTAIHUM
KoeuumjeHTMa C ;. Y JaHallbe BpeMe ce 33 KOHCTPYKIH]Y MOJICKYJICKMX OpOuTana Kopucre

MareMaTthdke (QyHKIHje Koje ce HasuBajy OazucHe ¢yHkiuje. CKynm TpUMEHEHUX O0a3HMCHUX

¢yHKIMja Ha3uBa ce 0a3MCHU CKYII.

Kana ce jemgnaumna (2.14) yBpctu y Xarpu-DokoBe jenHauune, no6ujajy ce Porxan-

Xo0J0Be jelHaYMHe, KOje ce Y MaTpUYHOM OOJIMKY MpeCcTaBibajy Ha ciiefehn HauuH:
FC=SCe (2.15)

rne F, C, S u ¢ mnpencraBmpajy DOKOBY MaTpHUIly, MaTPUIly MOJEKYJICKO OpPOUTATHUX

Koe(uLMjeHaTa, MaTpHIly IpeKianama 1 MaTpUIly OpOUTaIHUX EHEpTHja.
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Enementn ®okoBe MaTpHIle Cy CIOKEHOT 00JIMKA, M 3aTO C€ MPEACTaBIbajy Ha cieaehu

HA4YUH:
va :Hﬁv +Jpv -va (2 16)

rae HY, J u K npencrasibajy yHyTpaimsu xaMiITOHUjaH, KyJIOHOB €eMEHT U €JIEMEHT U3MEHE.
H" ommcyje KMHETHUYKY €HEprujy e€JIeKTpOHAa M IIOTEHIMjAIHy €HEPThjy Koja je pe3yirar
npuBiadema u3Mel)y enekrpona u jesrapa. O0e eHepruje 3aBUCE O] MOJIOXKaja caMO JeTHOT

[Ipeocrana nBa uinaHa onucyjy uHTepkauuje uzmely enekrpona (KyinoHoBy eHeprujy u eHeprujy
n3Mmene). KyJaoHOB HHTerpai v HHTerpal u3MeHe AepUHUCAHU Cy U3pa3uMa y KojuMa (purypuiry

YECTBOPOUCHTPUYIHUN-ABOCIICKTPOHCKHU MHETPAJIU, U I'1C D npeacTraBjba MaTpUuly IryCTUHC:

L

=YY D [, Gm, () m(r)m(r)drdr (2.18)
YYD [, m ) m(r)n (5, )drdr, 2.19)

PemaBamwem PoTxan-Xosnose jenHaunHe noMohy pa3inuuuTux 0a3MCHUX CKYIOBa HAcTajy
paznmnuutn Xaptpu-PokoBu Mmoaenu. [Ipummenom Xaprtpu-PokoBe METOAE ca KOMIUIETHUM
0a3uCHUM CKYIIOM J00Hja ce eHepruja kKoja ce HasmBa XaTpu-Pokoa rpanumna (Epp). [TomTo
Xaptpu-dokoBa MeTO/Ia 3aHEMapyje CICKTPOH-EJIECKTPOH MHTEPAKIM]je, T00MjeHa eHepruja He

0JIroBapa CTBapHOj CHEPIHjU MOJIEKYJIa.

PemaBamwe Xaprpu-®PokoBe jeqHauMHE MOpa Ja Ce HU3BpLIM Kopucrehu mnpoueaypy
camornacHor noJba (SCF). [loyeTna tanacHa ¢ynkuuja je CrnejrepoBa AeTepMUHAHTA W3abpaHa
Kao mpoOHa TaynacHa (PyHKIHMja, ca MPOOHUM MOJIEKYJICKO opOuTanHHM KoedunujeHtuma. Ha
oBaj HauuH ce u3pauyHa dokomBa marpuia koja he y cnenehoj mrepanuju natu O60JbH OMHUC

tanacHe pynkuuje. OBaj mpolec Tpaje A0TiIe JOK c€ MOCTUTHE KOHBEPreHI1ja CUCTeMA.

3a cucTemMe ca 3aTBOPEHOM JbYyCKOM (MapaH Opoj €IEKTpOHAa) KOPUCTU C€ OTpaHUYEHA

Xaptpu-dokosa merona (RHF). 3a cucreme ca otBopeHoM JbyckoMm (HemapaH Opoj eJIeKTpoHa)
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Mory na ce kopucte i ROHF (orpannuena Xaprpu-®okoBa MeTOa 32 OTBOPEHY JbYCKY) HIIH

UHF (neorpanunuena Xaptpu-dokoBa MeTOa).
2.4.5. Kopenayuona enepeuja

30or yBohema edexTUBHOr NOTEHIUWjasa AoOujeHa eHepruja u3 Xaptpu-Dokose
anpoKcUMallije HUje er3akTHa. Paznuka usmelyy erzaktHe enepruje u eHepruje Xaprtpu-dokose

rpaHMIle 30Be ce Kopenanrona enepruja Exo [68-71, 77, 80, 82].

Ekor :Eegz _EHF (220)

Exor je HeratuBHa BenuuuHa jep je Enr>Ecg, OBa eHepruja je Mepa rpeike koja ce yBoau
y Xaptpu-®okoBy MeToxy. ' TaBHH TOTIPUHOC KOpENAlMOHOj CHEPTUjH TOTHYE OJ TWHAMHYKE
KOopeJalyje Koja ce OJHOCH Ha KpeTame eJIEKTPOHA, KOje je Y CTBapHOCTH Kopenucano. [locToju
U HeJIMHAMU4YKa (CTaThyKa Kopenaluja) Koja MPOUCTUYE U3 YUHHEHHIIE 1a Y HEKUM CllydajeBUMa
CrnejrepoBa JeTepMUHAHTa OCHOBHOT CTama HHUJE 100pa ampoKCHMMalldja CTBAPHOT OCHOBHOT
cTama, jep mocroje u apyre CrejTepoBe nOeTepMUHAHTE clu4yHE eHepruje. Hemmnamuuka
KopeJalyja je BaxHa KOJ MOJIEKyJa KOJI KOJUX jé OCHOBHO CTame omucaHo momohy Beher 6poja
JeTEHEPUCAHNUX JCTePMHUHAHTHH.

Kox mozena ¢yHKIMoOHaNa TyCTHHE YBOAM C€ alPOKCHMATHBHH KOPEJAIlMOHHM WIaH Ha
eKCIUIMIUTaH HayuH. KBamuter wmojena (yHKIMOHANA TYCTHHE 3aBUCH OJl  HM300pa

KOPCIIalITMOHOT YjIaHa.

2.5. Teopuja ¢pynkyuonana cycmune

3a pasnuKy OJ CBHX JPYrHUX KBAaHTHO MEXaHWYKHX METOJa, KOje€ C€ 3aCHHBAjy Ha
TanacHo] QpyHKIMju, MeTone (YHKIIMOHAIA T'YCTUHE 3aCHUBA]y C€ HA BEIMYMHHU KOja CE MOXKE
€KCIIEPUMEHTAJIHO OJIPEIUTU — I'YCTUHU elleKTpoHa p(r). I'ycTuHa enexkTpoHa je pyHKuMja camo
TP HIPOCTOPHE NPOMEHIMBE, JOK EJIEKTPOHCKAa TajdacHa (yHKLHMja 3aBUCH O X, Y U Z
KOOpJMHAaTa CBUX €JeKTpoHa. ['yCTHMHY elleKTpoHa Ne(pUHHIIE BULIECTPYKH HHTErpai MpeKo

CIIMH KOOPJIMHATA CBHUX €JIEKTPOHA, U MMPEKO CBHX, OCUM jeJIHE, TPOCTOPHE MPOMEHJbHBE:

p(r)=nj...j|w(x],xz,...,xn) ? dx,dx,...dx, (2.21)
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BepoBaraohy na ce jeman oapeheHu e€leKTpOH MPOUW3BOJHHOT CMHA Hahe y eneMeHTy
3arpemMuHe drj, P YeMy CBUX INPEOCTAINX N-1 eNIeKTpOoHa MMajy MPOU3BOJBHE IOJIOKAjE H
cnuHOBe, ojapehyje p(r) crama npeacraBibeHor TanacHoM ¢yHkujom V. [lomro ce enexTpoHn
HE MOTY pa3JIMKOBaTH, BepoBaTHOhA HaJlaKemka OMIIO KOT €JIEKTPOHA y OBOM TIOJIOXKA]y jeHAKA
je BepoBaTHOhM 3a Taj oapeheHn eneKTpoH MOMHOXKEHO] OpojeM enekTpoHa n. Jlakme, p(r) je
HeHeratuBHa (YyHKIMja IPOCTOPHUX IMPOMEHIUBUX, YMJU MHTETpall je jeJHaK YKymHOM Opojy
enekTpona. Kama cy BpemHOCTH TMPOCTOPHUX MPOMEHJbUBHX OECKOHAYHO BeNuKe P(r) mocTaje

jenHaka HyJIH.

OcnoBy Teopuje ¢ynknuonana rycruHe (Density Functional Theory-DFT) uunn
Xoenbepr-Konosa teopema. OBa Tteopema riacu: [loctoju jenuHcTBeHM (YHKIIMOHAN 3a KOjU

Baxu [68-72, 79, 80, 82]:
E[p(n)]=E (2.22)

rae je E erszaktHa enekTpoHCka eHepruja. ['yCTMHA €JEKTpOHa ce IMOKOpaBa BEepUjAllHOHOM
MpUHIKITY, ITO ¢y aoka3anu XoenOepr u Kon [90] . Enepruja xoja oarorapa 1atoj TyCTHHH

eJeKTpoHa je Beha mim jeqHaka er3akTHO] eHepruju. Hemocrtatak teopeme je Taj, MITO HE Jaje

005uK (yHKIIMOHAIA E[p(r)]. 3aTo y Teopuju (yHKIHMOHAJA TYCTHHE TMOCTOjeé MHOTOOpPOJHU

anpOKCUMATHUBHU (DYHKIIMOHAIIH.

O6smk ¢yaknoHana koju cy npempioxuiu Kon u lllam nat je cnenehum uzpazom:
E[p()]=T.(p) Vi (P)* Ve (P)TExc(P) (2.23)

rae je T,(p) KMHETHYKa eHepruja Koja IoTHYE OJ] KpeTama eIeKTpoHa u3Mehy Kojux He mocroje

MHTEpaKIIMje, a Yyhja TyCTHHA je jelHaKa I'yCTUHU CTBApHHUX €JIEKTpOHA, U3Mehy KOJUX MOCTOje

MHTEpPAKIIH]e:

(IOSESNASY (2.24)

1

Vi.(p) je HyKII€apHO-E€JIEKTPOHCKH YWIaH U MPEJCTaBJba IOTCHIMJAIHY €HEPrujy Koja MOTHYE U3

npuBIayemna n3Mel)y jesrapa u eJeKTpoHa:
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n N Z 2
VaeP)= Viep@dr=-37 [ 3o, ()] (2.25)
i 1 11
V.. (p) npescTaBiba MOTEHLU]AIHY €EHEPTH]y KOja OTHYE O 0J10Mjarba u3Mel)y enekrpoHa:

L p@e() o 1oy 2 1 2
V)= Tndr,drz—gzg [ [lo: )] A—r]z\cpj (t,)[ drdr, (2.26)
Ey.(p) ce HasuBa (yHKIMOHAI U3MEHE/Kopeanuje, 1 00yxBaTa €eHeprujy U3MeHe Koja HacTaje

yclieJl aHTUCUMETPUYHOCTH TalacHe (YHIIKHjEe, Ka0 U KOpEJIalMOHY €HEpPrujy ycjena KpeTama
WHIUBHUAYyATHUX elekTpoHa. OCUM JONMPUHOCA TOTECHIIM]aTHO] EHEPTUJH CHUCTEMa, (PYHKITMOHAT
M3MeHe/Kopenaluje capXu U MambHu JONPUHOC KHHETUYKO] eHepruju. Y OBOM (DYHKIIMOHATY
CaJp>KaHo je CBE IITO HE 3HAMO O MCIMUTHBAHOM cucTteMy. CBM OBU WIaHOBH U3 jenH. (2.23) cy

(GyHKIIMje TYCTUHE €IeKTPOHa.

Kon-1llamoBa jeqHO€nEeKTpOHCKA jefHaYMHA TTPUKa3aHa je ciieqehum u3pa3om:
1 _,|< ‘(Pj(rz)‘z N Z
vV B2l g 4v () 2 | o =¢.00 227
5 Zj:j At 12 xe (1) ZI:AI'” ?;—€,9; ( )

rae je Vxc MOTeHIMjan KOJu 3aBUCH O] eHepruje maMmeHe/kopemanuje Exc. OBaj moreHumjan

neduHUIIE ce Kao W3BOJI EHEPTruje H3MEHE/KOpeallrje 1Mo TYCTUHHU eJIEKTPOHa:

(2.28)

UnanoBu y 3arpaau y jend. (2.27) uune Kon-lllamoB jeanoenextpoHcku omneparop. Ha

OCHOBY TOT4Q, jeqH. (2.27) nobuja cnenehn o6mmk:

—

£ 0, =¢,¢; (2.29)

Oneparop f*ce pasmukyje ox Dokosor omeparopa f (jenn. (2.9)) Mo HauMHy Ha KOjH ce
TpeTupajy MOTEHIMjaii W3MEHEe W Kopenamuje. Kopenamuja ce mOTHyHO 3aHEMapyje KO

DOKOBOT OIEepaTopa, a TOMPHUHOC O W3MEHE MPHKa3aH je omeparopoM m3mere K (jemm. (2.13)).
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Kon Komn-IllamoBor omepatopa OBM JONPUHOCH H3PAKEHH Cy TMOMOhy TOTEHIMjana

n3MeHe/kopenamuje Vxc.

Kana ce nmpumenu LCAO wmerona, u yBeny Kon-lllamoBa marpuia (anamoraa ®oxoBoj
MaTpHIIM), MaTpHlla MpeKianama S, MaTpula MOJIEKYJICKO opOuTanHux koeduuujeHata C, u

MaTpuila opOUTaTHUX HEepruja €, 00uK jeaH. (2.29) ce Mema:
F**C=SCe (2.30)

[Tomrro usmely Porxan-Xonose jens. (2.15) u jenn. (2.30) nocroju aHanoruja, Npyu peliaBamby
jenH. (2.30) mpumemyje ce mocrynak cimuaH Potxan-XonoBoj mpouenypu. DFT monenu He
3aHeMapyjy Kopemaiujy eleKTpoHa, a 3axTeBHH cy kao u HF momenmn. Ha ocHoBy oBora
MPOU3WIIA3H BEIMKA MPEAHOCT MeToJa (YHKIMOHAJa TyCTHHE: PAdYyHCKH Cy eQHKacHHje Y

oapehuBamy Kopenaluje eIeKTpoHa y OJHOCY HaJ ab MHHUIMO METoama.

O6nuk Kon-1llamoBe maTpulie MOXke ce MpeACcTaBUTU Ha cieaehu HauuH:

B | np(r,)(-%VQ-ZAZTW J %wxc(n)]nv(n)dn @231

12

Kunernuky eHeprujy u uHTepakiuje usmel)y eaekTpoHa U jesrapa onucyjy IpBU U Ipyry 4iiaH y
3arpagu. [lomTo oBe BenuunHE 3aBUCE O/ KOOPAMHATA CaMO JEIHOT €JIEKTPOHA, OBa JBa 4WIaHA

ce KOMOMHY]Y y jelaH HHTETpa:

h,, = n,l(r.{-%vz-sz}m(r.)dn (232

Tpehu unan y jens. (2.31) ce nasuBa KymnonoB mnonpuroc. OH ce MOXe MPEACTaBUTH Y

00JIMKY Y€TBOPOIIEHTPUIHO-IBOETICKTPOHCKOT HHTEpTpaa:

Jo = X 2D [, ()=, 5, () (2.33)

c 12

Jlo cana ce mojaBJbyjJy Gpopmyse Koje Cy Beoma CIIMYHe OHUMA Koje hurypuinry y XapTpu-
®oxoBoj mertoau. Paznmka je y meny Koju ce OTHOCH Ha wu3MeHy/kopenauujy. M3pa3 3a

u3meny/kopenanyjy y Kon-1llamoBoj maTpuiiy npukasaH je Kao MHTETpa:
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Va© = [, () Ve (), (5)dr, (2.34)

I7ie MOpa Ja c€ OJUIy4d O EKCIUIMIUTHOM OOJUKYy 3a Vxc, JIOK je y okBupy XapTpu-Dokose

METO/Ie MHTETrpaj u3MeHe nat jead. (2.19).
2.5.1. @yukyuonanu usmene/xopenayuje

DYHKIIMOHATN W3MEHE/KOpeNalrje KOju Ce JaHac KOPUCTE MOTY C€ TpyNHUCaTH y TPHU
Kjace: (YHKIMOHAIM 3aCHOBAHU Ha alpOKCUMAIUjU JIOKAJTHE T'YCTUHE U JIOKAJIHE CIIUHCKE
rycTUHE, (QYHKIMOHAIM 3aCHOBAHM Ha ampoOKCHMAalWjU TE€HEpPaJM30BAHOT TpajUjeHTa, u
xuOpunnu ¢yHkuoHanu. OYHKIMOHAIM MPBOT TUIA HA3HMBAjy CE JIOKAIHE METOJE, JIOK Cce

(YHKIIMOHATM IIpeocTalia Ba THIla Ha3MBa]y HEJIOKAIHE WM T'paJiljeHT-KOpUroBane Meroe [68,

76, 80, 91-94].
2.5.2. Anpoxcumayuja nokanme 2ycmune u 10KaiHe CRUHCKe 2YCMUHEe

Ogaj npuctyn (Local Density Approximation - LDA) 3acHoBaH je Ha ojMy yHU(OpMHOT
(WM XOMOTEHOT) eNeKTPOHCKOT raca. OBaj XUMOTETHYKH Trac Ce€ CaCTOJU OJ eJIeKTpoHa mu3Mehy
KOJUX IOCTOjJ€ MHTEpaKLMje U MO3UTHUBHUX je3rapa, a HheroBa ryCTUHA MMa HUCTY BPEOHOCT Yy

cBakoj Tauku. OBaj MPHUCTYII 103BOJbaBa Aa ce Ey mpeacTaBu Ha cienehn HauwH:
EX (p) = [ p0)exc (p(r))dr (2.35)

T7e j€ €x(p) eHepruja u3MeHe/Kopealnje mo Y4eCTUId YHU(GOPMHOT €JIEKTPOHCKOT Taca IyCTHHE

p. &xc(p) c€ masbe MOXKe MOICTUTH Ha JIONIPUHOCE OJ] U3MEHE U Koperaluje:

exc (P(0)=tx (p())+ec (p(@)) (2.36)

3a (QyHKIMOHAT W3MEHE IIOCTOjU EKCIUIMIMTHU W3pa3, INTO HHUJe Ccly4aj ca
¢dbyakuunonanom kopenanuje. Ha ocnoBy MonTte Kapno cumynaiiyje XOMOTeHOT €JIeKTPOHCKOT
raca pasBHJEHU CY Pa3IW4YUTH (PYHKIIMOHAIM KOpEJalHje KOju caapke eMmupujcke (axrope
ckanupama. Bocko, Bunk u Hycaup cy npemnoxunu dyHkiumonan xopenamuje VWN [95],
[lepay u Lynrep pazsunu cy PZ81 [96], Kox u Ilepny pazsunu cy CP, [lepay u Banr PW92,

uTA.
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ATpoKkcHMaIyja JIOKaJIHE TYCTHHE MOJKE CE MPUJIAroIUTH CIydajeBUMa KaJla TyCTHHE O U
B HHCYy jenHake, IITO je JOBEJO Ja pa3Boja ampokcumaiuje JiokaaHe cnuHcke rycrune (Local

Spin Density Approximation - LSDA). ¥V oBowm cityuajy jeas. (2.35) Mmema 00JIUK y:
ES (puspy ) = [ P(D)Exc (P, (1), pp (1) 237)
rae (p,(r)u py(r) 03Ha4aBajy o U B CIMHCKE IyCTHHE.

AmpokcuManuja JIOKaJlHe TYCTUHE je OCpPeIhe TaYHOCTH, KOja je HeAOBOJhbHA 3a BehuHy
npuMeHa y xemuju. 3aro ce LDA nyro npumemuBana y (QU3MIU YBPCTOI CTama, a y

KOMIIJYT€PCKO] XEMHUJU CKOPO J]a HUje OCTaBHJIa HUKaKaB Tpar [67].
2.5.3. Anpoxcumanyuja zenepanuzosanoz cpaoujenma

Moxe ce mpernmoctaButu na he ce mobospmame y ogHocy Ha LDA moctuhm ako ce
MPETIOCTaBU J]a TYCTHHA €NeKTpoHa HUje yHU(opMHa. To ce MOCTIKE Tako INTO CE TOpPen
nHdopmanuja o p(r) y oapehenoj Tauku y3umajy u uHdopmaiuje o rpadjeHTy ryctune Vp(r).
Ha ocHOBY 0BakBOT pe3oHOBama HacTaja je ampoKcHMalMja rpaaujenta excrnansuje (Gradient
Expansion Approximation - GEA). Anu HM oBa ampokcuMallyja HMje JOBeNia /10 KEJbEHOT

no6oJplIama y TAYHOCTU y oHOCY Ha LDA.

AmpokcuManuja renepanu3oBador rpagaujeHTa (Generalized Gradient Approximation -
GGA) noBena je 10 keJbeHUX MoOosbmIama. Ommtu 06auk GGA (yHKIMOHANa MpUKa3aH je

cienehum uzpazom:
ESC (PusPp ) = [ £(PusPy VP, Vy )dr (2.38)

IpU 4YeMy IOCTOje pa3IU4YMTH HU3pa3u 3a 3aBUCHOCT (yHknuje f o rycTMHA eNeKTpoHa U
HBUXOBUX I'paaujeHata. OyHKIHOHAIM U3 OBE IPYyIIE Cy BEOMa CI0KEHOT O0JIMKa U YECTO CapiKe
emnupujcke napamerpe. Hajnosnatuju QyHkuuoHanum usMeHe oBor tuma cy B86 u B88
(bexeoBn), P86 (Ilepnyos), PW91 (Ilepnya u Banra) u PBE (Ilepaya, bypka u Epuuepxoda), a
¢yukuuronanu kopenauje PW91 (Ilepaya u Banra) u LYP (JIua, Janra u [lapa). LYP, xoju numa
jellaH eMIMPUJCKU MapaMmeTap, 3a pas3jIuKy OJ CBHUX Jocaja CIOMEHYTUX (yHKIUOHAla, HHje
3acHOBaH Ha YHH(OPMOM EJIEKTPOHCKOM racy, Beh je u3BeIeH W3 Hu3pa3a 3a KOpEIalHoHYy

EHEepTHjy aToMa Xelujyma.
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2.5.4. Xuopuonu ¢pynkyuonanu

Jla Ou ce poOwiu 3HaYajHU pe3yaTaTH IOMohy TeopHje (QyHKIMOHaIa TYCTUHE,
HEOITXOJIHO j€ Jla UMaMo TadaH u3pa3 3a (yHKIHOHAI W3MEHE, jep j€ JOMPHUHOC OJ HU3MEHE

3HavajHo Behu o oaroBapajyher qonpuHoca o Kopemaiuje.

Unan usMmene ¢urypuuie y okBupy Xaprpu-dokose Teopuje. beke je dopmyimucao
(GyHKIMOHAJE KOJ KOJUX C€ JONPUHOC OJ M3MEHE 3aCHHMBA Ha MemaBUHH XapTpu-Dokose u
DFT Teopuje, a nonpuHoc oxa kopenauuje Ha DFT teopuju, u To ce Moxe npecTaBUTH OMIITHM

HA3Pa3oM:
hibrid __ HF DFT
Exc - CHFEX +CDFTEXC (2-39)

IZle Cy Cyx U Cppp KOHCTaHTe. HapaBHO, oBakaB IPUCTYN YBOAM AEIMMHYAH CEMUEMIIMPHU)CKU

kapakrep y DFT memy. Jenan on npumepa je Tponapamerapcku ¢pynkiuonan B3LYP:
ER® = Bt +a, (EX-EX™ ) +ay (ERS-ERM +ag (BT -ECMY) (2.40)

y unjeM Ha3uBY B notude o1 bekeoBor ¢pyHkunoHana usmeHe, 3 oj Tpu eMIIUpHjcKa mapameTrpa
(ag, ax m ac), a LYP on dynkumonana kopenamuje Jluja, Janra u [apa. [Tapamerap ap 103B0oJpaBa
na ce nomeiajy Xaptpu-DokoB unan usmene u ¢pynkunonan usmMene LDA. bekeoBa kopekiuja
Ha ¢yakuuonan usMene LDA je ckanmmpana mapamerpom ax. @yHkiumoHan kopenamuje VWN
kopuroBaH je ¢yHkuuonamom kopenamuje LYP. beke je oapemno mapamerpe y B3LYP
(GyHKIIMOHATY, TaKO IITO MX je MOJEIIaBa0 y OJHOCY Ha €HEprHje aTOMHU3aIMje, JOHU3AIMOHE
MoTeHIjane, apuHUTETE IpeMa MPOTOHY U aTOMCKE eHepruje oapehenor ckyma mosiekyna. Tu
napametpu umajy cienehe Bpeanoctu: ap=0.20, ax=0.72 u ac=0.81. Tokom npoTeKINX AeLIEHN]a
0Baj (YHKIIMOHAJ Ce M0jaBUO Kao eukacHa METOJa 3a U3pauyyHaBabE EJIEKTPOHCKUX OCOOMHA
(eJIeKTpOHCKA €Hepruja, CHTAIIN]a TUCOIMjallije Be3e, CHepryja jOHU3aluje, UT.) Pa3IunIuTHX
Monekynckux cucreMa. B3LYP uma u Heke cBoje HeoCTaTKe: MOHEKa Jaje JIOIIE Pe3yiTare y

ONKCY KHHETHKE XEMU]JCKE peaKiyje, 1 HUje MOTOAHA 3a IPUMEHY y XEMHJU MpeIa3HUX MeTaa.

VY HoBHje BpeMe MojaBuiIuM cy ce u xubpuanu wmeta ¢yHknuoHanu [97]. Osu
(GYHKIIMOHAM, OCUM OJf TYCTHHE €JeKTpOHAa U TIpajujeHTa TYCTHHE, 3aBUCE€ U OJ T'yCTHUHE
kuHeTnuke eHepruje. llobossmame DFT mepdopmancu cnpoBeneHO mapaMeTpu3aliijom

¢dbyHKIIMOHANA 3MeHe U GyHKITMOHAIA KOpeJallije, 3aCHOBAHO je Ha YuibeHUIM 1a TagHoCcT DFT
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MpopavyHa 3aBUCH O] KBaIHTEeTa (PyHKIIMOHANA u3MeHe/kopenanuje. Tpymap u Yao pazswmm cy
HEKE BPJIO 3HaYajHe XHOpuaHe MeTa (yHKIMOHANIE, O] KOjuX he ce OB/Je CIIOMEHYTH Hap HHX:
MO05-2X, M06, M06-2X n M06-L. CBu 0BU (pyHKLIMOHAIMU MOTOJHU Cy 32 TEPMOXEMHU]CKA U
KWHETHYKa U3padyHaBamba Ha MOJICKYJIMMa KOJH CajpKe CBE IEMEHTE, OCUM IIPEJIa3HUuX MeTaja.
MO06 u M06-L cy norogsu 3a UCIUTHBAakE TEPMOXEMHU]E MPEIA3HUX METala. 32 UCTPAKUBAE
nmpobsieMa y OpraHOMETaJIHO] XEMHU]jU, TJ€ C€ BPIIM HMCTOBPEMEHO PACKHIIAlke M CTBApame

XEMM]CKUX Be3a, npenopyuyje ce M06 ¢pyHkuuroHan.
M05-2X ¢pynkyuonan

TpynapoBa rpyna [97] pa3Buna je HOBy kiacy ¢yHKIMOHaJA, Koja ce HazuBa MOS5-kmaca
ca HJbEM J1a ce MmoOoJblIajy nepdopmMance TEPMOJIUHAMUYKUX W KHHETUYKHX H3padyHaBamba,
Kao W ONMC HEKOBaJIeHTHUX MHTepakiuja. Kimaca M05 dyHkumnonana u3MeHe/Kopemnaiuje, Kao
mrto je MO05-2X, nobujeHa je onTuMU3aLMjOM Mapamerapa (yHKIHOHajla H3MEHE U
¢GyHKIMOHANA Kopenanuje, ykbyuyjyhu rycruny kuHerunuke eHepruje. Jleo Xaprpu-dokosor
JOTIpUHOCA YKJbYYEH j€ Yy YKyHnHy eHeprujy wusmene. Ha kpajy, KoHauaH (QyHKIHOHAJ

neduHucaH je cneaehum u3zpazom:

Ef = %EQF +(1 -%)EQW +E (2.41)

X je nponenar Xaprpu-Dokose n3MeHe y xubpuaHoM QyHkuuonany, EY' enepruja Xaprpu-

®okose usmene, EY ' je DFT enepruja usmene, u E.'' je DFT enepruja kopenamuje.

Jen. (2.41) moxe ce Hanucatu y cieaehem o0auky:
ibri X
Bl = g 4 (1 -ﬁ)(EQFT EF) 4+ DT (2.42)

Ha ocHoBy jemnaumne (2.42), MOKeMO BHUIIETH Jla C€ YKYyIIHa C€HEpPruja KOpeJialuje

MOJIEIMpa Kao CymMa JMHAMUYKE €Hepruje Kopenamwje E¢ M HEIMHAMHYKE E€HEPTHje
Kopesanuje (1 -l)(EQFT -E!"). Tpynap u capajHULK U3BPIIKJIM CY ONTUMM3ALM]Y IIapameTapa y
100

MOS5 u M05-2X ¢ynkunoHanuma kopuctehu pa3nuyure cKynoBe nojaraka.
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Ha ocnoBy nporiena [97] u nopehema 3a jomr 28 dbyHKIIMoHana U3 aureparype, Tpymnap u
Yao gomumm cy go crneneher 3akspyuka: 1) M05-2X, M05, PW6B95, PWB6K, u MPWBI1K
GyHKIMOHATM Jajy Haj0oJbe pe3yaTare 3a TEPMOXEMHJCKY KHHETUKY, TEPMOXEMH]Y U
HEKOBAJICHTHE MHTEpaKIje Koa Hemetana; 2) M05-2X metona nmokasyje Hajoosbe nepdopmance
3a U3pauyHaBame alCOJIyTHUX U pelaTUBHUX €HTANINMja AUCOLMjallija Be3a U 3a U3pauyHaBambe

HEKOBAJICHTHUX MHTEPaKIHja u3mely MojeKyra.

3a uCTpaKuMBamba CIPOBEIECHA y OKBHUPY OBE JOKTOPCKE IucepTaluje KopuuiheHu cy

¢yukunonanu B3LYP, PBE u M05-2X.
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Hoxmopcka oucepmayuja

3.1. Cmpykmypa b6ajkaneuna

3a pasnuky on BehuHe (aaBOHOWIA, KOJ KOJUX C€ XHUIPOKCUIIHE Tpyle Hallaze y
npcteny B, xon OajkanenHa Hama3e ce TpH XUIPOKCUIIHE Tpyre Ha mpcTeny A (cimka 3.1).
3aro je moceOHa naxkwa Ouiia ycMepeHa Ha HCIIUTUBamWe NpcTeHa A ko OajkanenHa nomohy
MeTona (YHKIMOHAJIa TycTUHE. VcnuTuBame aHTHOKCHIATHBHE AaKTUBHOCTH OajKalieMHa
M3BEJICHO j€ y KOpeNallju ca WCIHUTUBAKEM CTPYKTYPHHUX H EIEKTPOHCKHUX OCOOMHA
OajkasienHa. IlomTo je monamame paznuuutux OH rpyna y noiaudeHosHuM jeaumemuma
0] BEJIMKUM YTHUIAjeM EIEKTPOHCKHX epeKkara CyceJHHX Tpyna u KoH(popMaIje MoJieKyJa,
KoH@opmayuona ananuza je BaXaH KOpak y ojapehuBamy aHTHOKCHUIATUBHE AKTUBHOCTHU

HEKOT ToJIM(EHOJIHOT MOJIEKYJIa, Y OBOM cliyuajy OajkanenHa [60].

Cnuka 3.1. Hymepucanu atomu 6ajkajenHa U leTOBU TUENApCKu yrioBu (o1- o3 u 1)

VY koHpopmanmoHoj aHanu3u OajkajerHa pa3MaTpaHu cy cBU Moryhu poramepu
noOujeHn KOMOMHOBaWmEeM AaHTHUIIEPUIUIAHAPUX W CHUHIIEPUIUIAHApHUX II0JIOKaja aroMa
BOJIOHHMKA Ha KUCEOHUMKOBUM aromuma 5, 6 u 7. Ha oBaj HauuH noOujeHa cy uetupu moryha

poTtamepa (ciuka 3.2).

¢ ¥ ¢ ¢
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¢ $ ¢ ' ¢ ¢ ' ¢ ¢
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Cnuxka 3.2. HajcraOuinHuja koHdopMainja MojieKyia Oajkanerna 1. la, 1b u 1¢ cy Mame cTaOMiIHU

poramepu
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[Tpumenom monena M05-2X/6-311+G(d,p) [60] u B3LYP/6-311+G(d,p) [98] naheno
j€ Ha OCHOBY BPEJIHOCTH €HTAJITIH]a Ja je poTamep | HajcTaOMITHU]JU KaKo y TaCOBUTO]j, TAKO U
y BojaeHo] (a3u (tabema 3.1). YkymHe eHepruje, CHTAIINU]e U CI000IHE EHEpTHje Cy
m3pauynare Ha 298 K. V Tabenu 3.1 npukazane cy penaTuBHE BPETHOCTH YKYITHUX €HEpruja,

EHTaJIIMja, Kao M CJI000IHE EHEPTH]e COIBaTallje 3a HCITUTHBAHE poTaMepe OajKkajerHa.

TaGena 3.1. Enepruje (kJ/mol) uzpauynare momohy M05-2X/6-311+G(d,p) u B3LYP/6-311+G(d,p)

Moz€1a 3a U30JIOBAHE U COJIBATUCAHE pOTaMEPE GajKaneHHa

Dot M05-2X/6-311+G(d,p) B3LYP/6-311-G(d.p)
P=RE AH AET™M AG.n  AE AH AES™ AGun
1 00 00 00 353 00 00 00 332

la 22.1 223 8.3 -44.1 19.7 20.0 7.4 -44.9
1b 289 294 94 -46.1 259 26.6 8.4 -49.7
1c 63.9 653 369 -58.5 63.5 655 379 -58.1

AE wn AH o3HauvaBajy pa3linKy y CHEPrHjHU, ONHOCHO CHTANIIWjH, Y OJHOCY Ha HajCTaOWITHUjH
koHpopmep. AG,, 03HaUaBa pa3jiuKy y CI000AHO] EHEpruju u3Mely Monekyna y racy u y Boau. Cee
BEJIMYMHE Cy KOpPHTOBaHEe ojroBapajyhum ckamupanuM BenuuuHama [99] (enepruja Hynre Tauke

(ZPVE), TepMaiHa KOpeKI[Hja 3a CHTAIINN]y U TepMaIHa KOPEKIIHja 3a CJI000AHY SHEPTH]Y).

Kondopmanunonu npocrop 3a HajcrabunHuju potamep 1 (ciuka 3.2) ucnuTal je y GyHKIHJU
TOP3UOHOT yIJia T, 1a OW ce OJIpeno HajmoBOJbHUJU Mel)ycoOHM 1mosioxkaj mpcrenoBa B u C.
VY oBy cBpxy kopumheH je Teopujcku monen M05-2X/6-311+G(d,p). Topsuonu yrao t (O1—
C2-C1'-C2") je cxkenupan y unreppaiy ox 0° no 180° y xoparuma ox 10° 6e3 orpannyema
Ha CBUM JIPYT'MM reoMeTpujcKuM napamerpuma. [Iponahen je rmobannu Mmunumym 3a 1=24.5°
(poramep 1), xkoju ce jaBiba W Ha 1=155.5° (cnuka 3.3). Ha makcumymy MOTEHIMjaJIHE
enepruje 3a 7=90° Hal)eHO je mpena3Ho CTame 3a MpEeTBapame JeAHOT KOH(opMepa y APYTH.
CnobonHa eHepruja akTuBaiuje 3a oBy portanujy uznocu 16.2 kJ/mol. Ouurnenno je na je
oBa Oapujepa Beoma HHCKa, ciiyHa OHOJ 3a OyrtaH (16.7 kJ/mol). To 3Haum na Ha COOHO]
Temmneparypu npcteH B mako potupa oko C2—C1° Bese. Boma He daBopusyje poranujy
npcteHa B oko C2—-C1°. Haume, BpeTHOCT eHepreTcke Oapujepe 3a poTalnjy OKO OBE BE3e Y
BOJM WJEHTHYHA je ca JoOujeHoM BpeaHouihy y racoBuroMm cramy (16.2 kJ/mol). I'naBaun
y3pok ToMe je oacyctBo OH rpyna Ha B mpcTeny, Tako 1a He MOCTOjU 3HaYajHa HHTEPAKIHja
npcteHa B ca BooMm kao pactBapayem, Kao IITO je TO Yy ciiydajy kBepueruna [49, 100]. da

orcmMo mpoBepusin J0OHjeHY BPEIHOCT 3a €HEPreTCKy Oapujepy, M3BpIIEH je MpopadyH y
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jenHoj tauku nomohy Bumer 6asucHor ckyma 6-311++G(3df.2pd). obujena BpenHoct y
racy HMje HI)Ka, Kao LITO Ce MOTJIO OYEKHMBATH, HEro je yak He3HaTHO Beha: 17.4 kJ/mol.
W3pauynate enepruje momohy Bumer OaszucHor ckymna 6-311++G(3df2pd) y Boau najy
Hemrto Behe BpemHocTH 3a eHeprercky Oapujepy (18.3 kJ/mol) y omnocy 3a rac 3a uctu
0a3ucHu ckyn. BaxHo je HamomeHyTH 1a 3a BpeaHocT T o1 0° mo +40° kpuBa MOTEHITM]jATHE
€HEepTHje je CKOPO paBHA, ca MpoMeHOM eHepruje oja oko 1.4 kJ/mol (cnuka 3.3), mto 3Haun
Ja ce TuiaHapHa kKoHpopmMalyja Jako n100Huja y3 HE3HAaTaH yTpolmak eHepruje. M3 osora ce
MOJKE MPETIOCTABUTH JIa Y ACTOKATU3aIUjH T eIEKTPOHA MOKE Y4eCTBOBATH U npcteH B. U
KOJl JPYrUX poTamepa yodeH je cimuaH MmelycoOHu momoxkaj mamehy mpcreHoBa B u C

(mMenapcku yriioBH T JIeKe y HHTepBaiy o1 24.3° no 25.1°).
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Cnuka 3.3. Eneprercku npogmui 3a poramujy npcrena B oko Bese C2—C1° kox Oajkanenna

HajcTrabunauju koHdopmep MOHOBO je ONTHUMM30BaH Homohy cienehux mojena:
MO05-2X/cc-PVDZ, MO05-2X/cc-PVTZ, u PBE/6-311+G(2df,p). Ekcnepumenrannu u

M3padyHaTH pe3ylTaT 3a Jy)KUHE Be3a U YIJIOBE Be3a IpHUKa3zaHu cy y Tabenama 3.2 u 3.3.
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Ta6ena 3.2. lyxxune Be3a koj OajkanerHa (pm)

TlyscuHa Bese EKCIL MO05-2X B3LYP MO05-2X PBE
A b A b 11 Ji| b

D(01-C2) 135.3 135.0 134.7 1358 1354 135.1 134.8 136.1
D(C2-C3) 136.0 135.1 134.8 1359 1356 1357 1348 136.8
D(C3-C4) 1432 1444 144.0 1445 1442 1447 1440 144.1
D(C4-C10) 1439 145.1 144.6 1452 1448 145.0 1444 144.5
D(C5-C10) 141.4 140.7 1403 141.2 1409 141.0 140.3 141.5
D(C5-C6) 138.4 1379 137.6 138.6 1383 1385 1376 139.2
D(C6—C7) 140.4 139.7 139.3 140.2 139.9 140.1 139.3  140.7
D(C7-C8) 139.2 138.8 138.5 1394 139.1 139.5 138.6 1399
D(C8-C9) 138.7 138.3 138.0 138.7 1384 138.8 138.0 139.0
D(C9-01) 136.9 136.7 1364 1373 136.9 136.8 136.6 137.7
D(C9-C10) 140.0 139.6 139.2 140.3 139.9 1399 139.1 140.7
D(C2-C1%) 1469 1473 147.0 1474 1472 1476 147.0 147.2
D(C1'-C2") 139.9 139.6 139.2 140.3 140.0 140.0 139.2 140.7
D(C2'-C3") 139.2 138.7 1384 139.1 138.8 139.1 138.4 1394
D(C3'-C4") 139.3 1389 138.6 1394 139.0 139.3 138.5 139.7
D(C4-C5) 139.3 139.0 138.7 139.5 139.1 139.4  138.7 139.8
D(C5'-C6") 138.6 138.6 138.3 139.0 138.6 139.0 138.2 139.2
D(C6™-C1") 140.2 139.6 139.2 140.3 140.0 140.0 139.2 140.7
D(04-C4) 126.0 123.7 123.8 1249 1248 1243 124.0 126.6
D(05-C5) 134.8 1344 134.1 1349 1345 134.1 134.2 134.7
D(06-C6) 136.2 136.5 1364 137.0 136.9 134.1 136.7 137.3
D(O7-C7) 135.0 1348 134.7 1354 1352 134.1 134.8 1359
D(H5-05) 97.0 98.8 99.3 99.6 99.9 100.5 99.6 103.2
D(H6-06) 97.0 96.4 96.4 96.7 96.7 96.8 96.4 97.7
D(H7-07) 97.0 96.4 96.5 96.7 96.7 96.9 96.4 97.7
Cpenma arc. rpeika 0.6 0.8 0.5 0.5 0.6 0.8 0.8
Bononnune Be3e

Dy(H5--04) 174.0 1725 1689 171.1 168.8 164.1 166.7 158.4
Dy(H6--05) 171.0 2238 2240 2262 226.1 223.8 2238 2264
Dyx(H7--06) 195.0 215.1 2154 2172 226.1 213.0 2147 216.5

A=6-311+G(d,p), B=6-311+G(2df,p), Il=cc-PVDZ, JI= cc-PVTZ
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Ta6ena 3.3. YrioBu Be3a xoj Oajkanenna (°)

Hoxmopcka oucepmayuja

MO05-2X B3LYP MO05-2X PBE
YrnoBu Besze Exkcm. A 5 A 5 1L i 5

A(C9-01-C2) 119.9 1204 1204 120.7 120.7 120.2 120.3 120.3
A(O1-C2-C1Y) 112.7 1124 1124 1123 1124 1121 1124 1123
A(O1-C9-C10) 121.2 1204 1204 1203 1203 1203 1204 120.2
A(0O1-C2-C3) 1222 1227 122.6 1219 121.9 1229 122.6 122.0
A(C2-C3-C4) 121.1  121.1  121.1  121.6 121.6 121.0 121.1 1214
A(C3-C2-C1") 125.1 125.0 125.0 125.7 125.7 125.1 125.0 125.7
A(C3-C4-C10) 116.1 114.8 1149 1150 115.0 1147 1149 1151
A(C4-C10-C5) 121.8 1209 120.8 121.1 121.1 120.1 120.6 120.3
A(C4-C10-C9) 119.6 120.6 120.6 120.5 120.5 121.0 120.7 1209
A(C9-C10-C5) 118.6 118.6 1186 1184 1185 1189 118.7 1188
A(C10-C5-Cb6) 119.9 119.8 119.8 1199 1199 1196 119.8 119.6
A(C5-C6-C7) 119.7 120.3 120.1 120.2 120.1 120.2 120.1 120.2
A(C6—C7-C8) 121.6 121.1 121.2 121.0 121.1 121.2 121.2 121.2
A(C7T-C8-C9) 117.8 117.9 1179 1181 1182 1179 117.9 118.0
A(C8-C9—-C10) 122.3 1224 1223 1224 1223 1222 1223 1223
A(C8—C9-01) 116.6 117.3 1173 117.3 1174 117.5 1174 1175
A(CT-C2°-C3") 120.1 120.1 120.2 1204 120.5 120.2 120.2 120.5
A(C2'-C3'-C4") 120.5 120.2 120.2 1203 1203 120.2 120.2 120.3
A(C3'-C4'-C5") 119.5 119.9 1199 119.7 119.7 119.8 119.8 119.6
A(C4'-C5'—C6") 120.4 120.2 120.2 1203 1203 120.2 120.2 120.3
A(C5-C6™—C1") 120.4 120.2 120.2 1205 120.6 120.2 120.2 120.6
A(C6™-C1'-C2Y) 119.1 1195 1194 1189 118.8 1194 1194 118.7
A(C6'—C1'-C2) 120.3 120.5 120.5 120.8 120.8 120.6 120.5 120.8
A(C2-C1'-C2") 120.6  120.1 120.1 1204 120.5 120.0 120.1 120.5
A(C3-C4-04) 122.8 1234 1232 1233 1232 1235 1232 123.6
A(C10-C4-04) 121.2  121.9 1219 121.7 121.8 1219 121.9 1213
A(C10-C5-05) 122.1 1225 122.0 122.1 121.8 121.8 121.9 121.2
A(C6—C5-05) 1179 118.2 1182 1180 118.4 1186 118.4 119.2
A(C5-C6-06) 122.6 1203 122.1 1224 1223 122.1 1221 122.1
A(CT7T-C6-06) 117.8 117.8 117.8 1174 117.6 117.6 117.8 117.8
A(C6—C7-07) 120.1 119.3 1193 119.7 119.7 119.1 119.2 119.6
A(C8-C7-07) 118.4 1195 1195 1193 119.2 119.7 119.6 119.2
Cpenma arc. rpemrka 0.5 0.4 0.4 0.4 0.5 0.4 0.5
Top3uonu yrao
1(01-C2-C1'-C2") 9.0 24.5 23.5 21.0 20.2 20.7 22.5 18.5

Kao mro ce Buam u3 tabene 3.2, CBU MOJeH BPJIO JOOPO PENPOayKY]y TEOMETPHU]jCKE

MmojaTKe 3a AYKUHY Be3a J00HjeHe PEHATCHCKOM CTPYKTYpPHOM aHaimu3oM (ciuka 3.4).

Cpenma arcostyTHa Ipelika 3a 1y’kuHe Besa je Beoma Maina (0.5-0.8 pm) u y paHry je rpemike

Kpuctasorpadckux excriepumenara. CnuuHa 3anaxkama (Tadbena 3.3) Baxke U 3a yrjioBe Be3a
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(cuka 3.5). Iloctoje Mame pasnuke y mnepdopmancama uzMmel)y KopumrheHHX MoJena.
Hajmama BpemHoCT cpeame amncoiyTHe rpemke 3a gykuHe Beza (0.5 pm) moOujena je
nomohy B3LYP/6-311+G(2df,p) monena, mTo je u 3a ouekuBaTH jep y ceOu caapxu Hajaehu

0a3UCHU CKYII.
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Cruka 3.4. 3aBUCHOCT M3pauyHaTHX O]l eKCIIEPUMEHTAIHO opeeHNX AyKWHa Be3a Kol OajkaienHa
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Cruka 3.5. 3aBUCHOCT W3pauyHATHX O]l eKCIIEPUMEHTAIHO ofipel)eHrX yriioBa Be3a Koj| OajkaiernHa

Ha cmuum 3.4 mpukazana je kopenamuja usMmel)y eKCIEpUMEHTATIHO ojapeheHux
Ty)KWHA Be3a KoJ OajkajenHa M IyKuHa Be3a m3pauyHatux nomohy B3LYP/6-311+G(2df,p)
n PBE/6-311+G(2df,p) monena. KoedumumjenTn kopenaiuje 3a NpPHUKA3aHE 3aBUCHOCTH
uzHoce. 0.999 u 0.997, wTo roBOopu O OMJIMYHOM cClaramy HU3Mel)y eKCepuMEHTalIHUX U
u3padyHaTux BpeaHocTH. CIMYHA 3amakama ¢ce MOTY YOUHMTH U 3a yriioBe Besa (ciuka 3.5).
Koedunujentn xopenanuje 3a npukazane 3aBuHocTH usHoce 0.98 u 0.96, mro roBopu o

no0poM cinarawy n3Mel)y ekcriepuMeHTaTHUX U U3padyHaTUX BPEIHOCTH 3a YIJIOBE Be3a.
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Excnepumentanna BpegHoct aumenapckor yriaa t (9.0°, tabema 3.3) je mama of
BPEIHOCTH JOOHJEHUX MOMONYy Pa3IM4UTHX TEOPHjCKUX Mojaena. OBO ce Moke 00jaCHUTH
YUEHUIIOM JIa C€ TeOMETPHja MOJIEKYJIa y KPUCTaly pa3iiiKyje O] T€OMETPH]je H30JI0BaHOT
MoOJIeKyJia y TacoBuTO] ¢azu. [1aBHU pasyior oBe MojaBe je MOCTOjarhe HHTEPMOJIEKYICKUX

MHTEpAaKIMja y KpUcTaly, KOje He MI0CTOje y raCOBUTO] (a3u.

Ha ocHOBY mnpuka3zaHux pe3yiaTara MOXE C€ 3aK/bydyUTH JAa je OajkajienH Ousaro
HeIJIaHapaH MOJIEKYJI. JedaH o pa3jora 3aliTo ce jaBjba HEIJIaHAPHOCT je HemocTojambe OH
rpyne Ha yrjbeHukoBoMm C3 artomy [101]. ¥V cimyuajeuma kama OH rpyna moctoju y
nosoxajy 3, kuceonuk u3 OH rpyre npexo cBojux ci000IHUX E€JIEKTPOHCKHUX MapoBa Tpajn

cna0y BogoHHYHY Be3y ca H6 u3 mpcteHa B v Ha Taj HauMH 3aAprKaBa MIaHAPHOCT.

VY HajcTabWIIHM]O] CTPYKTYpH OajKkajenHa MOCTOje TPU BOJOHHUYHE BE3€ KOje MMajy
crabmmzanuonu epekar. Kondopmarmje la, 1b u 1c (cnuka 3.2) caapxe Mame BOJOHUYHUX
BE€3a U Mame Cy CTadWIHE y OJHOCY Ha riofanHu MUHUMYM 3a 22.3, 29.4 u 65.3 kJ/mol
(tabena 3.1). Paznuke y eHrannujama y OJAHOCY Ha rjioOalHM MUHUMYM jacHO yKa3yjy Ha
YUEHUIY J1a je BojgoHnuHa Be3a Dy(HS--O4) jaua ox npyre nBe BOJOHUYHE Be3e, MITO je Y
carjjlaCHOCTH ca U3padyyHaTUM JAyxkuHama Be3a (TalGema 3.2). OBu pe3ynraTd HHUCY Y
CariIacHOCTH Ca €KCIIEPUMEHTATHUM BpETHOCTHMA. EKcriepuMeHTalTHa BPEIHOCT 32 Iy)KUHY
BojonnyHe Beze Dy(H6--O5) ykaszyje na je ona kpaha y ogHOCY Ha Apyre ABE BOJAOHHUYHE
Bese (tabena 3.2). OBe paznuke uzMel)y eKCriepuMEeHTATHUX U U3pavyyHAaTUX BPEJHOCTU MOTY

ce MPUIMCATH UHTEPMOJIEKYJICKUM Be3ama K0je MOCTOje Y KPUCTAIHO] CTPYKTYpPH.

JacHo je ma je jaunHa BOJIOHMYHUX BE€3a O] BEJIMKOT 3Havaja 3a CTaOMITHOCT poTaMepa
Oajkanenna. 3ato je m3BeaeHa NBO (Natural Bond Orbital) ananmm3a 3a cBe uetupu
crpykrype. [Ipema 0B0Oj MeToaM AenoKalu3aluja eIeKTPOHCKe TyCTHHE n3Mel)y momymeHnx
op6utana JlyucoBor Tumna (Be3MBHHUX U CIOOOJHUX €JIEKTPOHCKHMX NapoBa) U opOuTana He-
JlyncoBor tuna (popmanHo NMpazHUX U aHTUBE3UBHUX) OAroBapa cTrabmin3yjyhoj 1oHOpCKO-
aKLENTOPCKOj MHTEpaKLUjU. JaunHa OBEe HHTEpAKIje MOKE C€ MPOLIEHUTH NePTypOallIOHOM
TeopujoM apyror pena. Kao mepa jaunHe BOJOHMYHE BE3€ MOXKE CE€ Y3€TH CHepruja
unTepakuuje apyror pena E(2). Tpeba ucrahu na E(2) He npeacraBiba eHEPrujy BOJIOHUYHE
Be3e, Beh cy eHepruje BOJOHMYHUX Be3a Cpa3MEpHE eHeprHjaMa WHTEpaKluje APYror pena.
Kox OajkanmenHa eJNEKTPOHM YCaMJbCHHX EJIEKTPOHCKHX IapoBa Ha KHCEOHHKY Ce

nenokanu3yjy y antuBesuBHe opoutane O—H Besa, u Ha Taj HauMH (GOPMUPAJy BOJOHHYHE
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Bese (Tabena 3.4). Ha mpumep, HalheHo je ma nomnasu 10 TpaHcdepa eIeKTPOHCKE T'yCTHHE U3
2p opburane Ha O4 y antuBe3uBHy c* O5-HS opOurtany. OBo je ryiaBHa JOHOPCKO-

aKIenTopcKa cTaduu3yjyha nHTepakimja oroBopHa 3a GopMupame BOJOHHYHE Be3e.

Tabena 3.4. JloHOpCKO-aKIENTOPCKE MHTEPAKIIM]E OJrOBOPHE 332 BOJIOHUYHE Be3e KoJ| OajkajienHa

Honopcka NBO  Axnentopcka NBO  E(2) kJ/mol

sp” 04 o* 05-H5 13.8
p O4 6* 05-H5 84.9
sp”> 05 o* 06-H6 2.8
sp> 06 o* 07-H7 4.4

3.2. Cnexmpanne ocobune 6ajkaneuna
3.2.1. IR u Pamancka cnekmpanna ananuza dajkaieuna

[Momuxunpokcu (raBoHU caapke BUIIE XUIPOKCHIHUX T'pyla KOje MMajy 3HadajaH
yTHUIIA] Ha U3MJe] BHOpAlMOHMX CHEeKTapa. BuOpanuoHu cHekTpu OBHUX MOJIEKyJa CY
YOILITEHO TJIEJJaHO BEOMa CJI0KEHH Ca MHOUITBOM CIEKTPAJIHUX Tpaka KOje Ce yriIaBHOM, Y
BHCOKO(PEKBEHTHO] o6mactr (4000-2000 cm™), acurHupajy pazmuntum obmumuma O—H u

C-H Bubparnuyja.

VY tabenu 3.5 mpuKazaHU Cy €KCHEPUMEHTAIHO AOOMJEHU U U3pauyHaTH, CKaJlupaHU
nosnoxaju tpaka y IR u Pamanckom cnektpy OajkanenHa. AcurHupanu cy npeux 69 (on
yKymHO 84) o6nmKa KOju ce mojaBibyjy y omcery ox 4000-400 cm’, w mHTesmTeTH THX
o0nuKa. AcurHaiyja HOpMaJHUX BUOpalMOHUX OONMKa ojapaljeHa je Ha OCHOBY HajOOJbUX
clarama u3Mel)y eKCnepuMEHTaTHO MOOMjeHHX W CHUMYJIUpaHuX crekrapa. Y Ttabemu 3.5
takohe ce HaBoae IR u Pamancku uHTE3UTETH, BPEIHOCTH pacrojiesne MNOTEHIUjaIHE
enepruje (PED) y npouentuma [102], ka0 1 1onpuHOCH pa3iIuyUTHX 00JiMKa BuOpanuja y
onpeheHnM HOpMasHUM oOnHMIKMMa. MOXKeMO BHJIETH Ia TOJI0XKaju HM3pauyHATUX Tpaka
MoKa3yjy BpJo 100pa ciarama ca €KCIIEPUMEHTATHHUM pe3yliTaThuMa, IITO yKasyje Ja je
nobpo onpahena acurhanuja HOpMaTHUX o0Oiuka. CuMynanuje CreKTapa H3BpIICHE CY

kopuctehun M052-X/6-311+G(2df, p) monen.
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BuOpaunonn monoBu acurHupanu cy Ha ocHoBy PED ananmze [102] xopucrehu
VEDA 4 nporpam [103]. AHanu3a HOpMaTHUX KOOpJuHATa OajkajeuHa U3BPIICHA je a Ou
ce JOOMO KOMIUIETaH OIMUC KpeTama MOJIEKYyNla yKJby4dyjyh# OCHOBHE NpPHWHIIMIIE KpeTamba.
W3pauynatu tanacHu OpojeBu ckanupanu cy ¢aktopom 0.9444 [104-106] na 6u ce nobuia
0oJpa crarama u3Mel)y M3padyHaTUX M EKCIIEPUMEHTATHHUX BPEJHOCTH TaJlaCHHX OpojeBa

MOJI0’Kaja Tpaka.

Kako Oajkanenn npumana rpynu cumerpuje (Cl) merou (FT)-IR u Pamancku
CHEKTpPU Cy BeoMa CIMYHU IO M3IIIedy, ca Mmano Buie Tpaka y IR cnekrpy u Hekum
pasnukaMa y pellaTUBHUM HHTe3uTeTuma. Pasnuka y Opojy M MHTE3UTETY Tpaka MOXKE ce

cMaTpaTH nocieauIoM camor edexra PamaHckor pacejaBama.

Beoma kapakTepucTH4YHE U JIAKO TPENO3HATIBHBE MIMPOKe Tpake y IR m HopmamHuM
Pamanckum cniektpuMa ¢eHosia 1 moJuxuaApokcudeHoa (Takohe u aikoxosa) Cy Tpake Koje
ce acuraumpajy paznuuutuMm obmumuma O-H BuOpaunuja (tabena 3.5). Mako DFT pauyn
npenBubha y ciekTpy ojaBy Tpu 1OBOJbHO MHTEH3UBHE Tpake (oOnuuu 84-82, tabena 3.5), y
ekcriepuMeHTaHo nobujeHom IR cmekTpy ce jaBipajy camo nBe mHTe3uBHE Tpake Ha 3410 u
3065 cm’. IIpBa Tpaka, KapakKTepHCTHYHA 3a clabe BOJOHMYHE Bese, acHrHupana je O—H
ucrexyhoj BubOpanuju npcrena A (O7-H7) (ob6muk 83). Jlpyra Tpaka, mo OONHMKY H
WHTEH3UTETy KapaKTepuCTH4Ha 3a rpaleme jake BOJOHMYHE Be3e, acurHupana je O—-H
ucrexyhoj BubOpanuju npcrena C (O5-HS5) (o6mux 82). [obujenm pesyiarata cy y

carJIaCHOCTH ca mojanuma u3 tadene 3.2, kao u pesyaratuma NBO ananusze (tabena 3.4).
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TaGena 3.5. ExciepumenTanHo TOOMjeHN U U3pavyyHATH MOJ0Xkaju Tpaka y IR u Pamanckum criektpuMa OajkanenHa, aCUTHaIMja 1 HHTE3UTETH

HOPMaJIHUX 00JIMKa

ExcniepumenTanue MO05-2X/6-311+G(2df, p)
BPEIHOCTH
O6HK Tun BuGpanuje Vi / cm™ 9 Jem™ QCKa.nI/IpaHO Jem™! IR/Pamancku| Pamancka PED (%)
HUHTE3UTET |aKTHBHOCT

84 |OH ucrexxyha (A)(C6-OH) 3629.7 c/BCn 66.2  |vou(99)
83 |OH wucrexyha (A)(C7-OH) 3410 3616.5 cp/Ben 114.6  |vou(99)
82 |CH ucrexyha (C)(C5-OH) 3065 3091.4 BCII/BCT 764 |vcu(97)
81 |CH wucrexyha (A) 3079.4 BCJI/BCII 68.3  |vcu(99)
80 |CH ucrexyha (B) 3064.6 BCJI/BCI 2473 |ven (98)
79 |CH ncrexyha (B) 3060.1 BCJI/BCI 22.1  |veu(95)
78 |CH ucrexyha (B ) 3053.6 BCJI/BCI 76.2  |veu(83)
77 |CH ucrexyha (B) 3046.3 BCII/BCII 1144 |vcu (95)
76 |CH ucrexyha (B) 3036.3 BCJI/BCII 40.8  |veu(95)
75 |OH ucrexyha (A ) 3017.7 Bj/BCI 133.1  |vcu (86)
74 |C=0 ucrexyha (C) 1656 1654 1654.0 Bj/cp 206.5  |ve=0(47)+3con (10)

CC ucrexyha (A-C)
7 CC ucrexyha (A, C) 1615 1612 1619.6 j/ep 345.1  |vee(64)

C=0 ucrexyha (C)
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72 |CC ucrexyha (B) 1604.3 BCJI/B] 35312 |\vee (57)+dccn (14)
71 CC ucrexyha (A-B-C) 1587 1589 1593.3 BCJI/CIT 1501 |vee(44)
OC ucrexyha (A)
70 |CC ucrexyha (C )(C2=C3) 1560 1566 1596.6 BCI1/j 318.0  |vee (44)+8cen (11)
69 |CC ucrexyha (A, C) 1504 1507 1495.1 ci/cn 144.5  |vee (18)+8¢cn (34)
OC ucrexyha (A )
68 |CC ucrexyha (B) 1471 1466 1474.8 BCJI/BCIT 92 vee (13)+ bcen (59)
67 CC ucrexyha (A, C) 1448 1450 1463.8 Bj/BCI 119 |vec(56)
CCC caBujajyha (A,B)
COH cagujajyha (A-C)
66 CC ucrexyha (B) 1414 1406 1427.5 BCII/BCT 252 |vee(29)
CCH casujajyha (B)
65 OC ucrexyha (A) 1388 1381 1388.3 cl1/BCa 13.6  |vee (17)+ 8cen(30)
CC ucrexyha (B )
COH caBujajyha (A)
64 CcC I/ICTG)KYh? (A’ C) 1365.9 BCII/BCII 67.0 Vce (67)"1‘ SCCH (12)
COH caBujajyha (A)
OC ucrexyha (C) 1340 1363.1 j/BCa 73.4 veo (12)+8¢con (20)
63 |CC ucrexyha (A)
COH caBujajyha (A)
62 |0OC I/ICTG)Kyha (C) 1304.0 j/BCH 56.0 Vco (12)+8COH (20)
COH caBujajyha (A)
61 oC HCTemyﬁa (B) 1296 1280 1298.8 BCJI/BCIT 0.9  |vee(10)+8ucc (65)
CCH caswujajyha (B )
60 |CC ucrexyha (A) 1293.3 BCII/BCI 9.2 dcon (23)
COH caBujajyha (A)
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59 CC ucrexyha (B) 1272.4 BCI/BCH 23.1  |vee(35)+8cen (13)
CCH casujajyha (B)
58 |COH caBujajyha (A) 1242 1248 1245.2 cIl/Be 38.9  |vco(24)*+8con (21)
CCH caBujajyha (C)
57 CC ucrexyha (C-B) 1210 1203 1216.1 BCI1/j 241.9  |vee (34) + 8cen (33)
CCH caBujajyha (C)
CCH caswujajyha (B)
56 COH cagujajyha (A) 1178.5 BCII/BCII 3.7 vee (14)+0con (45)
CCH casujajyha (A)
55 COH casujajyha (A) 1181 1170.3 BCJI/BCIT 64.0  |vco(26)+3con (10) +dccn (20)
CCH caBujajyha (C)
54 CCH caswujajyha (B) 1161 1160 1155.0 BCJI/BCIT 7.9 |vee(11)+8ccn (72)
CCH caswujajyha (A)
53 |CCH caswujajyha (A, B) 1126.6 cI/Be 2.9 |8¢ccu (49)
COH caBujajyha (A)
52 |CCH casujajyha (B) 1103 1110 1125.1 BCJI/BCIT 6.3 |3ccu (72)
5 CCH caBujajyha (A) 1084 1078.3 BCJI/BCI 10.9  |voc(58)
CCC caswmjajyha (A,C)
CCO caBujajyha (A,C)
50 |CCH cagujajyha (B) 1067.0 BCJI/BCI 0.1 vee (17)+0ccn (43)
49 |CCH caBujajyha (A, C) 1031 1032 1054.1 cp/Bca 1.5 |vee (23)+8cco (20)+ Scen (13)
COH caBujajyha (A)
48 |CCH caBwujajyha (B) 1019 1019.7 BCII/BCT 326 |vee(30)+8ccn (25)+ dcce (15)
47 |CCH caBujajyha (A, C,B) 1003.0 BCII/BCIT 8.1 vee (15)+dcen (13)
46 |CCH caBujajyha (B) 995 999 984.1 BCII/BCII 0.3 dcon (49)
45 |CCH casujajyha (B) 963 973.9 BCII/BCIT 508 |vee (14)+8cec (59)
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44 |CCH caBujajyha (B ) 964.6 BCII/BCII 1.4 Voc (65)+3¢cch (13)
CCH casujajyha (B) 915 918.2 BCJI/BCIT 0.1 dccen (39)
43 |CCC caBujajyha (A-C)
CCO caswujajyha (C-B)
COC caswujajyha (C) 897 892.2 BCII/BCT 3.0 |vee(13)+8¢ccc (11)+ 8coc (13)
42 |CCH caBujajyha (C)
COH caBujajyha (A)
41 CCH caBujajyha (A) 874.5 BCJI/BCI 53 vee (35)+0ccn (15)
COH caBujajyha (A)
CCC caswmjajyha (C)
CCO caBwujajyha (A-C) 852 848.7 BCJI/BCIT 0.9  |8cce (18)+8cco (23)
40 |CCH casujajyha (C )
CCH caBujajyha (B ) 832.4 BCII/BCI 3.0 Oncc (54)
39 |CCC caBujajyha (A)
CCO caBujajyha (C )
33 CCH casujajyha (A) 824 820.8 BCII/BCT L7 |8ucc (74)
CCC caBwmjajyha (b)
37 CCO caBHjajyha (A, C) 818.2 BCJI/BCII 0.1 dcco (35)
CCC caBwujajyha (b)
36 |CCC casujajyha (A) 778 772.5 BCII/BCT 0.7 |vee (11)+8¢cc (14)
CCO caBujajyha (A-C)
35 CCC caBujajyha (B) 748 760.8 BCJI/BCI 24 |vee(15)+8¢ce (11)
CCH caswujajyha (B )
34 CCO casujajyha (A, C) 734 729 707.9 BCII/BCT 0.2 |8¢ccn (45)
CCH caBujajyha (C)
33 |CCC caBwujajyha (A, C) 716 712 693.9 BCII/BCT 3.9
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CCO casujajyha (A, C) Voc (13) +8cco (12)+8ccc (13)
CCH caBujajyha (A, C)
CCC caBujajyha (A,B) 682 687.4 BCJI/BCIT 4.8 |8cco (12) +8ccc (24)

32 |CCO carwmjajyha (A, C)
CCH casujajyha (B )

31 CCC caBwujajyha (B) 668 679.1 BCII/BCT 0.5 |S¢cec (22)+ dcece (28)
CCH casujajyha (B)

30 CCC caBujajyha (B) 638 645 655.6 BCJI/BCIT 251 |8coc (12)+8¢cn (26)
COC caBujajyha (A-C)

59 |CCC casujajyha (A, B) 627.6 BCII/BCIL 0.6 |3cco (15) + Bcec (32)
CCO casujajyha (B)

73 CCOH top3uona (A) 616 621 618.7 BCJI/BCIT 7.1 dcco (30)
CCCC top3uona (A, C)

7 CCCC Top3uoHa (A, B, C) 602.0 BCII/BCT 23.8  |vee (28)+dcce (24)
CCOH Top3auona (A)

56 |CCCH ropsuona (B) 596.9 BCII/BCIT 9.2 |8ccc (73)
CCOH Top3uona (A)

25 |CCCH rop3uona (A-C) 595 590.2 BCII/BCIT 0.5  |tacce Q1)+ Tsn. occc (60)

24 |CCCH Top3uona (A) 572 576 557.6 BCJI/BCI 6.2 |8cco (55)
CCCO Top3uona (A, C)

73 CCCH Top3uona (A) 519 521 557.6 BCII/BCT 3.3 voc (10)+8¢cc (45)
CCCO Top3uona (A, C)

2 CCCH Top3uona (A, B, C) 487 481 499.5 BCII/BCII 1.0 dcce (13)+1ccec (14)
CCCO Top3uona (A, C)

51 |CCCC Topsuona (A, B) 459 446.1 BCII/BCII L4 |8cee (14)+tecec (19)
CCCO Top3uona (A, C)
CCCH Top3uona (A, B, C)
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20

HCCC Top3uona (A)

421

426

431.3

BCJI/BCII

0.6

THOCC (96)

19

CCOH Top3uona (A)

CCCH Top3uona (A, B)
CCCO Top3uona (A, C)
CCCC rtopauona (A, B)

402.1

BCJI/BCII

5.6

dcce (19)

18

CCCC rtop3uona (B)
CCCH Top3uona (B)

392.6

BCJI/BCII

1.7

Theee (16)+tecee (19)

17

CCCC Bp TOp3uoHa (B)
CCCO Bp Top3uona (B)

380.6

BCJI/BCII

2.1

Thoce (10)+T,0. ceco (48)

Bp = BaH PaBHMU, BCJ = BPJIO ¢i1ad, cJI = cinad, Cp = CpelbH, | = jak, Bj = BPJIO jakK
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Haxo je o6mact ox 3850 1o 3200 cm™ kapakrepucrnuna 3a C—H ucrexyhe oGmuke
BuOpauuja, y excnepuMmeHnrtainHo nodujeHoMm IR u PamanckoMm crnextpy OajkanenHa Hema
ouekuBaHMX Tpaka (ciuka 3.6). Hemocrtatak Tpaka Moke OMTH MoOciequiia MHTEpakiuja

n3Mely cycenmHux MoJiekyina y kpuctanuoj daszu [107-108].
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Cnuxka 3.6. IR (a) u Pamancku (b) ciektpu OajkaienHa. Ha o0e ciiuke ekcriepuMeHTaIHO T00M|eH

CIIEKTap je MPHKa3aH rope, a U3pavyHar Joie

61



Hoxmopcka oucepmayuja

=
=]
=
= !
[0} l.":_
& = (=%
= = bres
2 = p =
< ’ & et o F
= = g | E& 2| [
Y - = = e :'7"'"!
2 = || Sl £ A 2
w i ™l L8 — - -
EA o X% = ¢ a7 = = =
o 1t e - = 206
SEEEREET B F12%7 161 1084
— 612 |-1599
[
=) oG
= z 3
] b ] "
g Z 3
S i |
S|
4
(@)
=
<
>
<
[
] . ' | : | . : : i ; | .
1800 1600 1400 1200 1000 800 600 400

TanacHu 6poj/cm’

Cnuxka 3.7. ExcnepumenTtanuu IR (rope) u Pamancku (mose) criekrap 6ajkajienHa y odmactu on 1800

10 400 cm’!

O6mact ox 1700 mo 1400 cm™ (cimka 3.7) KapakTepHCTHYHA je 3a I0jaBy TPaKa Koje
oJroBapajy BHWOpanujamMa KapOOHWJIHE Tpyle, apOMaTHUYHUX TPCTEHOBA, M MHUPOHCKOT
npcrena [108-111]. ¥V ekcnepumentanaom IR cnektpy OajkanenHa HajUHTE3MBHU]E TpaKe
1ojaBibyjy ce y obmactu ox 1656 10 1560 cm”. M3padymare ckamupaHe BPEIHOCTH H3HOCE
1654 1o 1567 cm™. OBe Tpake 06H4HO HpencTaBibajy kombuHammje C=0 ucrexyher (1656 u
1615 cm™), C2=C3 ucrexyher (1560 cm™), n C—C ucrexyher (1656, 1615, 1587 u 1560
cm™) o6muka. YV PaMaHCKOM CIIEKTPY OBE Tpake IOjaBibyjy ce y obmacti ox 1654 mo 1566
cm’, CKOPO Ha UCTHUM TOJI0KajuMa Kao oaroapajyhe tpake y IR criektpy (1654 u 1612 cm’;
1566 cm™; 1654, 1612, 1589 u 1566 cm™). Tlowro y crpykrypu 6ajkanens mema OH rpymy
Ha nonoxajy C3, tpake koje oarosapajy C=0 u C2=C3 uctexxyhum obnuuuma ce Hajaze Ha
He3HaTHO BehuM (pekBeHIMjaMa y OJHOCY Ha BPEAHOCTH KOje OATrOBapajy MOJEKYJIHMa
¢naBona (¢uaBonona) koju mumajy OH rpyny y momoxkajy 3, Kao ITO Cy KBEpIETHH,

¢ucerun, mopus u ap. [111-113].

Behuna tpaka y o6mactu ox 1500 mo 1000 cm’! oarosapa cienehum oOauIMa
Bubpanuja: C—C uctxyhum, O—C ucrexyhum, kao u C-C-H, C-O-H, C-C-O, u C-C-C

caBujajyhum BuOpanujama npcreHoBa. Mame UHTE3UBHE TpaKe KOje ce MmojaBibyjy camo y IR
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criektpy ucmon 1000 cm™ Hamase ce ma: 995 cm™ (DFT Bpexnoct: 984 cm™), 963 cm™ (DFT
BpexHocT: 974 cm™), 915 cm™ (DFT Bpexnoct: 918 cm™), 897 cm™ (DFET Bpexnoct: 892
cm™), 824 cm™ (DFT Bpexnoct: 821 cm™), 778 cm™ (DFT Bpenroct: 772 cm™), 748 cm’
(DFT Bpexnoct: 761 cm™), 734 cm™ (DFT Bpexnoct: 708 cm™), 716 cm™ (DFT BpemHoCT:
694 cm™), 682 cm™ (DFT Bpensoct: 687 cm™ ), 668 cm™ (DFT Bpensoct: 679 cm™) u 638
cm’ (DFT BpegHoct: 656 cm’™) mperexHo cy acuraupane C—C—C, C—C-H, C-C-0,C-0-C,
n C-O-H nedopmarnmonum obauiiuMa cBa Tpu npcTeHa. Tpake Koje ce mojaBibyjy ucrmo 650
cm” u y IR (616, 572, 519, 487, 459 u 421 cm™) u y Pamanckom crektpy (621, 576, 521,
481 u 426 cm™) acurampane cy C—C—C—-C, C-C-O-H, C-C-C-H n C-C—C-O Top3uoHnM
obmuuuma nipcreHoBa A, B u C. M3pauyHare BpeIHOCTH TaJlaCHUX OpojeBa 3a TOP3HMOHE U
ocrane oGmuke (618, 558, 499, 472, 446 u 431 cm’) Bpmo moGpo ce ciaxy ca
eKCIIEPUMEHTAIIHO M3MEPEHHM BpeaHocTiMa. Tpake Ha oko 400 cm™ (402, 393 u 381 cm™)
Hahene cy camo momohy DFT mnpopauyna, u acurnupane cy C-C-C-C u C-C-C-O

TOP3MOHUM oOnuIMMa B npcrena.
3.2.2. UV/Vis cnexkmpu

Aricopriija eI1eKTpOMarHeTHOT 3payemka y BUJBUBO] M YITPaJbyOM4acTo] o0IacTu
€JIEKTPOMArHeTHOr CIIeKTpa BOAM JI0 mMoOyhuBama elleKTpoHa M3 OCHOBHOI y moOyhena

€JICKTPOHCKA CTama MoJsiekyna [114].

VY  CHeKTPOXEeMHJCKUM HCIUTHBAKHMMa €JIEKTPOHCKH  alCOPHIMOHU  CIEKTPU
KOHJICH30BaHUX ¢haza uMajy Behy BaXXHOCT O]l €JIEeKTPOHCKO-BHOPAIMOHO-POTAIIMOHUX
mpesiaza racHUX cucreMa. Y TOM CMHUCITy Moryhe je roBOpUTH O HHXOBO] HNPUMEHH Y
KBQJIUTATUBHOJ, KBAHTUTATUBHO] U CTPYKTYPHO] aHAIMU3U KaO M MPUMEHH y HEaHAJIUTUUKE
CBpX€ Kao UITO je IpUMeHa y KuHeTulu. [IpuMena eaexkTpoHCKUX allCOPIIMOHUX CIeKTapa y
KBaHTUTATHBHE CBPXE J€ MHOTO Ba)KHHMJa HETO ILITO j€ TO KUXOBA MPHUMEHA Y KBAJIUTATUBHO]
aHaynn3K. KBanuTaTuBHa aHajlM3a 3aCHUBA C€ HAa KapaKTEPUCTUYHOM I0JIOKA]y, HHTEH3UTETY
1 O0JMKY arnCOpIIMOHUX Tpaka oapeheHux xpomodopa kKoje ce Mory MHIACHTU(PHUKOBATH Ha
OCHOBY CIIEKTapa BEJIUKOI Opoja MO3HATUX jelumbemha. MehyTuMm, BaKHO je HarjJacuTH Ja ce
MOY3/IJaHOCT METO/IE aHaIM3€ EJIEKTPOHCKUX creKkTapa xpoModopa nosehaBa camo y ciiydajy
CIpere ca JIpyruM cHeKTpockonckuM merogama u texHukama (NMR, MS, IR, ESR) jep Te
METO/I€ M0Ka3yjy 3HaTHO Behy O0CeTJbUBOCT Ha Maje CTPYKTYpHE IIPOMEHE y MOJIEKyJIuMa Ha

BehuM pacrojamuma ox camux xpomodopa IITO je MOCEOHO H3PAKEHO KOJ BEIUKHUX
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MoJekyna. Jomr jenan orpanuyaBajyhu ¢akTop MpuMEHE OBE METOJIC JeCTe M YHE-CHUIA J1a
MHOT€ XpoMoope ancopOyjy UCHOJ T0HE IPAHULIE CTAHJAPIHE CIIEKTPOXEMHUJCKE 00IacTu,
ucrion 200 nm, mTo oHemoryhaBa pajn ca cranmapaHoMm ompemom (y obmactu ox 200-800
nm). MHoro Behy npuMeHy oBa MeTOJ]a UMa Y aHaJIM3U PUPOJIHUX KOHJYTOBAHUX JeIUEHHA
Kao ITO Cy OMJbHM NMUTMEHTH, MOJHALCTHICHH, TOpGUpHHH, (HIaBOHOUIHN, aHTPAXHUHOHH,
OMOJIOIIKM MaKpOMOJICKYJM Ka0 W KOMIUIEKCH IIpeNla3HUX MeTala KOjU Ca/piKe OBAaKBE

MOJICKYJIC Kao JIMraHae.

UV/Vis cnekrap 0ajkanerHa CUMYJIHpaH je Kopuctehu BPEeMEHCKH 3aBUCHY TEOPUJY
¢yukuuonana ryctuHe (Time Dependent Density Functional Theory = TD-DFT), koja
M0/Ipa3yMeBa Jia ce U3payyHajy eJIeKTPOHCKH Mpesa3u U3 OCHOBHOI y HMKa 1odyheHa crama
Oajkaneuna [115-119]. Cumynamnuja je uzBenena kopuctehu UB3LYP u UPBE dynkinonane
u 6-311+G(2df,p) 6azucuu ckym.

Ha cinunu 3.8 npencraBibeHu cy ekciepuMeHTanHu u cumynupanu UV/Vis cektpu

OajkasienHa, JOK cy y Tabenu 3.6 AaTu €KCHEpUMEHTAIHH U W3padyyHaTH eJIEKTPOHCKU

npenasu.
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Cruxka 3.8. ExcnepuMeHTaIHu criekatap (rope) ¥ CHMyJIUpPaHU CIEKTPH (107e): A - crieKTap
cumynupan momohy B3LYP/6-311+G(2df,p) monena; B - cnekrap cumynupan nomohy PBE/6-
311+G(2df,p) monena

64



Mexanuzmu anHmuokcudamusHoz 0enosara bajkaireuna

Tabena 3.6. EkcriepuMeHTaIHU M U3padyHaTH eJIeKTPOHCKH Tpenia3u Koj OajkanenHa

Excn. TD-B3LYP TD-PBE
Mnm) A(nm) f I'naBnu enexTpoHcku mpenasd  A(nm) f I'1aBHM enekTpoHckM npenasu
359 342 0.268 HOMO-1—LUMO (94%) 399 0.136 HOMO-1—-LUMO (93%)
264 274 0.521 HOMO-2—LUMO (56%) 312 0.322 HOMO-3—LUMO (44%)
HOMO—LUMO+1 (26%) HOMO-1-LUMO+1 (33%)

304 0.150 HOMO-4—LUMO (32%)
HOMO-3—LUMO (29%)
HOMO-1—-LUMO+2 (37%)

A TIpe/ICTaBIba TAACHY IYXKHHY, a f ocliIaTopHy jaunHy

ATCOpIIIMOHN MAKCUMYM, YHja j€ eKCIIepUMEHTaIHa BpeaHocT 359 nm, npeasuljex je
Ha 342 u 399 nm nomohy B3LYP u PBE wmeroma. ¥V o6a ciyuaja, HaleHo je na oBUM
arlopIIMHUM MaKMMyMHMa oOJroBapa ejekTpoHcku mpena3 u3z HOMO-1 y LUMO.
MaxkcuMyM KOju c€ jaBjba y €KCIIEpUMEHTAIIHOM CIIEKTpy Ha 264 nm, npeasulhen je B3LYP
MeTo10M Ha 274 nm. OBoM MakcuMmyMmy oaroapajy npenasu uz HOMO-2 y LUMO, u u3
HOMO y LUMO+1. UcTom ekcriepMMEeHTaTHOM MaKCUMYMY OJroBapajy Ba MakCUMyMa Ha
313 u 304 nm uspauynara nomohy PBE metoze. [Ilppom MakcumyMmy oaroBapajy mpenasu u3
HOMO-3 y LUMO u u3 HOMO-1 y LUMO+1. [Ipyrom Makcumymy OJIroBapajy mnpenasu u3
HOMO-4 y LUMO, HOMO-3 y LUMO u HOMO-1 y LUMO+2. Ha ocHOBY OBe aHanu3e
BUJIM C€ Jla je ciarame u3Melly excriepuMEeHTaTHUX BPEIHOCTH TaJlaCHUX AYXKUHA U
MHTE3UTETa MaKCUMyMa U OHUX Koju cy uspauyHatu nomohy B3LYP ¢ynkunonana, caceum
3amoBoJbaBajyhe. Ca npyre ctpane, PBE metona vuje moroana 3a npensuhame UV cnekrapa,
Oap kan je y nutamy Oajkanent. O0nuim oarosapajyhux opoutana uzmel)y Kojux ce mpenasu

nemasajy, uspauynare nomohy B3LYP ¢ynknuonana, npukasanu cy Ha ciuuu 3.9.
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LUMO+1

HOMO-2

Cruxka 3.9. OpOuTaiie oAroBopHe 3a enekTpoHcke npenaze y UV cnekTpy OajkanenHa

3.3. Yecmuye Koje Hacmajy y npouyecy aHMUOKCUOAMUBHOZ O0€108ard

oajkaneuna

Kao mTo je Beh peueHo y yBoay, aHTHOKCHIATHBHO AEJCTBO MOJMXUIAPOKCH (peHoa
MOXe ce MaHU(EeCTOBaTH MPEKO HajMame Tpu paznuuuta Mexanusma: HAT, SET-PT u
SPLET. Jla 6ucMo MOriH OnmucaTyd OBE MEXaHHW3ME, HEOMXOHO je€ TeHEePUCAaTH MOJICKYJICKE,
JOHCKE M paJUKajlCKe BPCTE KOje YUYECTBY]Y y Tope MOMEHYTMM MexaHusmuma. OHe cy
nebunucane y jeqnaunHama 1.4, 1.6, 1.8, 1.10 u 1.12 u 6uhe moapoOHO ommcaHe y OBOM
nemy. 3a CBe OBE€ MEXaHHM3ME 3ajeJHMYKO je Ja Ce Ha Kpajy mpoieca ¢opMmupajy

oaroBapajyhu paaukanu 6ajkanenHa.
3.3.1. Paoukanu oajkaneuna

[Tonazehu ox reomerpuje HajcTabmiIHUjer KoHGopMepa OajkanenHa (1) cumymnupaHo
je xomommtruko packumame O—H Besa Ha momoxkajuma 5, 6 u 7. Pagukanu oGpa3oBaHu Ha
0oBaj HauuMH o3HaueHu cy kao OSR, O6R um O7R. Cpaku paaukal MOXKE MNONPUMUTH

paznmuuute koHpopmanmje (1, 2, 3 u 4 nHa coumm 3.10). ¥ ciaydajy O5R, cBu poramepu
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o3HaueHu cy O5R1, O5R2 u O5SR3. Cnuuna oOenexxaBamwa kopuuiheHa cy v 3a apyra JBa
paaukancka obnuka. CBu Moryhu pagvkaiyu U BUXOBH oAroBapajyhu poramepu npukazaHu
cy Ha cimumu 3.10. Ce omTuMmuzamje reomerpuja u3BpiieHe cy mnomohy MO05-2X/6-
311+G(d,p) mMomena y racoButo] W BojeHoj ¢aszu [60]. YTuuaj Bome kao pacTBapaya
npoueweH je nomohy cosBaraunoHor mojaena CPCM (Polarizable Conductor Calculation
Model).
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Cnuxka 3.10. CtpykType paaukana 6ajkanenna O5SR, O6R u O7R. Caku pajaukal je mpuKa3aH ca
CBUM CBOjJHM pOTaMeprma

N3 BDE Bpennoctu OajkanenHa 3a racoButy (a3y m BojeHU pactBop (Tabema 3.7)
npousuiasu cienaehu penocnen nakohe xomonuruyukor packuaama O—H Beza: O6-H6 > O7—
H7 > O5-HS. Ha ocHOBy 0BUX pe3yniTara MOTIIYHO j€ JaCHO J1a j€ XOMOJIMTHYKO PAaCKUIAHE
O-H Bese ¢daBopuzoBano Ha OH rpymu Bezanoj 3a C6 arom. Bpennoctu 3a AHgoly 1 AGiory
MOKa3yjy Jia cy CJI00OJHU paguKaiu 0iaro cTabMIM30BaHU y BOJEHOM pacTBOpy. Y Tabenu
3.7 mpukazaHe Cy W peJlaTUBHE YKYIIHE CHEpruje M CHTAJIH]e 3a POoTaMepe paauKaia

OajkanenHa. Ha ocHOBy BpetHOCTH eHepruja yTBpheHo je Aa je HajcTaOmiHuju paaukan O6R,
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ogHocHO meroB potamep O6R1 [60]. CBu poramepm napyra 1Ba paaukaza Ccy 3HATHO
Hecrabmwtauju o O6R1 (O6R1 > O7R2 > O5R1), u 300r Tora Cy MCKJbYYCHH U3 JaJbe

JTUCKYCH]e.

TaGena 3.7. Penatusne enepruje (kJ/mol) uzpauynare nomohy M05-2X/6-311+G(d,p) Moaena 3a

poramepe paaukaia OajkajiedHa y TaCOBUTO] M BOJCHO] da3u

Poramep AE AH AH"™ AH., AGgw BDE BDE“™M
O5R1  56.7 582 43.8 -68.8 -585 391.4 363.0
O5R2  73.1 722 47.9 -68.8 -69.9 405.5 367.1
O5R3  99.5 101.7  61.0 -68.8 -83.1 435.0 380.2
O6R1 0.0 0.0 0.0 44.4 441 333.2 319.2
O6R2 574 583 36.3 -66.4  -66.3 391.5 355.5
O6R3 259 266 23.3 477  -483 359.8 342.5
O6R4 404 409 17.2 68.1 -67.1 374.1 336.4
O7R1 469 475 45.8 46.1  -46.1 380.7 365.0
O7R2  30.5 30.6 34.4 -40.6  -40.7 363.8 353.6
O7R3  73.6 749 69.0 -50.4  -50.4 408.2 388.2

AFE o3HauaBa pPaszNUKy y YKYIHOj €HEPrHju y OJHOCY Ha HajcTaOWwiHUju KoHpopMmep. YKymHE
eHepruje 3a HajcTabmwmHuju pamukan cy: E(O6R1) = —953.28261552 a.u. y racy u —953.298919744
a.u. y Bogu. AH o3HauaBa pa3ivKy y €HTAIIUjH Y OJHOCY Ha HajctaObwiHUjU KoHpopMmep. AH,, |
AGy,y 03HaYaBa]y Pa3MKy Y CHTAINM]H, OJHOCHO CI000HO] eHepruju, u3mehy koHdopMmepa y Boau
u y racy. BDE mnpeacraBa eHTanmnujy packupama Be3e. CBe BCIMYMHE Cy KOPHUTOBaHE
oxroBapajyhum ckamupanuM BeiamunHama [99] (ZPVE, TepmanHa KoOpekiMja 3a €HTAIIHjy |

TepMajiHa KOPEKIhja 3a CJI000HY SHEPTH]Y).

Tpeba ucrahu na paaukany 3aap)kaBajy HEIJIAaHAPHOCT, KOja j€ YOUeHAa y OCHOBHOM
cTamy MoJIeKyJa OajkasienHa. Bpennoctu 3a Top3nonu yrao 1 (tadena 3.8) 3a HajcTaOUITHUjU
poTamep panukana 6ajkajienHa y raCOBUTO] U BojeHO] (a3u cy 27.1° u 22.8°. HennanapHocT
HAaCTaJoT paJuKajia CMamyje KOHJyraiujy, IMTo UMa 3a TMOCIEIUIly CIabujy IeIOKaIU3aIn]y
HECIIAPCHOT EJIGKTPOHA, U CaMUM THM U CMambeHmhe AHTHOKCHIATUBHE aKTUBHOCTH. Taj
edexar ce oriena u kpo3 cMamwewe TEAC BpenHocTu 6ajkanenna (2.56 mM) y nopehemwy ca
kBepreTuHoM (4.42 — 4.7 mM), nujanuauaom (4.4 mM), u muputietuaom (3.1 mM) [4, 39,
40].
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TaGena 3.8. Jly)xuHe Be3a ¥ TOP3MOHH yrao T 3a HajCTaOMIIHUjU poTaMep OajkanenHa 1, u
HajCTaOUIHKM]H poTaMep paaukaia u aHjoHa OajkanerHa (O6R1u O7A2) y racoBuToj ¥ BOJIeHO] (ha3u

HyxuHa Besze (pm) B BV (Boma) O6R1 O6R1V(Boma) O7A2 O7A2V(Bona)

D(01-C2) 135.0 134.8 1358 135.7 134.5 134.7
D(C2-C3) 135.1 1354 1348 135.2 134.5 135.0
D(C3-C4) 1444 143.8 1445 143.7 145.8 144.5
D(C4-C10) 145.1 1449 1452 144.9 142.5 143.0
D(C5-C10) 140.7 140.8 140.9 140.5 143.3 142.7
D(C5-C6) 1379 138.0 1444 144.2 136.5 136.6
D(C6-C7) 139.7 140.0 146.3 146.2 144.8 144.1
D(C7-C8) 138.8 138.8 136.9 136.8 142.5 141.8
D(C8-C9) 138.3 1384 1399 140.1 137.0 137.7
D(C9-01) 136.7 1364 1354 134.7 138.3 137.3
D(C9—C10) 139.6 139.6  139.7 139.6 141.2 140.5
D(C2-C1") 1473  147.1 147.0 146.8 147.6 147.3

D(C1'-C2%) 139.6  139.7 139.6 139.7 139.6 139.7
D(C2'-C3%) 138.7 138.8 138.7 138.8 138.8 138.8
D(C3'-C4") 1389 139.0 138.9 139.0 138.9 139.0
D(C4-C5%) 139.0 139.2 139.1 139.2 139.1 139.2
D(C5'-C6") 138.6 138.7 138.6 138.7 138.7 138.7
D(C6'-C1%) 139.6  139.7 139.6 139.7 139.6 139.7

D(04-C4) 123.7 1246 1237 1245 1252 1257
D(05-C5) 1344 1346 131.1 1315 1355 1357
D(06-C6) 136.5 1364 1242 1247 1361  136.7
D(07-C7) 1348 1349 1327 1330 1260 1273
D(H5-05) 98.8  98.8 995 100.1 98.1 98.8
D(H6-06) 964  96.4 97.5 97.4
D(H7-07) 964 965  97.4 97.2

Boponuune Bese (pm)
Dy(0O4--HS) 1725 172.0 1674 163.8 173.5 169.6
Dy(05--H6) 223.8 226.9 194.6 198.1
Dy(06--H7) 215.1 2159  202.7 207.6
Top3uoHu yrao
©(0O1-C2-C1'-C2") (°) 24.5 23.6 24.1 22.8 21.2 23.5

B=monekyn 0ajkanenna y racoButoj asu, BV= monekyn OajkanenHa y BoaeHoj dasu

Hajcrabunnuju pamgukan O6R1 uma nee Bogonnune Bese Dy(04--HS) u Dy(O6--H7)
KOje JONPUHOCE CTaOMIIHOCTH OBOT pajaukaina. [lenmokanu3aiyja HECApEeHOT €JEeKTpOoHa Y
OBOM paJMKally OCTBapyje ce caMo MpEeKo MpcTeHa A, momTo ce Ha npcTeny C Hamase IBe
nokanuzoBaHe ABoctpyke Bese: C4—-04 u C2—C3. Jlenokanusaiuja y npcTreHy A JT0BOAU 10
3HaTHUX TMPOMEHA y TeOMETpHUju y oJHOoCcy Ha OajkanemH. M3 Tabeme 3.8 ce Buam ma cy
nyxune Beza C6-06 u C7-C8 kopn paaukana 3HadajHO Kpahe o1 UCTUX Be3a y MOJICKYIY
OajkanenHa, Tj. OHE Cy HapIHjaTHO JOKaIu30Be NBoCcTpyke Bese. yxuna Beze C2—Cl1’, koja
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cnaja npcreHoBe B u C, y pagukany O6R1 uzHocu 147.0 pm u y racoBUTO] U y BOJEHO]
¢da3u. [y>kuHa oBe Be3e TMokasyje Aa oHa jexu u3mely mpocre u apomaruune C—C Bese.
Hama uctpaxkuBama cy mokasana jaa je eHeprercka 6apujepa 3a potamujy oko C2-C1° Bese
Hucka: 16.4 kJ/mol y racy u 16.7 kJ/mol y Bonu (cnuka 3.11). Kao u xox OajkanenHa, oBa
BPEIHOCT je BpJIO OJiMCKa eHepruju akTuBanuje 3a poranujy oko C—C Bese ko Oyrana. Cee
OBO yKa3yje Ha YMIEHUILY J1a aKO MOCTOJU JAeJIOKaIh3alija HEeCHapeHOT eJIeKTPOHA IMPEKO

npcrenoBa B u C, n1a he ona 6utu ciaba.

)

50 100 150 200
-10 A

AE(kJ/mol

=20 1

50 Jluenapeku yrao t°

Cnuxka 3.11. Eneprercku npodu 3a poraiujy oko C2-C1° Bese 3a O6R 1 pagukan. Onrumusaiimja je

u3paeHa nomohy M05-2X/6-311+G(d,p) Moaena y racy ¥ BOIu

CruHCKa TrycTMHA je IOKa3aTe/b PEaKTUBHOCTU KoJA ciolOoaHux paaukana. Kox
MOJIEKyJla ca CIIapeHHM eJIEKTPOHMMa CIIMHCKAa TYCTWHA je cByna jenHaka Hymd. Kox
MOJIEKyJla Ca HECIapeHHM EeJEKTPOHOM (EJeKTPOHMMA) CIMHCKAa TyCTHHA YKaszyje Ha
pacrnojiesly HecnapeHor (HEeCTapeHMX) eJIEKTpOHA. 3Hayaj CIMHCKE TYCTHHE y oapehuBamy
Moryhe nenokanu3anmje, ¥ CaMHM TUM CTaOMITHOCTH (DITaBOHOMTHHX PaJHKalla, MPUKa3aIH
cy Jleomonmaunau [100, 120] u Tpymnac [121] ca cBojum capaguunuma. Pacnogena crimHCKe
ryctune, nooujena NBO ananuzowm, 3a O6R1 pagukan y racoBuToj U BoJieHO] (ha3u mokasyje
7la je HeClapeHu eJNEKTPOH aenokanu3oBaH npeko 06, C5, OS5, C7 u C9 aroma (ciuka 3.12)
ca Bpennoctuma oxa 0.37/0.34, 0.24/0.25, 0.11/0.10, 0.14/0.13 wu 0.19/0.19, pecnieKTUBHO
(OpojeBH y UTANMKY C€ OJJHOCE Ha BPEJHOCTHU 3a CIMHCKY T'YCTHHY y BOJeHO] ¢a3u). Ciuka
3.12 noxkasyje na je HeclapeHu eJIeKTPOH HajooJsbe aenmokanu3oBaH y O6R1, ynme ce Moxke

00jacCHUTH HEroBa CTaOMIIHOCT Y OJHOCY Ha npyre pamukaie. Takohe, pacmoaena cimHCKe
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ryctuHe notsplhyje aa npcreHoBu B u C He yuecTBYjy y Aenokanu3anuju enekrpona. [lomro
je mo3Hato na he ce paauMkancka peakiidja HajBepOBaTHHU]E OJIBHjaTH Ha aToMy ca Hajsehom

CIIMHCKOM T'YCTHHOM, Mpou3uiiasu na je atom O6 HajBepOBATHH]U PAIUKAIICKU IICHTAP.
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Cnuka 3.12. Pacnioziena ciHCKe TyCTHHE KOJI HajcTaOMITHUJUX poTaMepa pajrKaia OajkajnenHa y

TacoBHTO] U BOJICHO] (hasu

3.3.2. Awnjonu 6ajkaneuna

[Tonazehu ox reomerpuje HajcTabmIHHjeT KOH(pOpMepa Oajkasienna (1) cumynupano
je xereponutuuko packunamwe O—H Be3a Ha nonoxkajuma 5, 6 u 7. AHjoHu 00pa3oBaHM Ha
oBaj HaUMH o3Ha4yeHHu cy kao O5A, O6A u O7A. CakoMm aHJoHY OJroBapa BHUIIE poTaMepa
(1, 2, 3 u 4 na cnuru 3.13). Poramepu aHjoHa Cy O3HA4Y€HW HA MCTHU HAYWH Kao pOTaMepu
paaukana, OCMM INTO je o3HakKa R (3a pagukan) 3amemeHa O3HaKOM A (3a aHjoH).
I'eomeTrpuje cBux aHjoHa pgatre cy Ha ciaunu 3.13, a BpeaHoctu 3a oxaroBapajyhe
TepMoaMHamMuuke mnapamerpe y Ttabenu 3.9. Kao u kox pagukana OajkajneuHa, CBe
ONTUMU3AIIM]e TeoMeTpHrja u3BpuieHe cy nomohy M05-2X/6-311+G(d, p) monena, a yrumaj

BOJIE Ka0O pacTBapaya IpoLEHEH je moMohy conBaTanuoHor mojaena CPCM.
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Cnuka 3.13. Ctpykrype aHjona Oajkanenna O5A, O6A u O7A. CBaku aHjoH je MPUKa3aH ca CBUM

CBOjUM poTaMepruMa

VY Tabenu 3.9 nate cy PA BpenHOCTH OajkalienHa 3a TaCOBHTY | BoJieHY ¢asy. 13 PA
BPEIHOCTH TIpom3uiasu cienehu penocien yakohe xereponutuukor packumama O—H Besa:
O7-H7 > O6-H6 > O5-H5, mTo 3Hauu 1a je (aBOpHU30BAHO XETEPOJIHUTUYIKO PACKUIAFE

O-H Be3e y nosoxajy O7.
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Tabena 3.9. Tepmoaunamuuku napamerpu (kJ/mol) 3a poramepe aHjoHa OajkajerHa y TaCOBUTO] U

BOzIeHO] (ha3u

Poramep AE AH AH™™ AH,, AGyw PA  PAYM

0O5A1 499 51.0 36.2  -239.6 -238.6 1419.8 124.6
05A2 751 77.0 45.0  -256.7 -253.8 1445.7 1334
O5A3 115.0 117.3 64.6  -277.4 -2757 1486.1 153.1
06A1 33.7  33.7 20.7  -237.7 -236.7 1402.5 109.2
06A2 906 919 56.8  -259.8 -258.7 1460.7 145.3
O6A3 39.4 397 347  -229.7 -229.7 14084 123.1
06A4 101.8 102.8 525  -275.0 -272.8 1471.6 141.0
O7A1 233 240 15.1 -233.7 -233.2 1392.8 1035
O7A2 0.0 0.0 0.0 -224.7 -224.1 1368.8 884
O7A3 343 352 30.7  -229.2 -229.3 1404.0 119.2

AFE o3HauaBa pPasNUKy y YKYIHOj EHEPrHju y OJHOCY Ha HajcTaOWwiHUju KoH(popMmep. YKyHE
eHepruje 3a HajcTabuiaauju aHjoH cy: E(O7A2) = -953.376421046 a.u. y racy u E(O7A2) = -
953.463385464 a.u. y Bogu. AH o3HadaBa pa3liUKy y CHTAIIWjH y OJHOCY Ha HajcTAOWIHUjH
koHpopMmep. AGy,y 03HAUYABA Pa3IMKy Y Cl10001HOj eHepruju u3mehy koHdopMmepa y BOAM U Yy Tacy.
PA mnpencraBira aduaHMTET mpema mpoToHy. CBe BEIMYMHE CYy KOpUTOBaHE oxaroBapajyhum
ckanupanuM BenndyrHama [99] (ZPVE, tepmaiHa KOpeKIdja 3a eHTaIMjy W TepMaiHa KOpeKInja 3a

CII00OIHY CHEPTHU]Y).

Bpennoctu m3pauyHatux eHepruja y racy u y Boau u3 Taodene 3.9 mane cy cinenehu
penocnen crabunHoctu aHjoHa: O7A > O6A > OS5SA. Ha coumm 3.14 npuxaszanu cy
HajCTa0WIHUJU pOTaMEpH CBUX aHjOHA ca pPacHoesiOM HETaTUBHOT HACJeKTpHCamba
nooujenom n3 NBO ananuze. Cnuka mokasyje /a je HeraTUBHO HaeJeKTpUCake Beoma J00po
NeNI0KaIn30BaHo Ipeko npcreHoBa A u C koA CBUX aHjoHa. 300T HEMJIaHAPHOCTH aHJOHA,
kao u 30or moryhnoctu nake potamuje oko C2—C1° Besze (tabenma 3.8), He monaszu o
NeoKan3alije HeTaTUBHOT HaelekTpucama mpeko mnpcreHa B. Kox OSAl pgonasu 1o
nedopmaimje CTPYKType ycien onadujama usMmel)y nenpoTtoHOBHOT kuceonwka OS5 wu
yCaMJbEHOT €JIEKTPOHCKOT Iapa Ha KapOoHmIHOM kucoeHuky O4. Ca ciuke 3.15 ce Buam aa
je anjoH O7A craObwin3oBaH [EJIOKAIM3alMjOM HETAaTHBHOT HAeJIeKTpHUcama Koje ce
mpocTupe o aenporoHoBaHor kuceonwka O7, mpexo C6, C8, C10 go 4-kero rpyme y

npcreny C.
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Cnuxka 3.14. Pacnioziena HeraTUBHOT HaelleKTPHCamkha KOl HajCTAOMITHUUX poTaMepa aHjoHa y

racoOBUTO] U BOJIECHO] (ha3u
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Cnuxka 3.15. Pe3onanimone crpykrype koa aHjona O7A

BaxHo je HamomeHyTH aa cy BpemHOCTH 3a AHgoy, AGsoy U PACPM (Tabemna 3.9)

BHINIECTPYKO HIDKE OJI oJroBapajyhmx BpemaHocTH y TacoBuToj (asu. OBa mojaBa je
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MOCJIeNIIa HMHTEPAKIHMja TMapIyjaHO HEraTMBHO HAENEKTPHCAHUX aToMa KOJ aHjoHa

OajkajerHa ca BOJOM.

JleTaspHa aHanM3a CBUX poTamepa aHjoHa je mokaszaia na je O7A2 HajcTaOWIHHUU
aHJOH, KaKO Yy TacOBHTO] Tako M y BojneHo] ¢asu [60]. [dpyra nBa pematuBHO cTaOmiIHa
aHjona, O6A1 u O5AIl, cy 3a 33.7 u 51.0 kJ/mol y racy u 3a 20.7 u 36.2 kJ/mol y BoH,

Mame ctaduiaau o O7A2 (tabdena 3.9), 1 300T TOra Cy UCKJbYUEHHU U3 TaJb€ IUCKYCH]E.

[TaxxsbuBoMm  ananmuzom reomeTpuje O7A2 aHjoHa yodaBa ce€ Ja IIOCTOJe JIBE
nokanuzoBane nBocTpyke Beze: C4—O u C2-C3 y npcreny C, 10K NpcTeH A KapaKTepHUILy
Tpu JIokanu3oBaHe nBocTpyke Bese: C7-0O, C5-C6 u C8—C9. Camo ce 3a npcteH B moxe
pehu 1a mMa apoMaTHIHY CTPYKTYPY. AKO YIIOPEIMMO JAYKHHE Be3a KOJI aHjOHA U MOJIEKYia
OajkanenHa (tabena 3.8) BUAMMO Ja Cy Be3€ y aHjOHY 3HAaTHO Kpahe oj oaromapajyhux y

MOJICKYJTY.
3.3.3. Paoukan kamjon oajkaneuna

Kao mrto je peueno y yBoay, y peakuuju 6ajkajierta ca eIeKTpohuIHuM paguKaInMa
MOXK€ HacTaTH OajkajeuH paaukai kaTjoH (jeaH. 1.2 u. 1.6). @eHonHM paauKal KaTjOHU CY
MOTEHLMjATHU UHTepMeaujepu y OpojHUM (OTOOKCUAATUBHUM Ipolecuma, U HaheHU cy Y
MaTpullamMa Ha HUCKO] Temnepatypu [122] u kmactepuma y racoButoj ¢asu [123]. Takohe je
HaheHo na ¢eHonu (HOTONM3OM Jajy peasuuuTe MHTEpMeIujepe YKJbydyjyhu M paaukain
katjoHe [124]. IlIta Bume, nokasano ce ga (EHOJHU pajuKal KaTJOHU MOTY HacTaTu U OUTH
YCHENTHO OKapaKTepUCaHW MoMohy MyJcHe paauonuse, (PoTojoHu3aIMje U Jiacepcke et
dotosmze [124, 125]. Moxe ce mpeTnocTaBuTH, 1a he u 6ajkajJenH Mo CIMYHUM YCIOBHMA

(dbopMupaTH paauKall KaTjoH.

PaBHOTEXKHE TeomeTpHje OajkanerHa U HBEeroBOT PaJUKal KaTjoHA ONTUMHU30BAHE CY Y
IbUXOBOM CHHIJICTHOM H JAyOJIETHOM CTamy, KOpUCTehn orpaHnueHy ¥ HEOTpaHUYCHY IIeMY
MpU U3padyHaBamHMa 3a 3aTBOPEHY M OTBOpEeHY JbYCcKy [53]. [Ipumemene cy nBe Mmetoje

¢yukuunonana rycrune: B3LYP u PBE metona.

. .2

OCHOBHO €JIEKTPOHCKO CTam€ pagukal KarjoHa je “Bj, ma ce Moxe O4eKHBaTH

. . 2

CIIMHCKAa KOHTaMUHAIMja 300T IPUMEHE HeoTpaHnueHe TanacHe GyHKuuje. YKymaH cruH (S°)

je m3pauyHat nomohy UB3LYP u UPBE ¢ynknuonana u Benukor 0a3ucHOr ckyma 6-
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311+G(2df,p), u nobujene cy Bpennoctu 0.764 u 0.755. OBe BpemHOCTH T0OPO ce Claxy ca
ouekuBaHoM Bpennomthy (0.750) 3a nyOnetrHo cTame, W TMOKa3yjy Ja je CIHHCKa
KOHTaMUHAI[Mja BEOMa MaJia, Te CE MOXKE OYSKUBATH Ja he ce JoOMTH KBATUTETHH PE3yaTaTH

IIpY ONITUMU3ALUJHU paJiKal KaTjoHa O0ajkaienHa nomohy oba ¢yHKIMOHANA.

Tabena 3.10. dyxuHe Be3a (pm) U TOP3UOHHU yrao 3a 0ajKaJIcMH ¥ FBEroB pajnuKajl KaTjoH

bajkanenn Panukan katjon
Jyxwune Baza (pm) PBE B3LYP PBE B3LYP
D(01-C2) 136.1 1354 136.8 135.7
D(C2-C3) 136.8 135.6 138.4 137.5
D(C3-C4) 144.1 1442 140.6 140.0
D(C4-C10) 144.5 1448 141.9 141.4
D(C5-C10) 141.5 1409 144.2 144.4
D(C5-C6) 139.2 1383 145.4 144.9
D(C6-C7) 140.7 1399 142.2 141.7
D(C7-C8) 1399 139.1 139.2 138.1
D(C8-C9) 139.0 1384 141.2 140.9
D(C9-01) 137.7  136.9 135.4 134.5
D(C9-C10) 140.7 1399 139.7 138.8
D(C2-C1%) 1472  147.2 145.4 145.2
D(C1'-C2%) 140.7  140.0 141.3 140.6
D(C2'-C3") 139.4  138.8 139.0 138.4
D(C3'-C4") 139.7  139.0 139.8 139.2
D(C4'-C5%) 139.8  139.1 139.9 139.3
D(C5'-C6") 139.2  138.6 138.9 138.3
D(C6'—C1") 140.7  140.0 141.3 140.6
D(04-C4) 126.6  124.8 131.7 130.9
D(05-C5) 1347 1345 126.3 124.8
D(06—-C6) 1373 136.9 132.6 131.9
D(O7-C7) 1359 1352 134.0 133.3
D(H5-05) 103.2 999 100.7 98.9
D(H6-06) 97.7 96.7 99.1 97.8
D(H7-07) 97.7 96.7 97.8 96.9
Boponuune Bese (pm)
Dyp(H5--04) 158.4 168.8 175.0 181.4
Du(H6--05) 2264  226.1 216.2 220.7
Dy(H7--06) 216.5  226.1 229.7 228.6
Topauonu yrao (°)
1(01-C2-C1'-C2") 18.3 20.2 0.4 2.5

[Tomrro 06a ¢yHKIIMOHANA /1]y BeOMa CIIMYHE pe3yiTare, CBa Jajba IMCKYyCHja Koja ce

OJIHOCH Ha paJuKall KaTjoH OajkajieMHa 3acHMBAa C€ Ha pe3ysiTatuMa J100HMjeHUM MoMohy

B3LYP mertone.
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Harre uctpaxxuBame je mokasaio Jia je paaukail KaTjoH OajkajerHa CKOPO IUIaHapaH.
3HauajHe MPOMEHE y CTPYKTYPH paIuKal KaTjoHa y mopehemy ca MOJIGKYIOM OajkajienHa
youeHe cy y npcteHy A. Haume, atom BojoHuKka HHje Be3aH 3a OS5 Beh 3a O4 (tabena 3.10).
OnTuMmu3anyja TeOMETpHje paauKall KaTjoHa Koja je 3armouena ojf CTPYKType TIe je aToM
BOJIOHHWKA OO Be3aH 3a OS5 pesynrupalia je y CIIOHTAaHOM IpeMemTamy BojoHuka Ha O4.
NBO anammsza [126-129] OajkasmenHa je momMoriia y oOjallllbely OBOT HHTEPECAHTHOT
pesynrata. HOMO O0ajkanenHa je ycamibeHH eiekTpoHcku map Ha O4. Enepruja oBe
opoutane je -0.30469 au. Pazymno je ouekuBaTH aa he npu dopMupamy pajukal KaTjoHa
MOJICKYJT OajkajerHa HAIyCTHTH €JICKTPOH M3 CHEPreTCKH HajBuine opourtane. Hecnapenu
SJIEKTPOH KOju ocTaje Ha O4 HAKOH INTO je jeJJaH eJICKTPOH HAIyCTHO MOJICKYJ, HE MOXE Ja
ce JenoKanm3yje Impeko cycemHor npcreHa C, jep OH HUje apoMaTH4aH, 003MpOM Jia uMa
jemny nBoctpyky (C2-C3), u nBe jemHoctpyke Bese (O1-C2 m O1-C9). 36or Tora O4
oJly3uMa aTOM BOJIOHWKA KOjU C€ Haja3u Ha OmmMckoM pactojamy (ca OS5). Hecmapenu
€JIEKTPOH Ha HOBO(MOPMHUPAHOM DPATUKAICKOM IEeHTpY OS5 MOKe ce JaKo JesIOKaTN30BaTH
MPEKO TMPCTeHa A, W TaKO CMamHTH HECTAOWJIIHOCT KOja je HacTajga TyOUTKOM jeIIHOT
enektpoHa. OBa MPETIOCTaBKa je y carlaCHOCTH Ca MallOM CIIMHCKE TYCTHHE U PacloiesioM
CIMHCKe TycTHHE nooujeHoM nmomohy NBO ananu3se 3a paamkai KatjoH OajkanenHa (CiIMKa
3.16) koje moka3yjy Ja je HeCHmapeHH eJCKTpOH aeiokanm3oBaH mpeko OS5, C6, O6 u C8

aroMma [53].

Cnuxka 3.16. Pacriozena crimHCKe I'yCTHHE M Malla CIIMHCKE TYCTHHE pajJdKall KaTjoHa OajkaienHa
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Cnuka 3.17. Pacniofiena HaenekTpucama koj| Oajkaierna (JIEBO) U HerOBOT pajIMKall KaTjoHa (JIECHO)

[Topehemwe pacnoene MOJEKYJICKOT HaeleKTpucama u3Mel)y O6ajkanenHa U HeroBor
paaukan KaTjoHa TpukazaHo je Ha ciauiu 3.17. Kao mTo je M OoYekMBaHO, KHMCECOHHKOBHU
aToMH OajkajerHa MapIyjaTHO Cy HEraTHBHO HAEJEKTPUCAHU, JOK Cy BOJOHHUIIM BE3aHH 3a
OBE KHCCOHUKOBE aTOME MaplHjaTHO IO3UTHBHO HACNEKTPUCAHH. ATOMH YIrJbEHHKA CY
MaplyjalH0 HETaTHMBHO HACNCKTPUCAHHW, OCHM OHHX 32 KOje Cy IHPEKTHO BE3aHH
KHCEOHUKOBU aTOMH, 300T HETaTHBHOT MHIYKTUBHOT e(eKTa OBHX KHCEOHWKA. [103MTHBHO
HaeJeKTPUCae Ha paJuKal KaTjoHy je pacnopeheHo mpeko Beher Opoja atoma. IlomTo je
HECIapeHu eJIeKTPoH aAenokanu3zoBaH mnpeko OS5, C6, O6 m O, oBu aToMH TOKa3yjy
HarJalmeHo CMamkekhe MapIrujaTHOT HETaTUBHOT HaelleKTprcama MM noBehame mapuujaisHor
MMO3UTHBHOT HaesnekTpucama. OBo ce mocedbHo oganocu Ha C6, rae pasznuka usmely meroBor
MaplyjaTHOT TO3UTUBHOT HAENIEKTPHCamka y PaJuKal KaTjoHy W HEYTPaTHOM MOJIEKYTy
m3Hocu 0.131 (cnmmka 3.17). OBa 3HauajHa mpoMmeHa y HaesnekTtpucamwy Ha C6 Moxke ce
MIPUIIMCATH HETAaTUBHOM HHAYKTUBHOM edekTy aroma 06, 30or kojer m(C5-05), n(C7-C8) u
p opbutana Ha O6 CBOjUM MO3UTUBHUM PE30HAHLMOHUM e(deKkToM HanokHalyjy HeJgocTaTak
enektpona Ha C6. 3amcta, NBO ananmusza [ rycruHe mokasyje Aa Cy OBe opOuTaie
nenokanu3oBane y gopmanHo mpasHy p opobutanmy Ha C6 atomy. Kao mocmemuna Tora,
MOMYHEHOCT Y 0BOj opouTanu u3nocu 0.313. Ciimuno ce aemaa u 'y ciydajy C5 u OS5, rae je
MapIyjaaHo TO3UTUBHO HaeJekTpucame Ha C5 3HadajHO MoBehaHO y OJIHOCY Ha POJUTEIHCKHI

MOJIEKYJI, YCIIel HEraTUBHOT MHIYKOBAHOT edeKTa eneKTpoH aeduiurapHor OS5 atoma.
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3.3.4. Paoukanu uzeedenu u3 paoukan Kamjona dajkaieuna

Hpyru kopak SET-PT mexanusma (jenH. 1.8) cumynupan je mpenporoHoBamemM O—H
Be3a paauKall KaTjoHa OajkayiemHa Ha mojoxajuma 4, 6 u 7. Pagukanu oOpa3oBaHU HAKOH
XeTepouTHIKOT packuaama O—H Besa y pagukan katjony o3HadeHu cy kao C4-0O, C6-O u
C7-0. Ontumuzanuje reomerpuja pagukana uzseneHe cy nomohy UB3LYP/6-311+G(2df,p)
Mojena, mojiadehu o4 ONTUMH30BaHE I€OMETpPHUje paJuKal KaTjoHAa U3 KOje je YKIOHEH
oarosapajyhu mpoton. Ha cnumm 3.18 mpukaszane cy onTUMHU30BaHE T€OMETPH]E U 3HAYAJHE
BPEIHOCTH CHHHCKE TrycTuHe koja pamukana C4-0O, C6-O u C7-0. Kao mro mocroju
CTPYKTYpHa pa3inka u3mehy Mosexysa 6ajkajienHa U BeTOBOT pauKall KaTjoHa (cinuke 3.2 u
3.16), Tako MOCTOjU M CTPYKTYypHA paznuka m3Mel)y pamukana m3BefAeHUX U3 OajkajeuHa U
pamukan katjoHa. Kon pamukama C6-O, H arom je Bezan 3a O4 artom, mok je koa O6R

panukana Be3aH 3a O5 atom. C7—0 ce u3 UCTOT paziiora paziukyje o paaukaia O7R.
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Cruxka 3.18. OntumuzoBane reomerpuje pagukaia C4—0, C6—0O u C7—0 ca 3HaYajHUM BPEIHOCTHMA

CIIMHCKE I'YCTUHEC

BpC)IHOCTI/I 3a AOYXXHUHC B€3a, YIJIOBEC BC3a W TOP3UMOHHU yYrao T 3a OITHUMH30BAHC

ctpykrype pagukaia C4-0, C6-0 u C7-O npukazane cy y Tadenu 3.11. Hactanm pagukanm
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¥MMajy HeIUIaHapHy CTPYKTYpY, IITO C€ BHJAM HA OCHOBY BPEIHOCTH TOP3HOHHX YIIIOBa T
u3melhy npcrenosa B u C (tabena 3.11). ¥V cBum pagukanuma, BogoHUKOBU atomu ca OH
rpyna OpHjEeHTHCAaHU Cy TakO Jla C€ OCTBapyje MakcMMaliaH Opoj BOJOHWYHUX Be3a (IBe
BOJIOHMYHE BE3€ y CBAaKOM paaukainy). KomruieTHa aenokanm3aiuja €JIeKTpOHA y CBUM
pagukanuMa obyxBaTa camo npcreH B, g0k ce npcrenoBu A u C OJITHKY]y JIOKAJTW30BaHUM
IBOCTPYKHM H jeAHOCTPYKHM Be3ama. OBO Mmojpa3ymeBa Jla jeé CHOpPEYEeH TOK eJEKTpOoHa

u3melhy npcrenosa A u C [53].

TaGena 3.11. Bpennoctu 3a n1yKuHE Be3a, YIIIOBE Be3a M TOP3MOHHU YIrao T 3a OITUMHU30BaHE

CTPYKTYpE pajuKaia
yxune Beza (pm) C4-0O C6-O C7-O| Yraosu Besa (°) C4-O C6-O C7-O
D(01-C2) 136.7 135.1 135.2|A(C9-0O1-C2) 120.6 122.0 122.3
D(C2-C3) 134.6 136.2 136.0|A(O1-C2-C1") 112.4 113.1 112.8
D(C3-C4) 146.2 141.7 141.9|A(O1-C9-C10) 1225 119.7 117.8
D(C4-C10) 147.4 140.4 138.7|A(0O1-C2-C3) 120.7 120.8 121.4
D(C5-C10) 145.3 144.8 143.2|A(C2-C3-C4) 123.1 119.7 119.4
D(C5-C6) 146.3 146.5 144.1|A(C3-C2-C1") 1269 126.1 125.8
D(C6—C7) 139.7 146.2 147.7|A(C3—-C4-C10) 113.5 119.2 119.5
D(C7-C8) 137.5 138.2 144.8|A(C4-C10-C5) 123.6 1199 1213
D(C8-C9) 142.1 138.9 135.8|A(C4-C10-C9) 119.6 118.7 119.7
D(C9-01) 135.6 136.2 137.6|A(C9-C10-C5) 116.8 121.4 119.0
D(C9-C10) 138.2 140.5 143.1|A(C10-C5-C6) 117.2 1169 117.3
D(C2-C1%) 147.1 146.7 146.7|A(C5-C6-C7) 123.2 117.2 1233
D(C1'-C2%) 139.9 140.1 140.1|A(C6—C7-C8) 118.1 1243 115.4
D(C2'-C3") 138.8 138.7 138.7|A(C7-C8-C9) 120.1 117.4 121.0
D(C3'-C4") 139.0 139.0 139.0|A(C8—C9-C10) 124.6 1229 124.2
D(C4'-C5%) 139.1 139.1 139.2|A(C8-C9-O1) 1129 117.4 118.1
D(C5—C6") 138.6 138.6 138.5|A(C1'-C2°-C3") 120.5 120.4 120.4
D(C6-C1%) 140.0 140.1 140.1]A(C2'-C3'-C4") 120.3 120.3 120.3
D(04-C4) 122.1 130.4 132.0|A(C3'-C4-C5") 119.6 119.7 119.7
D(05-C5) 124.1 126.1 126.6|A(C4'-C5-C6") 120.3 120.2 120.2
D(06-C6) 133.0 124.8 131.6|A(C5'-C6'-C1") 120.6 120.5 120.5
D(O7-C7) 135.4 1329 123.1|A(C6'-C1'-C2") 118.8 118.9 118.8
D(H4-04) 104.4 100.0(A(C6'—C1'-C2) 120.6 120.7 120.8
D(H6-06) 98.6 98.0|A(C2-C1'-C2") 120.7 120.5 120.3
D(H7-07) 96.6 984 0.0[{A(C3-C4-04) 121.8 120.3 118.8
Dy(H4--05) 149.7 169.6|A(C10-C4-04) 124.7 120.5 121.7
Du(H5--04) A(C10-C5-05) 127.3 1199 123.4
Dy(H6--05) 197.7 208.3[A(C6-C5-05) 116.5 123.3 1193
Dy(H7--06) 229.5 196.4 A(C5-C6-06) 1203 1252 117.1

A(C7-C6-06) 1203 117.7 119.7

A(C6-C7-07) 121.5 1145 120.4

A(C8—C7-07) 1204 121.2 124.2

Topsuonu yrao (°)
7(01-C2-C1'-C2") 204 17.7 16.4
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C6—0 je Hajcrabunmnuju paaukai, 1ok cy C7-O u C4-0 3a 33.7u 45.8 kJ/mol mame
crabunau. Y C6-O pagukany, npcreHoBu A u C cy OKapaKTepUCAHM JIOKaJIM30BaHUM
nBoctpykuM Bezama: C2—C3, C5-05 u C6—06. Bogonuune Be3e y OBOM paguKaiay BpJoO Cy
jake, Hapounto oHa u3mehy OS5 u H4 (Dy(H4--O5) = 149.7 pm, tabena 3.11). ¥ C7-O
paaukany Hajasze ce JOKaJu30BaHE JBOCTPYKE Be3e y mpcteHy A, u to C8—C9, C5-O5 u
C7-07. Takohe nocroju jaka BogonnyHa Be3za uzmehy OS5 u H4 (Dy(H4--O5) = 169.6 pm) u
jenna Bpio cmaba usmehy OS5 u H6 (DyH6--O5) = 208.3 pm, Tabema 3.11). ¥ C4-O
pagukany npcreHoBe A n C kapakTepHine 5 JTOKaTn30BaHUX JIBOCTPYKUX Baza, u 1o, C2—C3,
C7-C8, u C9—C10, C4-0O u C5-0. Bononunune Beze Dy(H6--O5) u Du(H7--O6) cy Bpio
cnabe y onnocy Ha C6—0 paaukan (tadena 3.11) [53].

VY C6-0 pamuxany Hajseha BpeAHOCT CiMHCKE TyCTHHE Hajasu ce Ha O6 aTomy, JOK
j€ ocTaTak CIMHCKE T'ycTuHe pacnopehen msmely o- u p-yribeHukoBux aroma (cimka 3.18).
NBO ananmuza C7-0 u C4—-0 paagukana rokasyje BeomMa BeJIMKe BPEIHOCTH CIIMHCKE TYCTHHE
Ha C6 atomy (0.41 u 0.34), mTo yka3yje Ha cnabujy JAeIOKaIN3aI1]y HECTIAPEHOT eJIEeKTPOHa
KOJl oBa JBa paaukaia. [lo3naro je ma je menmokanu3aiyja COUCHKE T'YCTHHE MOBE3aHa ca
nakohom QopMupama paaukaia, Ta Ha OCHOBY OBHX IOJAaTaka BHIAMMO Jia j€ HACTajame
C7-0 u C4-0 panukana U3 paaukan kaTjoHa 6ajkanenHa otexxkano. [lomro je C6—O pamukan
TEPMOJUHAMUYKNA HACTaOWITHHU]H, JaCHO j€ J1a OH UTpa 3HAYAJHY YJOTY Y aHTHOKCHUIATHUBHO]

aKTUBHOCTH OajKajierMHa KaJa ce aHTHOCKHAaTuBHM Tporec oasuja mo SET-PT mexanuzmy

[53].

3.4. AnmuokcuoamugHu MexaHuzMu Oajkaieuna

[locToju HEKOJIMKO TMpEeNJoKEHUX HauuHa Ja Cce€ IMPOLEHH KOJjU MeXaHU3aM
AHTHOKCUJIATUBHOT JIeJOBama MoiMH(eHoNa y pa3IudiuTUM PEeaKIMOHUM cpenuHama he ce
onurpatu: HAT, SPLET wnmu SET-PT. IlpBu mpucryn je mpemioxuo Pajr [46]. On je
npeioxkuo 1a ce Ha ocHoBy ABDE u AIP BpenHocTH MOe 3aKJbydUTH KOJU j€ JOMUHAHTaH
MEXaHU3aM aHTHOKCUJIATUBHOT AenioBama (uiaBonousa. ABDE u AIP BpenHocTH ce nooujajy
kao paznuka uzmehy BDE u IP Bpennoctu ¢maBonouna (6ajkajienHa y OBOM ciy4dajy) U
(denomna kao pedepeHTHor jeaumema. [1o Pajry, ako je AIP > -151 kJ/mol u ABDE je oko -42
kJ/mol, onna je HAT nomunanTan mexaHnusam, 10K, ako je AIP <-188 kJ/mol, onna je SET-

PT nomunantan MexaHuszaMm. Y CBOJUM NpaBWJIMMa OH HHINTA HE TOBOPU O YCIOBHMA Y
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kojuma je SPLET rmaBHM MexaHM3aM aHTHOKCHIATUBHOT aejctBa. [dpyru mpuctym [130] ce
3acHuBa Ha ynopehuBawy BDE Bpemnoctu ca 36upoBuma PA+ETE, u IP+PDE. Ako je
Hajamka BpenHoct 3a BDE, PA+ETE, onnocuo IP+PDE, To 3Haum na je goMHMHaHTaH
mexanuzam HAT, SPLET, ognocuo SET-PT. Tpehu npuctyn [49-60, 130] 3acHuBa ce Ha
MehycoOHOM nopehemy cBuX rope HaOpojaHUX TEPMOJMHAMUYKUX BEJIMYMHA 1O cienehoj

HIEMH:

e Akxo je BDE <IP u BDE < PA HAT je noMrHaHTaH MeXaHU3aM.

e Akxo je BDE <IP u BDE > PA, onza ce ucnuta na 1u je BDE < PDE. Axo jecre HAT
je noMuHaHTaH MexaHu3aMm, a ako je BDE > PDE, SET-PT je nomunanTan

MEXaHU3aM.

e Akxo je BDE > IP u BDE < PA, onna ce ucniura ga nu je BDE < ETE. Ako jectre HAT

je AOMHHaHTaH MexaHu3aM, a ako je BDE > ETE, SPLET je nomuHaHTaH MexaHu3aM.

e Ako je BDE > IP u BDE > PA, 3nauu na HAT Huje onepaTtuBan mexanuzaM. OHfa ce
ucnuta n1a iu je [P > PA, u ako jecte ucnura ce aa iau je ETE < PDE, u ako jecre
ouaa je SPLET nmomunantan mexanm3aM. Axo je ETE > PDE ne moxe ce maru

OJITOBOP HA MUTAKE KOJU MEXaHW3aM j€ JOMUHAHTAaH.

e Axo je IP < PA wucnura ce ga nu je PDE < ETE, u ako je onma je SET-PT
nomuHanTan Mexanusam. Ako je PDE > ETE He moxe ce gatu oroBop Ha NMUTamkE

KOJU MEXaHU3aM je JOMHHAHTaH.

Jpyru u Tpehm mpHCTyn 3acHUBAjy c€ Ha TPETIOCTaBIM Ja aKO CYy BPETHOCTH
TEPMOJIMHAMUYKUX BeJIMYMHA OJl KOjuX ojpeheHn MexaHu3aM 3aBUCU HaJHIDKE OHJA je
BEpOBAaTHO Ja he ce aHTHMOKCUAATUBHO J€JCTBO OAMIpaTH IO TOM MeXaHu3My. MehyTtuwm,
YecTo ce JellaBa Jia Cy BPeAHOCTH €HTaJKja 3a JaTu MeaujyM MelycoOHO Beoma CIIMYHE,

IOTO C€ TyMadHr Kao mapajciHo OI[BI/IjaH)e ABa WJIM TPU aHTUOKCUJIATHBHA ITpoLeca.

BDE, IP, PA, PDE u ETE BpemnocTtu 3a 0ajkajienH y TacOBUTO] U BOJEHO] (ha3u
M3padyHaTe Cy Ha OCHOBY IeOMETpHja paauKalia, aHjoHa U PaIuKajl KaTjOHa, ONTUMH30BaHUX
nomohy M05-2X/6-311+G(d,p) monena [60]. Mako cy HEKe 07 OBUX BpeIHOCTH Beh nmate y

MIPEeIXOJHOM TeKCTy y Tabenama 3.7 u 3.9, opne hemo ux cBe cymuparu y tadenu 3.12 na
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Orcmo sakiie 00jaCHUIM MEXaHW3Me aHTUOKCUAATHBHOT JiejcTBa OajkanenHa. Y tademu 3.13

cy natre ABDE u AIP Bpennoctu 0ajkaneunsa.

Ta6ena 3.12. TepMoanHAMHYKH ITapaMeTpH 3a CBa TPH aHTHOKCHAATUBHA MeXaHU3Ma OajKalieHa 1

¢denon (kJ/mol) u3pauynatu nomohy M05-2X/6-311+G(d,p) Mozena y racoBUTO] ¥ BOJACHO] (ha3u

Tacosuma ¢asza Booena ¢ghaza
noNoXKaj HAT SPLET SET-PT HAT SPLET SET-PT
BDE PA ETE 1P PDE BDE PA ETE 1P PDE
727.2 525.6
5 391.4 1419.8 270.7 986.0 363.0 124.6 227.0 -162.8
6 333.2 1402.5 2243 927.8 319.2 109.2 195.3 -206.6
7 363.8 1368.8 309.7 952.2 353.6 884 261.3 -172.2

denon  360.3 1456.0 223.04 822.0 862.0 353.7 139.2 2143 389.4 -35.9

Ta6ena 3.13. ABDE u AIP Bpeanoctu (kJ/mol) OH rpymna 6ajkanenta y oqHocy Ha (eHon

ABDE5 ABDE6 ABDE7 AIP
B 31.1 27.1 3.5 94.8
BFM 9.3 345 0.1 136.2

ABDE u AIP Bpeanoctu (tabena 3.13) omoryhaBajy na ce npema Pajry onpenu koju
jé JOMMHAaHTaH MEXaHM3aM AaHTHOKCUJATHUBHOI jejoBama OajkanmenHa. Tako je HAT
MEXaHU3aM OJI'OBOPAaH 32 aHTHMOKCHJIATUBHY aKTUBHOCT OajKajieMHa y TaCOBUTO] M BOJCHO]
¢dasu. Takohe, Hajmama ABDE BpenHocT ykazyje Ha TO KOju je TOJIOKa] HAJIIOBOJFHUJU 3a

HAT mexanu3zam, a To je moJioxaj 6.

Ha ocnoBy apyror mpucryma jacHo je ga je HAT mexanw3am IOMUHAHTaH Yy
racoButoj (azu, jep BDE uma 3nauajuo Huxe Bpeanoctu o 30uposa PA+ETE u [P+ PDE.
VY BOjEHO] cpenuHU TO HHUje ciydaj, 3aro mrTo cy BDE BpemHocTm Beoma ciauvHe ca
Bpeanoctuma 30upoBa PA+ETE u [P+ PDE. [Ipyrum pedrima, Ha OCHOBY OBaKBOI' IIPUCTYIIA,

MO>KEMO 3aKJbYUUTH Jla CYy CBa TpU MexaHn3Ma Mel)ycoOHO KOHKYpEHTHa Y BOJIEHO] CPEIUHU.

VY tpehem npuctyny ananuzupahemo cBaku mexanuzam noceoHo. [louehemo om HAT

MexaHu3ma. Ha ocHoBy BpenHoctu u3 tabene 3.12 Bugumo aa cy cee BDE 3HatHO Huke on
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PA u IP Bpennoctu, mto Ham roopu na je HAT mMexaHu3aM HajlIOBOJbHUJU MEXaHHU3AM
AHTHOKCHJIATUBHOT JIeJI0OBama OajkasienHa y racy. Takohe, kaga melhycobno ynopenumo BDE
BpPEAHOCTH, MOKEeMO 3akJbyuuTH 1a je OH rpyna Ha yribenuky C6 HajpeakTUBHHja, jep UMa
Hajumxy BDE Bpemnoct. To 3naum ga je oBa OH rpyma HajoaroBopHuja 3a

AHTHOKCHJIATHBHY aKTUBHOCT OajkajienHa Kaaa oH pearyje mo HAT mexanuzamy y racy.

Axo ynopemumo BDE Bpeagnoctu wuspauynare nomohy MO05-2X/6-311+G(d,p)
Mojiena y racoButo] (asum (tabenma 3.12), ca BpemgHOCTMMa KOje Cy HM3padyHaTe momohy
B3LYP/6-311+G(d,p) mogena (BDEopspys = 376.1 kJ/mol, BDEpsys = 317.4 klJ/mol, u
BDEo7n7 = 361.7 kJ/mol) [98], Bumumo na cy BpeaHocTu nobujeHe momohy B3LYP
(GyHKIMOHAIA HEWITO HIKE, anu je penocien peaktusHoctu OH rpyma uctu kao u oHaj ca
MO05-2X ¢ynakimonanom. OgnocHo, u mo B3LYP metonu je paBopu3oBaHO XOMOJIUTHYKO

packuname O6—H6 Bese.

Paznuke y aHTHOKCHIIaTHBHO] aKTUBHOCTH, Koje ce orjieaajy y BDE Bpegnoctuma,
YECTO Ce MPUITUCY]Y ACTOKATU3AIUJU TT-SJIEKTPOHA KOja JOBOAM 10 CTAOMIM3AIje paarKaia
HacTajguxX HaKOH ykiamama H aroma m3 monekyna 6ajkanenHa. OBaj 3akjbydak C€ 3aCHHMBA
Ha MPETIOCTABIIX JIa aKO MTOCTOJU JIeTI0KAIN3aIlHja T-eJIeKTPOHA Y MOJIEKYITy OajKkajienHa, OHa
takohe noctoju u 'y oarosapajyhum pagukanuma. Hemro Behe BDE Bpennoctu (Tabena 3.12)
3a O6-H6 6ajkanenna, y onnocy Ha BDE BpennocTu kBepueruna u puceruna (297.5 kJ/mol)
n 303.0 kJ/mol) [121, 131], mam roBope na je OajkaJienH Mame edukacan y
AHTHOKCUIATUBHOM JenoBamy o HAT MexanusMmy y ogHOCY Ha KBepueTuH u ¢ucetuH. To
Takohe 3HauM 1a je pagukan OajkajerHa Mame JEJIOKAIM30BaH y OJHOCY Ha ojaroBapajyhe
paaukaie kBepueTuHa u gucerusa. To je mokazaHo u Ha ciuuy 3.12, rjie ce jacHO BUIM /1A je
CIIMHCKA TYCTHHA y paJiKally OajkaiernHa JeIOKaTH30BaHa caMo y TIPCTEHY A, 3a pa3iiuKy 01
panukana KBepleTHHa U (PUCETHHA TIe je HeCIIapeH! €JIEKTPOH JIEIOKaIN30BaH y MPCTEHUMA

uBu C [49, 131].

Adunuter npema npotony (PA) je TepmoanHaMuuKka BeauurMHa Koja oapelhyje npu
kopak SPLET wmexanm3sma. Kao mTo je Beh pedeHo, y OBOM KOpaky J0Ja3d [0
nenpotoHoBawa ¢penonHe O-H rpyne (peakumja 1.10 u jemnaumna 1.11 - Ommrtu zgeo).
[Tomrro cy PA Bpennoctu y racoutoj asu 3natHo Buiie u og BDE u ox IP Bpennoctu
(Tabena 3.12) jacuo je ma SPLET nuje BepoBartan mexanuszam y racy. Ca apyre crpane PA u

ETE BpenHocTy 3a BOJIEHH pacTBOP NojeanHayHo cy Mame 1 o1 BDE u ox IP Bpeanocrtu. To
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Hac noBogu 1o 3akibydka na je SPLET wMexanw3amM TepMOJWHAMHYKH JOMHHAHTaH
peakuuMoHM NYT aHTUOKCUIATUBHOI JeJioBama OajkajienHa Yy BOJEHOM pacTBOpY.
Mehyco6num mnopehewem PA BpeaHoctu AojasumMo 10 3akjbydka Ja je [ojoxaj 7
HaJpeaKTUBHUJU, U CAMUM THM ce Moke pehu U Jia je HajoArOBOPHUJU 32 aHTUOKCUJATUBHY
aktuBHOCT OajkanenHa mo SPLET wmexanusmy. Ilo3naro je na je ¢usuonoumku pH y
OpraHu3My OKoO 7.4, IITO OYMTIIETHO TOTOJyje peakuujama koje ce oasujajy mo SPLET

MEXaHHU3amy.

[Ipu kopak y SET-PT wmexanusmy je OTHOyIlITame €JNEeKTpOHA ca MoOJeKyna
OajkanenHa u Gopmupame paaukan karjona (peaknuja 1.6 u jennaumna 1.7 - Onmru 1€0).
Mepa nakohe ormymTama €lIeKTpoHa je joHu3anuoHW moteHuujan [P (tabGema 3.12). Ha
ocHoBy [P Bpennoctu jacHo je ma SET-PT mexanusam He mpeacTaBiba MOTYhHM peakImoHU
MyT AHTHOKCHUJATHUBHOT J€jcTBAa 0OajKajieMHa HHUTH Y TAacOBUTO] ()a3sM HUTH y BOJCHOM
pactBopy. Ilo namem mumnsewy, SET-PT mexanuzam moxe OWTH OornepaTUBAaH MEXaHHU3aM
AHTHOKCHUJIATUBHOT JIEJIOBamkha OajKaJieMHa camMO aKO C€ OKCHIAIMOHU TMPOIECH OABHjajy

MIPEKO peakliyja KaTaIn30BaHUX NOMONy eH3uMa WK (POTOXEMHJCKUX peakiuja.

OBa Tpu mpucTymna, 3acHoBaHa Ha ynopehuBamwy oJroapajyhux TepMoaAHHAMUYKHUX
BEJIMYMHA, CJIaXy CE 3a TacOBUTY (pa3y, JOK 3a BOJAEHU pacTBOP IOCTOje HecarjacHocTH. [la
OM aHTUOKCHJATHBHO JIeJOBamke OajKaJieMHa y JaTOM MEIujyMy OMJIO MCIUTaHO ca Behom
curypHoihy notpedHo je a ce 0BOM MpoOaeMy NPUCTYIU MeXaHUCTUYKU. OBaKaB MPUCTYI
[o/ipa3yMeBa MpOHANIAKEHE 0AroBapajyhux npenasHux cTamka U PaBHOTEKHHUX I'€OMETpH]a,
mTo oMoryhaBa u3pauyHaBame €HEpruja akTuBalje U eHepruja peakuuje. Ha oBaj HauuH
peakuuje ce MOry carjiefaTu M ca KMHETHMYKEe U ca TEepMOJMHAMHYKE TaykKe TJIEAMILTA.
OBakBa ucTpakuBama Beh cy cripoBeseHa Ha HekuM nonudenonuma [49, 54, 132-134], a
MEXaHUCTUYKA UCTPAKUBAKAa aHTHOKCUIATUBHOT JieJioBama OajkaienHa cy y Toky. OBuae he
outu npukazanu pesyaratu ucnutuBawa HAT u SET-PT wmexanusma OajkanevHa y

racoBuToj (asmu.

3.4.1. HAT mexanuzam Koo 6ajkaneuna

Cumynupana je peaknuja OajkajierHa ca XUAPOKCH PaAUKaIOM Mo jeaHauwHu 1.1 -
Onmru neo. Mmajyhu y Buny peaktuBHoct OH rpymna 6ajkajienHa, Ha OCHOBY J1OOMjEHUX
BDE Bpemnoctu (tabena 3.12), ucnurtaHe cy peakuuje y cBa 3 moJsioxaja. Cumynamnuja

peakmuje je m3BeneHa nomohy M05-2X/6-311++G(d,p) monena y racoBuroj dasu. Jlooujenun
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pe3ynTaTH MoKa3yjy Ja ce 0JiBajarke BOJOHMKA MOXKE BPIIUTH ca 1MoJiokaja 6 u 7 6ajkanenHa.
[Tomrro je Dy(O4-H4--O5) Beoma jaka BOJOHMYHA Be€3a y paJuKajl KaTjoHY, IITO CE Orjenaa
kpo3 Bucoke BDE, PA u PDE Bpeanoctu (tabena 3.12), peakiiuOHU MyT y OBOM IOJIOXKA]y
Huje npoHahen. O0e peakiyje oAUrpaBajy ce MPEeKO jeAHOT Tpena3Hor crama. [lokazano ce
na cy TS6 u TS7 pana npenaszna ctama (CIIMUYHHjA CY peaKTaHTHMAa HETO MPOU3BOAMMA), IIITO
ce Buau ca ciauke 3.19. Ilpenasna crama cy notBphena oarosapajyhum IRC (Intrinsic

Reaction Coordinate) pauyHuma.

P
D

9

TS6 TS7

Total Energy along IRC Total Energy along IRC
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o /M e
/ = =

1028670 { £ 10967
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Cnuka 3.19. OnTuMH30BaHe reOMETpHje PENa3HuX CTakba Y TaCOBUTO) (pa3u ca Ha3HAUCHUM

3Ha4YajHUM MeljyaToMCKUM pactojaruHa (pm) u oxroBapajyhum pesynraruma IRC pauyna

VY tebenu 3.14 cy npuka3zane BpeIHOCTH 3a MAPIHJaTHO HETaTUBHO HACICKTPHUCAHE U
CIMHCKY T'yCTUHY Ha ojaroBapajyhum kuceonHunmma 3a mnpe-peakunone kommiekce (RC),
npena3na crama (TS) m moct-peaknmone komiiekce (PC). Toxom peakiuje mapiiyjaaHo
HaenekTpucame Ha Oll ce nmosehaBa m uma HajBuiy BpenHoct y PC. Hacympor Oll1,
MaplyjalHO HEraTUBHO HAeJeKTpucame Ha (PEHOIHMM KHCEOHHMIIMMA C€ CMamyje, 0
Hajumwke BpeaHoctn y PC. IlapmujanHo TO3WTUBHO HaeleKTpUcamke Ha (DEHOTHUM
BoJIoHUITMMA u3HOCH OKO 0.5, y3 mane Bapujanuje Tokom peakuuja. Ca apyre crpane,
cnuHcka TyctuHa y 006a RC na Ol1 je Bpno Onucka jeawHUIM, JOK je HAa (EHOTHUM
kuceoHuma ckopo Hyna. ¥ TS6 m TS7 cnuHcka ryctuHa je moaesbeHa usmelhy Ol1 u

(denomHoTr KMceoHuKa (Tadena 3.14). [lomrto cy OTKpMBEHA paHa Mpesa3Ha CTamka, BPEIHOCTH
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cnuncke ryctuHe Ha Ol1 cy Bucoke. Konawno, y mpousBoauma (Tj. MOJIEKYAy BOJE U
oarosapajyhem panukany 0ajkajienHa) COMHCKa I'yCTHHA je pacnopelheHa mpeko npereHa A 'y
panukany OajkanewHa, W meHa BpeaHocT Ha Ol1 je jegHaka Hynmw. 3a BpeMe peakiuja
CIIMHCKAa TYCTHHa Ha (EHOJHMM BOJOHMKOBHM aTOMHUMa jeHaka je Hynu. Pacronena

cnuHcke ryctuHe y PC6 moka3syje HaM J1a je HecllapeHH eJIEKTPOH JeJoKalin30BaH npexo 06,

C5, C7 u C9 atoma (cnuka 3.20).

CBH OBH pe3ysTaTé TOBOPE y MPUJIOT TOME Jia joia3u Ao npeHoca H atoma na Ol1,

LITO MoKa3zyje Ja ce 0ajkanenH nokopasa HAT mexanusmy.

Ta6ena 3.14. CrimHCKa T'yCTHHA M TIAPIHjajlHO HEraTHBHO HACIEKTPUCAHE 32 PEaKTaHTe, Mpena3Ha

CTamka U IMpOnU3BOAC

[MapumjanHo HaenekTpucamwe CHIHMHCKA I'YCTHHA

[Tonokaj AtoMm RC TS PC RC TS PC
06 -0.744 -0.694  -0.592 0.00 0.14 0.36

011  -0.428 -0.583  -0.955 1.02 0.73 0.00

o7 -0.692 -0.685  -0.548 0.00 0.21 0.32

Oo11  -0.419 -0.613  -0.953 1.02 0.67 0.00

0.19

€~

jilka 0.24

|

fo & ¢

Cruxka 3.20. Pacniozena CimHCKe T'yCTHHE Y TIOCT-PEaKIIMOHOM KOMITICKCY Y MOJIOKA]y 6
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Koncrante Op3une 3a pekanujy OajkajerHa ca XHIPOKCH PaJUKAJIOM padyHaTe Cy

Kopucrehu jeHaunHy:

k= kZT exp(-AG!/RT) (3.1)

7 . .
rae cy AG',, k, u h cnobonHa eHepruja aktuBauyje, bonmManosa u IlnaHkoBa KOHCTaHTA.

Jenn. (3.1) onnocu ce Ha 1 M pactBop. Y Tabenu 3.15 npukazanu cy 100MjeHU PE3YNITATH.

Tabena 3.15. 3pauyHaTe BpeIHOCTH TEPMOIUHAMHYKUX BEIMYHHA 32 PEaKlnjy OajkaienHa u
7 . . .
xuapokcu pagukana. AG*,, k u AG, o3Ha4aBajy cj1000HY SHEPIHjy aKTHUBAIMje, KOHCTAHTY Op3HHE U

CII000/IHY CHEPTHUjy peaKiuje

[Tonoxaj AG, {C 1 G,y
(kJ/mol) M"s7) (kJ/mol)
6 18.76 3.48x10° -141.37
7 31.09 3.47x10° -101.88

Ha ocHoBy BpemHocTu 3a KOHCTaHTe Op3uWHa W CJIOOOJHE €HEpPruje peakiuje
3aKJbyUyjeMO Ja je MOJoka] 6 U KMHETHMYKU U TEePMOJAMHAMUYKU MOBOJHHUJU 32 PEAKILIU]Y
OajkasienHa ca XuJpokcu paaukanoMm. Ha oBaj HauuH notBpheHa cy npeasuhama qo0ujeHa Ha
OCHOBY TEpMOJAMHAMMYKUX BelInurHa y Tabenama 3.7 u 3.12. OBaj peakIMOHU YT NpUKa3aH

je Ha ciuiu 3.21.

2,0 909>
9713330/‘ '
186.2;) :/j:)

IPE-PEAKIIMOHU KOMILJIEKC IPEJIA3BHO CTAIBE IMOCT-PEAKIIMUOHHU KOMILJIEKC

Cnuxka 3.21. Peakionu nyt 3a HAT mMexanu3am OajkajicHa y MON0XKajy 6
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3.4.2. SET-PT mexanuzam Koo dajkaneuna

VBpexkeno je cranHoBumre jga je SET-PT Mmano BepoBaTaH aHTHMOKCHJIQTUBHU
ME€XaHH3aM KoJ (pyilaBOHOMJIA, YIIIaBHOM 300T HUXOBHX BHCOKHX [P Bpemnoctu. 360r tora
OBaj ME€XaHW3aM HHU]j€ HU UCMIUTHUBAH CBE 10 HenaBHO [54]. Kao mro je Beh peueHo y onesbky
3.3.1., pagukan KaTjoH MOXE€ HACTaTH Ha Pa3IMYUTEe HAYWHE, a HE CaMO TOJ JCjCTBOM
eNneKTpopIHNX pagukana. [{uss Halmler ucTpaxxuBama je 1a Ce UCIUTa XEMU]CKO MOHAIIAHke
dbopmupaHOr paauMKan KaTjoHa OajkajerHa y MPUCYCTBY PATHMUUTHX 0a3a, XHAPOKCHUIHOT

aHJOHA y OBOM CIIy4ajy.

Hcnurane cy peaknuje XuapoKcuaHOT aHjoHa ca cBuM OH rpymama pamukan kaTjoHa
OajkajenHa, U OTKPHBEHA Cy Mpeia3Ha CTama 3a peakiuje y mosoxkajuma 6 u 7. Ha namre
n3HeHalheme, BPeIHOCTH NapIHjaTHUX HaeJIeKTpUcamha U CIMHCKUX TycTuHa y o6a RC, TS u
PC unenTtuune cy BpenHocTHMa MpuKa3zaHuM y Tadenu 3.15, mTo 3Haum na ce cBaku RC
cacToju, yCTBapH, oJ OajkajerHa U XHAPOKCH paJUKaia y Pa3IuYUTHM I0JI0KajuMa, HAKO
CMO MONIUIM OJ pajJuKall KaTjoHa OajkajleMHa U XUJPOKCHUIHOT aHJjOHA Y Ppa3InYUTHM

MOJI0XKajuMa.

3amrTo je AOIIO0 10 OBE TpaHc(opMmalinje, Te je HECIAPEHH €JIEKTPOH JIOKATN30BaH Ha
O11? XugpokcuHU aHjOH MUMa JABE p opOuTane BUCOKE €HEpruje y KojuMa Cy CMELITEHU
c100OHU €JIEKTPOHCKH MapoBH, a uHja je enepruja (-0.02286 au) Buma ox enepruje SOMO
opOutane pamukan karjoHa OajkanemHa (-0.4312 au). 3aro jegaH eNEKTPOH CIIOHTAHO
mpesia3u ca XUAPOKCUIHOI aHJjOHA Ha pajuKan KaTjoH Tpaaehu OajkalieMH U XUAPOKCU
pagukan. Tpeba HariacuTd na je OBaj CIOHTAaHHW IPOLIEC EKCTpeMHO er3otepMad (AG, =

-562.4 kJ/mol 3a mosoxaj 6 u -555.5 kJ/mol 3a monoxaj 7).

N3 oBora mpowusuiasu aa je paBHOTEX a y MPBOM KOpaky y peakuuju 1.2, 6apem kana
je R = OH", motmyHO mOMepeHa yieBo, IITO 3HAYU Jla C€ APYrd KOopak y peakumju 1.2

YOIIIITE HE JCIIAaBa.

Cnuyna cutyanuja je Hah)eHa W KOJ peaklHje paJuKkal KaTjoHa OajkajienHa ca
MeTaHTHOeHOIaTHUM aHjoHoM. Hanme, enepruja HOMO opOutane oBor anjona (-0.0308) je
Buma oj enepruje SOMO opbOutane paaukan kaTjoHa OajkajewHa, ycliea 4era J0Jia3u JI0
CIIOHTAHOT TpeJiacka jeTHOT €JEKTPOHA ca METAaHTHOEHOJIATHOT aHjOHA Ha paJuKajl KaTjoH.

Ha oBaj nauun ce dhopmupajy 6ajkaienH U METAaHTHOCHOJIATHU PaTuKall KOJU Jajbe pearyjy
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nmo HAT wmexanusmy. Jlakie, ¥ MEXaHUCTHYKU TpHUCTyn je mokazao na SET-PT nuje
BEpOBAaTaH MEXaHMW3aM aHTUOKCHIATHBHOT JIejcTBa OajkajenHa y racoBuToj ¢asu, ITO je y
carJlacCHOCTH ca pesynraruMa y tadenu 3.12. OBakBa ucTpaknmBama he ce HACTaBUTH M ca
npyruM Oa3zama u y paziauuutuM Meaujymuma. Ha oBaj naunn Ouhe moryhe na ce ymnopene
0ajKkaJienH U KBEpPLETHH, 3a KOju je HaheHo na noj oapehenum ycnosuma pearyje no SET-PT

MexaHusmy [54].
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Ha ocHOBy pesynraTa mpWKa3aHWX y TOTIaBby Hamm pamoBu, MOTy ce H3BECTH
cnenehu 3akspyunin. Potamep 1 (cnmka 2) je HajcraOunmHuju KoHOpMep MoJieKyia
OajkajeHa Kako y racOBUTO], TAKO W y BOJIeHO] (a3u. bajkasienH je HemaHapaH MOJIEKY,
mTO TIOKasyje ekcrepuMmeHTanHa (9.0°) u u3pauynara (24.5°) BpeIHOCT 3a AMENAPCKU YTao T.
VY HajctabmiHKMjo] KOHpoOpManuju OajKajieMH HWMa TPH BOJIOHWYHE BE3€ KOje HMajy
crabmimmsanuonu edekar. Bomonmuna Beza Dy(HS5--O4) naje wnajsehm mompuHOC

crabmn3anuju Mojekyna 6ajkanenna. To je morBpauna u NBO ananusa.

W3Bpuieno je cumynupame BuOpamuonux u UV/Vis cnekrtapa OajkanenHa u
nopeheme ca oxaroapajyhum ekcrnepuMeHTaJIHUM crekTpuMa. CrekTpajgHa aHanus3a je
rokasajla OoJUIM4YHa ciarama u3Mel)y excrnepuMeHTanHo A00ujeHux u cumyiaupaHux IR u
Pamanckux cniekrapa. Y3 momoh cuMynupaHuX crieKTapa U3BpIICHA je MPeln3Ha acCUTHAIlH]ja
BuOpanmonux obnuka y IR u Pamanckom cnektpy. JlerassHa ananmza UV/Vis crnekrapa
MoKaszajla je cacBUM 3a70BoJbaBajyhe crarame wusMel)y eKkcrepuMEeHTaTHUX BPEIHOCTH
TaJacHUX NY>KMHA U UHTE3UTETa, U OHUX KOjJU cy u3padyHaTu nomohy B3LYP ¢ynkunonana.
Onpehene cy moiekyicke opoOutane OajkamenHa u3Mely Kojux ce Bpie eJIeKTPOHCKHU
npenazu oaroBopau 3a UV cnekrap. PBE wmeronma ce mokazana mame edukacHa y

npensuhamy UV cnektpa OajkanenHa.

Hcnurann cy cBW paauKalid, aHjOHU W pPaJuKall KaTjoH OajkajieMHa, KOJU UMajy
BAYKHY YJIOTY y aHTMOKCHJIATUBHUM MeXaHu3MuMa Oajkaneusa. [lonoxaj 6 HajmoBOJBHUJU je
3a xoMoJMTHYKO packunamwe O—H Besze y racoBuToj a3, JOK je M0JIokKa] 7 HAJIOBOJLHUJU
3a xeTeponuTnuko packumame O—H Bese y BonmeHoj ¢asu. Pacmonena cnuHCke T'ycTHHE Y
HajctabmtarjeM O6R1 pagukany (ciuka 3.12) mokasyje Ja je HeclapeHu €JIEKTPOH Beoma
nobpo nenokanu3oBaH (ca Hajsehom Bpemnomhy crnmHcke ryctuHe Ha O6 aTtomy) Wy
racoBUTOj U Yy BOJEHO] (a3, yuMe ce MOKe 00jJaCHUTH CTaOWIHOCT OBOI pajauKalia U
crocobHocT OajkanenHa na naenyje aHtuokcuaatuBHo no HAT mexanusmy. Pacnonena
HaeJleKTpucama y HajcrabminujeM aHjony O7A2, nobujena NBO ananusom, nokaszana je na
MOCTOj! JeNIOKAJIN3allija HETaTUBHOT HACJIEKTPHCama y IpcTeHy A, nmpu uemy O7 aToM HOCH
Hajehe HEraTMBHO HACJIEKTPHCAEmE Yy TacOBUTO] U BOJeHO] (a3zu. OBaj aHJoOH c€ jaKo
cTaOuin3yje y BOJEHOM pacTBOpPY, YUME c€ MOKe 00JaCHUTH CHOCOOHOCT OajkalienHa Ja

nenyje antuokcuaatusHo o SPLET mexanusmy.
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Hama wuctpaxuBawa mnpeasBuhajy IUTaHapHy CTPYKTYpy 3a pajauKal KaTjoH
OajkanenHa. 3aHMMJbMBA 0COOMHA paUKall KaTjoHa y OJHOCY Ha MOJIEKYJ OajkajeuHa je Ta
na je H arom npemao ca O5 va O4. Pagukan katjoH HacTaje kaga enekTpoHn Hamyctu HOMO
(ycamsbeHH enekTpoHcku map Ha O4) OajkasienHa. Yciel HEMOTYhHOCTH Ja C€ OBaKo
HacTajgu paJuKall KaTjoH cTa0wimu3yje nenokanu3amnujoM mnpeko mnpcreHa C, monasu A0
CIIOHTAHOT TIpena3a atoMma BojoHWKa ca O5 Ha O4. OBaj paaMkan KaTjoH ce CTabuiu3yje
JIEIOKAIM3AIIMJOM HECTIAaPEHOT €JICKTPOHA MPEKO MPCTeHa A, U TaKO CMamYyje HeCTaOUITHOCT
HacTajlly T'yOUTKOM eJIEeKTpoHa. XeTepOJIUTUYKOM JHCOIMjallljoM M3 paJuKajl KaTjoHa
HacTajy Tpu paaukana. CTpykType cBa Tpu paaukana cy ucnurane. Haheno je nma je
JefoKain3anyja CIMHCKE T'YCTUHE HajBUIIE M3pakeHa y TEPMOJAMHAMUYKU HajCTAOUITHUjEM

C6—0 panukaiy.

BDE, PA, IP, ETE u PDE Bpeanoctn mnociyxwie cy HaM y ojapehuBamy
TEPMOJIMHAMHUYKHU HajIIOBOJbHUjET peakuuoHor nmyta. CBa Tpu npucryna ykasyjy aa je HAT
MEXaHH3aM HajlIOBOJbHUJU PEAKIMOHUW YT aHTHOKCHJIATUBHOI JiejloBama OajkajenHa y
racoButoj ¢azu. [lo apyrom mpucrtyny cBa TpU MEXaHU3Ma Cy KOMIIETUTHBHA y BOJEHO]
cpenunn. Ilo Tpehem mpucrymy SPLET mexaHuzam je TepMOIUHAMUYKH JOMHHAHTaH
peaKMOHM IyT aHTUOKCHUJATUBHOT JieJioBama 0ajkajenHa y BOJEHOM pacTBopy, 10K SET-PT

HHJ€ MMOBOJbAaH MEXaHM3aM HHU Y TaCOBUTO] HU Y BOJICHO] (ha3u.

Jla Ou aHTHOKCHUIATHBHO JEJIOBalkbe¢ OajkajienHa OWJIO HCIUTaHO ca BehoMm
curypHoinhy, 3amodyera Cy MEXaHHCTHYKa HCTpaKMBama OBOT mpobiema. Cumynanuja
peaknuje OajkajieMHa ca XUAPOKCH paaukaioMm motBpauia je aa je HAT momunanTan
peakMoHU IMyT y TacoBUTOj (asu. Kao mTo ce MOrio u mpeTnocTaBUTH Ha OCHOBY
TEPMOJUHAMUYKOT UCIIUTHUBAMa, MOJI0XKA] 6 je HajpeaKTUBHU]U, OJTHOCHO PEaKIlfja C€ CKOPO
JIeCeT TyTa OJiBMja Ope Hero y mojoxajy 7. McnutuBame peaxiiuje paaukal KaTjoHa
OajkasienHa ca 0a3zaMa (XMIPOKCHIHUM U METAHTHOJIATHUM aHJOHOM) Cy IOKaszaja Ja HU
panukan katjoH He pearyje no SET-PT, nero mo HAT mexanusmy y racosutoj dasu. To je
MOCJIeINIIA BUILIE €HEPTHje p opOuTaia 006a aHjoHa y ogHOCy Ha eHeprujy SOMO opOutane
pamuKan KaTjoHa, IITO JTOBOJM JIO CIIOHTAHOT Ipejia3a €JIEKTPOHA ca aHjoHa Ha paJuKal
katjoH. Ha oBaj HaunH MOHOBO ce opmMupa MOJIEKYJl OajkajgernHa U oaroBapajyhu paaukai.
MexaHucTuuka HCTpakMBama pEaKIUMOHMX IyTeBa OajkajienHa he ce HacTaBUTH ca
pa3IMUUTUM paJuKaiuMa KU 0a3ama y pa3jIMudTUM pacTBapauuMa y LHJbY MOTIYHH]ET

00jalIbemha BErOBOT aHTHOKCUAATHBHOT JIEJIOBamba.
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Nmajyhu y Bugy mperiieq crama y J0CaTallbeM HUCTPAKUBAKY aHTUOKCHIATHUBHOT
nenoBama  (praBoHOMIA, MTOOMJEHHM pE3YNTaTH, KOjU TPOUCTHYY U3 OBE JHUcepTaIuje,
JIOTIPUHOCE pa3yMeBamy CIIOKEHHX MEXaHH3aMa IPEeKo KOjuX OajkajieMH OCTBapyje CBOje
AHTHOKCHUJIATUBHO JICJIOBAaWkE, TUM MPE IITO y OBOj 00JacTH MMa BeoMa Majo 00jaBJbEHUX
pesynrara. Odekyje ce ga he qobujeHn pe3ynraTtd, TPUMEHOM KOMIUIEMEHTAPHUX MPHUCTYIIA,
NOTIpUHETH OO0JbeM pa3yMeBamby CTPYKTYPHUX M €JIEKTPOHCKHMX OCOOMHA JpYrux

nougeHoa.
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HpCIII/ISHI/IjC, HUCIINTHBAkCEM MCXaHHU3aMa aHTUOKCHAATHBHOT ACJIOBakba (bJ'IaBOHOI/II[a.

Jlejan MunenkoBuh 110 cajga uma jieceT 00jaBJbeHUX HAYYHHX pajioBa y HayYHUM
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HCIYICHOCTH YCIIOBA KaHIU/IaTa ¥ HAyYHO] 3aCHOBAHOCTH TEME JJOKTOPCKE AUCEPTAIHje MO/

HacaoBOM “MexaHM3MH aHTHOKCHJIATUBHOT [IeJOBama OajkajienHa” KOJy j€ YCBOJHIIO
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Abstract Density functional theory calculations were
performed to evaluate the antioxidant activity of baicalein.
The conformational behaviors of both the isolated and the
aqueous-solvated species (simulated with the conductor-
like polarizable continuum solvation model) were analyzed
at the MO052X/6-311+G(d,p) level. The most stable
tautomers of various forms of baicalein displayed three
IHBs between O4 and OHS5, O5 and OH6, and O6 and
OH7. The most stable tautomer of the baicalein radical was
obtained by dehydrogenating the hydroxyl at C6, while the
most stable anion tautomer was obtained by deprotonating
the C7 hydroxyl in gaseous and aqueous phases. The
expected antioxidant activity of baicalein was explained by
its ionization potentials (IPs) and homolytic O-H bond
dissociation enthalpies (BDEs), which were obtained via
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the UMO052X optimization level of the corresponding
radical species. Heterolytic O—H bond cleavages (proton
dissociation enthalpies, PDEs) were also computed. The
calculated IP, BDE, and PDE values suggested that one-step
H-atom transfer, rather than sequential proton loss—electron
transfer or electron transfer—proton transfer, would be the
most favorable mechanism for explaining the antioxidant
activity of baicalein in the gas phase and in nonpolar
solvents. In aqueous solution, the SPLET mechanism was
more important.

Keywords Baicalein - DFT calculations - Antioxidant
activity - M052X/6-311+G(d,p) level of theory-IP- BDE -
PDE

Introduction

The flavonoid family is a vast and important group among
the phenolics, comprising more than several thousand
known compounds [1-3]. They play essential roles in plant
physiology, as they are involved in the light phase of
photosynthesis, the attraction of pollinating insects, growth,
reproduction, the regulation of iron channels associated
with phosphorylation, resistance to pathogens and preda-
tors, and the protection of plants from UV [4]. This variety
of beneficial actions is believed to be closely related to their
pronounced antioxidant activity, which operates at different
levels in the oxidative process, such as when scavenging for
free radicals, chelating metal ions, scavenging for lipid
peroxyl radicals, and removing oxidatively modified and
damaged biomolecules [5-11]. Their in vivo activity is
largely dependent on bioavailability, the heterogeneity of
natural media, in vivo redox status, and factors related to
their basic structure, including structural determinants such

@ Springer


http://dx.doi.org/10.1007/s00894-010-0942-y

J Mol Model

as molecular size, degree of glycosylation, hydroxylation
pattern, presence of the C4 carbonyl group, presence of the
double bond between C2 and C3 that is conjugated to the 4-
oxo group, the C3 hydroxyl group present in flavonols, the
degree of conjugation with other polyphenols, and their
interactions with surrounding molecules [12—-15]. Among
the major determinants in vivo, the pH of the medium
(which varies from pH 1 in the stomach to pH 5.3 in the
small intestine, pH 6.8 in mouth saliva, pH 7.4 in blood and
tissue fluid, pH 8 in the large intestine, pH 7-8.7 in the
pancreas, to pH 8.3-9.3 in the duodenum) [16] influences
the basic flavonoid structure [17, 18] as well as the
oxidation site and the mechanism through which the
oxidation of flavonoids takes place.

Although the mechanism of flavonoid antioxidant
activity has been extensively studied over several decades,
there are still different perspectives on the molecular
mechanisms of radical scavenging by flavonoids and the
structural dependency of their antioxidant action. It is
known that phenolic antioxidants generally act as very
good hydrogen and electron donors. Also, their radical
intermediates are relatively stable due to resonance delo-
calization and a lack of suitable sites for attack by
molecular oxygen [19, 20].

There are at least three fundamental and widespread
reaction pathways through which flavonoids (ArOH) and
other phenolic compounds act as antioxidants [21]. Besides
the possibility of direct free radical scavenging through the
rapid donation of the hydrogen atom to a radical (the so-
called HAT mechanism; see Eq. 1) and the chain-breaking
mechanism that leads to indirect H abstraction [the electron
transfer—proton transfer (ET-PT) mechanism; see Eq. 2],
flavonoids can also undergo a sequential proton loss—
electron transfer (SPLET) mechanism, which takes place
once the anion (ArO") has formed. All three of these
mechanisms may take place in parallel, but at different
rates.

R® ++ ArOH — ArO® + RH (1)

R® + ArOH — R~ + ArOH** — RH + ArO° (2)

ArOH — ArO~ +H"
ArO™ +R* — ArO® + R~ (3)
R™+H"™ — RH

The reaction implicated in the HAT mechanism is
governed by the bond dissociation enthalpies (BDEs) of
ArOH and RH, as the BDE is the molecular property that is
used to assess the possible radical scavenging potential of
the molecule. To a first approximation, if the BDE of the
parent molecule is smaller than the BDE of the protonated

@ Springer

radical form, the reaction is allowed. The first step in the
ET-PT mechanism (Eq. 2) is an electron-transfer reaction,
where the corresponding controlling parameter is the
ionization potentials (IPs) of the ArOH and R species. A
prerequisite for this reaction would be that the IP of the
parent molecule is lower than the IP of the radical ion, R".
Finally, mechanism 3 is mainly governed by the O-H
heterolytic bond dissociation enthalpy (the proton dissoci-
ation enthalpy, PDE), although the IP of the ArO  species is
another influential parameter.

This paper considers a possible explanation for the
potential antioxidant activity of each reactive site of
baicalein, and investigates the correlation between the
structure and the scavenging activity of baicalein in a
molecular manner. Baicalein and its glycozidized form
baicalin are two of the major bioactive flavone compounds
found in a traditional Chinese medicinal herb, the Baikal
skullcap (Scutellaria baicalensis Georgi). Baicalein has
been the subject of a number of theoretical [22] and
experimental studies that have produced promising results
in different areas, such as the inhibition of iron-induced
lipid peroxidation and anticancer, antiinflammatory and
antioxidant activities [23-25]. Medical interest in it arises
from its numerous beneficial effects; among the most
striking of these are the treatment of disease-related
symptoms such as insomnia, fever, and copious perspira-
tion. It is considered a relatively potent antioxidant, even
though the A ring is not considered a good electron donor.

Computational details

The conformations of different forms of baicalein (neutral,
radical, radical cation, and anion) were fully optimized with
a new local density functional method (M05-2X) that was
recently developed by the Truhlar group [26, 27] using the
6-311+G(d,p) basis set, as implemented in the Gaussian 09
package [28]. This new hybrid meta exchange correlation
functional is parameterized so that it includes both
nonmetallic and metallic compounds. This functional also
yields satisfactory overall performance for main-group
thermochemistry and thermochemical kinetics, as well as
for organic, organometallic, biological and noncovalent
interactions [26, 27, 29, 30]. To calculate the thermody-
namic properties in the solvent environment (water), a
conductor-like polarizable continuum solvation model
(CPCM) [31-35]—as implemented in Gaussian 09—was
used in combination with DFT calculations at the M05-2X/
6-311+G(d,p) level.

The vibrational frequencies were obtained by diagonal-
izing the corresponding M05-2X Hessian matrices. The
nature of the stationary points was determined by analyzing
the number of imaginary frequencies: 0 for a minimum and
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1 for a transition state. Relative energies were calculated at
298 K.

Potential energy surfaces were obtained in relation to the
torsion angle 7 between the rings B and C, as defined by
C3-C2-C1'-C2’ (Fig. 1). The torsion angle T was scanned
in steps of 10° without constraining any other geometric
parameters. The effects of the following torsion angles
rotations were also studied: C4-C5-OH, C5-C6-OH, and
C6—C7-OH. Afterwards, the structures were further opti-
mized without any constraint around each potential mini-
mum. Particular attention was devoted to the DFT
interpretation of the reactivities of the OH groups in
baicalein and the radicals and cations formed after
removing H from the molecule.

The bond dissociation enthalpy (BDE) for baicalein was
calculated using the following equation:

BDE = Hgop — Hzoe — Hire (4)

where Hpon, Hpo., and Hy. represent the enthalpies of
baicalein, the baicalein radical, and the hydrogen atom,
respectively. The ionization potential (IP) was obtained as
the energy difference between the BOH and BOH " species.

The proton dissociation enthalpy (PDE) is defined as
PDE = Hpo- + Hy+ — Hpop, where Hpo  is the enthalpy
of the molecule derived from proton dissociation and Hyy
is the enthalpy of the proton (—0.00236 au).

IPs and O-H BDEs were obtained by carrying out
unrestricted complete UMO05-2X/6-311+G(d,p) optimiza-
tions for the radical species formed after the ionization or
O-H bond cleavage experienced by the most stable
conformer of each of the baicalein forms. In the gas phase,
IP, PDE and BDE values were obtained by including ZPVE
and other thermal corrections to the enthalpies (TCEs) of
the final and initial states. The MO05-2X/6-311+G(d,p)
values were corrected by using the recommended scaling
factor 0.9631 [36].

As previously proposed [36], gas-phase corrections were
employed to calculate these parameters in the aqueous
phase, because the calculation of vibrational frequencies

Fig. 1 Atomic numbering for baicalein, and its main dihedral angles
(wl-w3 and 7)

with CPCM is not very accurate and thermal corrections are
expected to be rather similar in the gas and solvated phases.

In the conformational analysis performed here, all of the
conformations obtained by combining antiperiplanar and
synperiplanar arrangements of hydrogen atoms for the
dihedral angles wl (C4-C5-O-H), w2 (C5-C6—O-H) and
w3 (C6-C7-O-H) were considered, as well as the impor-
tant dihedral angle O1-C2—-C1'—-C2' (hereafter denoted 7),
which defines the coplanarity of the AC and B systems

(Fig. 1).

Results and discussion
Conformational analysis

Since the behavior of the different OH groups in polyphe-
nolic compounds is largely influenced by electronic effects
of the neighboring groups and the overall geometry of the
molecule, the conformation can be regarded as the first
parameter of importance when analyzing the antioxidant
capacity of any polyphenolic molecule, and baicalein in this
case.

A detailed conformational analysis of baicalein in
gaseous and aqueous phases (applying the CPCM model)
was performed, and the most important results are
presented in the sections that follow.

Neutral form

According to the general rules indicated in the “Computational
details” section, four different initial conformations (Fig. 1)
were optimized in the gas phase. Analysis of the geometries
of baicalein rotamers showed that all of them were nonplanar,
implying that the dihedral angle between the bicycle AC and
the ring B was nonzero. Rotamer 1 in Fig. 2 (see also
Table 1) was found to be the most stable conformer of
baicalein.

Since the high scavenging activity of the molecule was
(due to the increased conjugation) correlated with the
planarity (as measured by the torsion angle) of ring B
compared with the rest of the molecule (AC bicycle), the
conformational space of all the structures in Fig. 2 was
analyzed as a function of the torsional angle 7. By
removing any constraint on the torsional angle, the
conformational absolute minimum for structure 1 was
found to occur at 7=24.48°. The maximum of the potential
energy lies at 7=90°, and the interconversion barrier
between the two minima is about 3.88 kcal mol™’
(Fig. 3). In order to verify the values obtained for the
energy barrier, a single point energy calculation using a
larger basis set, 6-311++G(3df,2pd), was performed. The
value found in the gas phase was slightly higher:
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Fig. 2 The most stable conformation of baicalein molecule is conformer /. /a, 1b, and Ic are less stable rotamers

4.17 kecal mol™' (Fig. 1). It is worth mentioning that in
going from 7=0° to+40°, the potential energy curve is very
flat, with an energy variation of about 0.34 kcal mol ',
which indicates that the planar conformation is easily
obtained and requires a negligible amount of energy.
Similar degrees of nonplanarity between the rings B and
C (from 24.28° to 25.08°) were found for all of the other
baicalein rotamers, which indicates that they cannot use
their full delocalization potentials and are less active as
scavengers. Nonplanarity can also be caused by the lack of
a 3-OH group, which causes slight twisting of the ring [37].

In the most stable structure, labeled 1 in Fig. 2, there are
three internal hydrogen bonds (IHB) that all produce a
stabilizing effect, especially the bond between the 5-OH
and the C4-O carbonyl group. Conformations that lack
these bonds (the other rotamers: 1a, 1b and lc in Fig. 2) are
less stable with respect to the absolute minimum by 5.34,
7.02 and 15.61 kcal mol™', respectively. On the basis of
these values, it is clear that the hydrogen bond between 5-
OH and C4-O has the strongest stabilizing effect, which
agrees with the fact that this hydrogen bond is shorter than
other two (see Table 1 of the “Electronic supplementary
material”). The NBO analysis of baicalein revealed that
lone pair—antibonding orbital interactions between the
carbonyl oxygen and the adjacent OH bond are responsible
for hydrogen bond formation. Since the O4(2p) and O4(1p)
orbitals have abundant electrons while the O5-H(o*)
orbital is electron deficient, it was found that charge
transfer from O4(2p) to the O5—H(o™*) orbital is a favorable
donor—acceptor interaction. This is one of the most
important influences on the strength of the hydrogen bond
delocalization energy. Also, there is significantly weaker
charge transfer from O4(1p) to O5-H(c*). Both charge
transfers contribute to the strength of this IHB. Almost

Table 1 MO05-2x/6-311+G(d,p) relative energies (kcal mol™') for
isolated and solvated baicalein rotamers

Rotamer AE AH AECTM ECPCM _ | AGgory
1 0.0 0.0 0.0 8.22 —8.43

la 5.29 5.34 1.98 14.81 —-11.01
1b 6.91 7.02 2.25 13.08 -10.55
lc 15.26 15.61 8.81 11.65 -13.97
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negligible charge transfer is observed for O6(1p) and O7-H
(0%*), and for O5(1p) and O6-H(o*). This finding is in
accord with the IHB lengths (see Table 1 in the “Electronic
supplementary material”).

The four stationary points found in the gas phase were
also optimized by simulating aqueous solvation with the
CPCM method. The lowest energy in CPCM was found for
rotamer 1. The energies of the three rotamers 1, la, and 1b
are very close and vary within an interval of about
2 kecal mol™' (Table 1). The relative energies are shrunk
by CPCM with regard to the gas phase, which is the usual
consequence of the interactions of every OH group with the
solvent. Since structure 1 is the most stable conformation of
baicalein, all further discussion will focus on this rotamer.

Optimization in water solution leaves the ring structures
practically unaltered, as seen from the values reported in
Table 1 of the “Electronic supplementary material.” The
water does not favor internal rotation about the C2-Cl1’
bond, because the energy barriers obtained in the gas and
aqueous phases are nearly identical (3.88 kcal mol '). The
main reason for this is that there are no OH groups in the
ring B, so there is no significant interaction of ring B with
water as a solvent, as in the case of quercetin [38]. This
means that there are no differences between the hydration
energy values of minima with respect to the transition state.
A single point energy calculation with a larger basis set 6-
311++G(3df,2pd) gives a somewhat higher value for the
energy barrier of 4.38 kcal mol™' in water (Fig. 1 of the
Electronic supplementary material). The dihedral angle 7
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Fig. 3 Energy profile for rotation around the C2-C1’ bond of
baicalein in the gaseous and aqueous phases
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assumes a value of 23.6° for the absolute minimum,
suggesting a slight deviation from planarity, which is in
agreement with the findings for similar compounds [37—
39]. Three hydrogen bonds present at the gas-phase
minimum, O5-H-04 (1.725A), 06-H-05 (2.238A) and
07-H-06 (2.151A), are also retained in solution. The
second of these bonds lengthens by 0.031 A, while the other
two are almost the same length as in the gas phase (see
Table 1 in the “Electronic supplementary material”).

Homolytic and heterolytic O-H breaking

The energies of homolytic and heterolytic O-H bond
cleavage may point to the predominant antioxidative
mechanism of baicalein. Those O—H bond-breaking ener-
gies are given as BDE and PDE values in Tables 2 and 3.
Homolytic O—H bond breaking in baicalein can give rise
to three different radical forms: O5R, O6R and O7R
(named after the O—H bond that is broken). Each radical
form can adopt several conformations (3, 4, and 3,
respectively). In the case of O5R, these rotamers are named
O5R1, O5R2 and O5R3, respectively. A similar notation is
used for the other two radicals. All possible radical forms
and their corresponding rotamers are shown in Fig. 4. The
order of stability for the radical species obtained from the
most stable rotamer of baicalein in the gas phase is O6R>
O7R>05R, implying that homolytic cleavage of the 6-OH
bond is favored. The most stable radical, O6R1, is
stabilized by two IHBs (O5-H-04 and O7-H-06). For
the O7R and O5R radical forms, the most stable rotamers
are O7R2 and O5R1, which are 7.3 and 13.6 kcal mol
higher than the O6R1 form (Table 2). The sequence
obtained is consistent with the literature data on structure—
activity relationships of antioxidant flavonoids [40—42].

The order of stability for the radical forms computed in the
aqueous phase is basically the same as that in the gas phase.
Again, the O6R1 tautomer is the most stable. Moreover, all of
the O6R rotamers are more stable than the other radical
rotamers (Table 2). It should be pointed out that this radical
retains a nonplanar structure in the gas phase and in water.
The nonplanarity could imply decreased conjugation and
consequently decreased antioxidant activity (TEAC value
2.56+0.03 mM) in comparison with quercetin (TEAC value
4.42+0.08 mM) [43]. The values of the corresponding
dihedral angles are 24.07° and 22.82° in gas and water.
Based on PES analysis, it is clear that water does not favor
internal rotation about the C2—C1’ bond, because the energy
barriers obtained in the gas phase and in water are almost
identical: 3.93 and 4.00 kcal mol ', respectively Fig. 2 of the
Electronic supplementary material.

Complete delocalization in the most stable O6R1 radical
rotamer in both the gaseous and aqueous phases involves only
ring A, while ring C is characterized by two double bonds that
are strongly localized on the carbonyl group and the C2—C3
bond. In this form, partly localized double bonds are located
on ring A, on the C-O group at C6, and between the C7 and
C8 atoms. The bond lengths of these bonds are significantly
different from those of the parent molecule, 1 (see Fig. 2 and
Table 1 of the “Electronic supplementary material”). The
same bond length of 1.470A for the C2—C1’ bond in the
O6R1 rotamer was found in both the gas and the water
phases. The length of this bond lies between the bond
lengths characteristic of aromatic and single C—C bonds,
indicating weak electron delocalization between rings B and
C. This assumption is supported by the NBO analysis. A
slightly greater p-orbital contribution on C1’ in the C2-C1’
bond (sp' *-sp***) could be the main reason for this bond
being slightly longer than a double bond.

Table 2 MO05-2x/6-311+G(d,p) relative energies (kcal mol ") for rotamers of baicalein radicals in the gaseous and aqueous phases

Rotamer AE AH AESPM EP™M _ | AGg, BDE BDE“P™M
O5R1 13.56 13.90 10.14 14.05 9.60 93.53 87.70
O5R3 23.78 2431 14.22 20.19 13.54 103.94 91.82
O5R2 17.48 17.26 11.19 16.92 10.75 96.89 88.67
O6R1 0.00 0.00 0.00 10.62 0.00 79.63 77.23
O6R2 13.71 13.93 8.49 15.85 8.06 93.56 85.91
O6R3 6.20 6.35 5.36 11.47 491 85.98 82.79
O6R4 9.65 9.77 4.06 16.21 4.03 89.40 81.34
O7R1 11.22 11.35 10.80 11.04 10.66 90.98 88.17
O7R2 7.29 731 8.16 9.75 8.10 86.94 85.44
O7R3 17.59 17.91 16.19 12.02 15.64 97.54 93.72

AE denotes the difference in energy with respect to the most stable conformer, corrected with ZPVE (including the correction factor) [36]. The
electronic energies for the most stable radicals are £(O6R1)=—953.28261552 a.u. in the gas phase and E(O6R1) = —953.298919744 a.u. in water.
AH is the difference in enthalpy with respect to the most stable conformer, with thermal correction for enthalpy accounted for. AGg,y, denotes the
difference in free energy relative to the most stable conformer, with thermal correction to the Gibbs free energy (including the appropriate

correction factor) accounted for [36]
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Table 3 MO05-2x/6-311+G(d,p) relative energies (kcal mol™") for isolated and solvated baicalein anion rotamers

Rotamer AE AH AECPEM EFM _ g AGgyy PDE PDECFM
05A1 11.93 12.19 8.36 57.25 -57.03 339.33 282.07
05A3 17.95 18.39 10.51 61.12 -60.66 345.54 284.18
05A2 27.48 28.03 14.98 66.18 -65.90 355.18 288.88
06A1 8.06 8.05 5.01 56.73 -56.56 335.20 278.39
06A2 21.66 21.96 13.37 61.97 -61.84 349.11 287.01
06A3 9.41 9.48 8.15 54.94 -54.90 336.62 281.72
06A4 24.33 2457 12.50 65.51 -65.21 351.72 285.99
O7A1 5.58 5.74 3.44 55.81 -55.73 332.88 277.03
O7A2 0.00 0.00 0.00 53.68 -53.55 327.15 273.43
0O7A3 8.21 8.42 7.05 54.83 -54.81 335.56 280.78

AE denotes the difference in energy with respect to the most stable conformer, corrected with ZPVE (including the correction factor) [36]. The
electronic energy for structure 1 is E(1)=—953.921756 a.u. in the gas phase and E(1) = —953.934016 a.u. in the aqueous phase. AH is the
difference in enthalpy with respect to the most stable conformer, with thermal correction for enthalpy accounted for. AG;,;, denotes the difference
in free energy relative to the most stable conformer, with thermal correction to the Gibbs free energy (including the appropriate correction factor)

accounted for [36]

The importance of spin density in determining the
potential for delocalization and consequently the stability
of flavonoids has already been pointed out by Leopoldini et

al. [38, 44] and Trouillas et al.

obtained by NBO analysis of the most stable O6R1 rotamer

indicates that the oxygen atom

[45]. The spin distribution

bonded to C6 is the most

probable radical center (spin density 0.37 in gas and 0.34 in
water). Moreover, the rest of the spin density is delocalized
over the C5, O5, C7, and C9 atoms of the A ring Fig. 3 of
the Electronic supplementary material these have spin
densities of 0.24/0.25, 0.10/0.10, 0.14/0.13, and 0.19/0.19,
respectively (numbers in italics are the values in water). In
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Fig. 4 The structures of the baicalein radicals O5R, O6R, and O7R. Each radical is presented with all of its rotamers
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gas and water, the most stable radical, O6R1, has the highest
spin density on the radical oxygen, in contrast to the other two
less stable rotamers Fig. 3 of the Electronic supplementary
material. On the basis of the BDE values (Table 2), it is clear
that the formation of O5 and O7 radicals is very unlikely in
both the gaseous and the aqueous phases. For this reason,
they are excluded from the discussion.

Heterolytic cleavage of the O-H bonds leads to the
formation of three anions, O5A, O6A, and O7A, each of
which is able to adopt several conformations. The ten anionic
rotamers are denoted in the same way as the radical rotamers
(Fig. 4), except that R (radical) is replaced by A (anion).

The stability sequence for the anion species differs
slightly from that calculated for the species formed upon
the homolytic breaking of an O-H bond. The order of
stability for the anionic species in the gas phase is O7>06
>Q05, implying that the heterolytic cleavage of the 7-OH
bond is favored. The most stable anion, O7A2, is stabilized
by two IHBs (O5-H-04 and O6-H-O7). The other two
relatively stable anions, O6A1 and OS5Al, are 5.0 and
8.4 kcal mol ™' higher than the O7A2 form (Table 3).

In spite of the fact that H-bonding interactions become
less important in water, where ion—dipole interactions are
predominant, the stability sequence for the anionic species
obtained from structure 1 in water is the same as that seen
in the gas phase. It is important to note that the values of
electron energy are decreased by CPCM by about 55—
66 kcal mol ' compared to the gas phase (Table 3)—the
usual consequence of the interactions of the anion and all
OH groups of baicalein with water.

Complete delocalization in the most stable anion form,
0O7A2, involves only ring B; ring C is characterized by two
strongly localized double bonds on the carbonyl group and
the C2-C3 bond. The O7A2 anion form has strong
localized double bonds in ring A between C7 and O, C5
and C6, and C8 and C9. These bonds are significantly
shorter than those in the parent molecule, 1 (Fig. 2 and
Table 1 of the “Electronic supplementary material”). It is
clear that there is weak electron delocalization over ring B
as a result of the nonplanarity of the anion structure, which
is also the case with the radical species formed. As can be
seen from Scheme 1, the O7A2 anion form is additionally
stabilized by the delocalization of the negative charge that
spreads from the site of deprotonation to the 4-keto group
in ring C. The natural charge (NC) distribution obtained by
the NBO analysis indicates that the oxygen atom bonded to
C7 is the most probable center of negative charge (NC
density is —0.78 in the gas phase and —0.87 in water). The
increased negative charge on the O1, C8, C10, and O atoms
bonded to C4 (Fig. 2 of the “Electronic supplementary
material”’), compared to the neutral form, could be a
consequence of the possible presence of a resonance effect
in the structures of these anion forms (Scheme 1).

Because the 5-OH group in baicalein is less acidic, the
generation of the O5A form leads to the disappearance of very
strong H-bonding, and introduces an electronic repulsion
between the negative charge of the deprotonated oxygen and
the lone pairs on the carbonyl oxygen of ring C.

Ionization potential, bond dissociation enthalpy and proton
dissociation enthalpy

The IP values for the most stable structures of baicalein in
the gaseous and aqueous phases were calculated as the
difference between the electronic energy of the
corresponding ionized form of the molecule, B, and that
of the parent species, B, corrected with ZPVE (Table 4).
The IP values of baicalein are somewhat higher
(173.1 keal mol ! in gas and 137.1 kcal mol™' in water)
than those of widely used synthetic food additives such as
butylated hydroxyanisole, propyl gallate and dihydroguaia-
retic acid (152.7, 167.8 and 160.6 kcal mol ™", respectively)
[46], or the naturally occurring polyphenolic flavonoid
epigallocatechin-3-gallate (147.7 kcal mol "), which is
considered one of the most active antioxidants obtained
from green tea [47, 48]. Because of the stabilization of
charged systems in polar solvents, the IP value obtained
from CPCM calculations is significantly different from that
calculated in the gas phase.

The BDE values (calculated for the gas phase, with TCE
corrections, as the change in enthalpy for reaction 1 at
298 K) of each of the OH groups present in all rotamers of
the radical forms of baicalein are similar to, or smaller than,
those of hydroxybenzoic acid (61.3-89.6 kcal mol "),
cinnamic acid (83.7-105.6 kcal mol™") [48, 49] or phenol
(values varying from 82.7 to 87.6 kcal mol™', depending
upon the method employed) [50-52]. The lowest BDE
value in both gas and water is obtained for the 6-OH group
(Table 2). Except in the case of rotamer O7R2, the BDE
values calculated in the gas phase are systematically larger,
by a few kcal mol ™', than those computed with CPCM.

The BDE values (Table 2) for all baicalein radical forms
give the following BDE sequence for the present OH groups:
05>07>06. This sequence clearly shows that H transfer
from the C6-OH group is the easiest. This sequence is also
consistent with the literature data concerning structure—
activity relationships of antioxidant flavonoids [40, 41].
The order of BDE values calculated for the aqueous phase
with CPCM is the same as that for the gas phase. As a
consequence of the interactions of the radical forms and all
OH groups with the solvent molecules, those BDE values
are decreased by about 2 kcal mol™' compared to those for
the gas phase. The somewhat changed order of stability of
the radical rotamers under investigation can be related to the
different influences of CPCM on the radical species involved
in homolytic breaking.
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Scheme 1 Resonance structures
of O7R anion species
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The PDE values were calculated for all of the OH groups
on the rotamers of baicalein anions in both phases as the
enthalpy difference at 298 K for reaction 3. TCE corrections
were included in the calculations for both phases. Calculated
PDE values in the gas phase are systematically larger, by
several tens of kcal mol ', than those computed for water.

The calculated PDE values of all OH groups in all anion
rotamers (Table 3) yield the sequence O5>06>07,
indicating that H transfer from the C7-OH group is easier
than that from the other two OH groups. Although they are
several kcal mol ™! smaller than those in the gas phase, PDE
values calculated for the aqueous phase follow the same
sequence as those calculated for the gas phase. This is a
consequence of the interactions of every OH group and O
anion with the solvent molecules.

Antioxidant mechanisms

According to Wright et al. [53], the main mechanism
governing the antioxidant activity of a certain phenolic
compound can be inferred from its AIP and ABDE values,
which are calculated as the difference between the IP and
BDE values of the phenolic compound (baicalein in this
case) and phenol. For AIP>-36 kcal mol ' and for a ABDE
value of around —10 kcal mol ', HAT is considered the
dominant mechanism, whereas the predominant mechanism
is SET for AIP<-45 kcal mol .

The IP and O-H BDE values computed for phenol at the
MO052X/6-311+G(d,p) level were 141.21 and 85.59 kcal mol '
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(for the gas phase) and 146.11 and 84.71 kcal mol ' (for the
aqueous phase with the CPCM model), respectively.

The results for the gas phase only simulate the behavior
in nonpolar solvents, where uncharged forms are preferred.
The AIP value of about —32 kcal mol ™' and the ABDE
value of about —6 kcal mol ' point to HAT as the most
favored antioxidant mechanism for baicalein. The SPLET
mechanism (Eq. 3), which has been quoted by several
authors [20, 52-56], could not be discarded as a possible
mechanism for baicalein in water due to the IP values and
relatively low O—H PDE values (lower than those of several
polyphenols) found for all three species [38, 57].

According to Wright’s conditions [52], the HAT mech-
anism seems to be the only practical one, or at least the
preferred one, in the gas phase. However, it should be kept
in mind that the relative importance of the HAT, ET-PT and
SPLET mechanisms is determined not only by micro-
environmental features (lipid phase, aqueous phase) but
also the characteristics of the scavenged radical species
[54]. It is important to note that, besides structural
properties, it is necessary to consider how the electron
affinity and H-atom affinity of the radical species that
potentially reacts with baicalein affect these three mecha-
nisms. It is also very important to analyze how the electron
densities of both compounds change along the reaction
coordinates [39, 57].

Besides the possibility of direct free radical scavenging
through the mechanism mentioned above, flavonoids can
also chelate potentially toxic transition metal ions [Fe(Il),

Table 4 ABDE and APDE values for all baicalein OH groups (with regard to phenol)*

ABDE 5 ABDE 6 ABDE 7 APDE 5 APDE 6 APDE 7 AIP
Be 7.94 -5.96 1.35 -6.27 -10.41 -18.46 -31.85
BEPeM 4.82 -5.65 2.57 -9.11 -12.79 -17.74 8.98

 All theoretical values are given in relation to the values for phenol (calculated with the same method)
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Fe(II), Cu(Il)], thus preventing metal-catalyzed free radical
generating reactions [58—62]. In the metal-assisted decom-
position of hydroperoxides, which are the inevitable
products of aerobic metabolism, poorly liganded iron
species can lead to the catalytic production of the hydroxyl
radical [Fe(IT)+H,0,— Fe(Ill)+OH +OH"], which is very
short-lived and consequently highly reactive [63-65]. In
this “metal chelation” mechanism, the loss of a proton by
the polyphenol flavonoid molecule is crucial to its
antioxidant activity, because the cation’s chelation often
involves at least one deprotonated ligand [66]. Therefore,
the acidity of these compounds is an important parameter to
take into account, as lowering the acidity of the OH group
makes deprotonation and metal chelation easier. Thus, the
OH proton dissociation enthalpy (Table 3) was calculated.
On the basis of the values obtained for PDA and APDA, it
is clear that the 70H group should be the most reactive
with metal ions in an acidic medium.

Conclusions

The results obtained using the M052X/6-311+G(d,p) level of
theory imply that the baicalein rotamer 1 is the most stable.
This form—which is significantly nonplanar in both gaseous
and aqueous phases—is additionally stabilized by three IHBs,
while the other rotamers are stabilized by two IHBs.

Position C6—-OH is the most favored site for homolytic O—
H breaking, while the C7-OH site is the most favored for
heterolytic O—H breaking in the gaseous and aqueous phases.
The spin density of the most stable radical C6 form indicates
that the oxygen atom bonded to C6 is the most probable
radical center in the gaseous and aqueous phases. The
negative charge of the anionic form C7Al is spread among
five areas: the C7-O unit, from which the proton has been
removed, and the C4-0O, O1, C8, and C10 units. The electron
distributions calculated with CPCM differ from those in the
gas phase in their increased polarization, which gives rise to
increased electron densities on the same units.

The results presented also indicate that the C5-OH site
does not figure in the antioxidant mechanism due to its high
BDE and PDE values. The main reason for this assumption
is that the hydrogen atom of the C5-OH group forms a
strong hydrogen bond with the O4 atom in the parent
molecule.

It was found that IPs depend significantly on the
solvent, because of the stabilization of charged species
by polar solvents. Thus, the IPs of baicalein obtained
using CPCM calculations were significantly lower
(173.1 and 137.1 kcal mol ).

The gaseous and CPCM-computed values for IPs, BDEs
and PDEs, which are compatible with a relatively high
antioxidant activity, indicate that one-step HAT is the

mechanism that best explains the radical-scavenging activity
of baicalein in the gaseous phase, rather than ET-PT or SPLET.
On the other hand, the significantly lower IP and PDE values
calculated for aqueous solutions suggest that the SPLET
mechanism is the most probable under these conditions.
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Introduction

T he chemical behavior of flavonoids as anti-
oxidants has become the subject of very
intense research, both experimental and theoreti-
cal, because the structure—property relations have
not been completely elucidated. Flavonoid family
is the vast and very important group of low-
molecular weight plant phenolics, which together
with chlorophyll and carotenoids represent the
main pigments in the plant world [1]. Many stud-
ies suggested that flavonoids, as an everyday part
of human diet, exhibit biological activities includ-
ing antiallergic, antiviral, anti-inflammatory, and
vasodilatory actions [2-6]. However, most interest
has been devoted to their antioxidant activity,
which arises from their ability to: trap reactive
oxygen species (e.g., hydroxyl, alkoxyl, and per-
oxyl radicals), chelate transition metal ions able to
promote radical formation (so-called Fenton reac-
tion), inhibit enzymes involved in radical produc-
tion, remove oxidatively changed and damaged
biomolecules, or regenerate membrane-bounded
antioxidants such as a vitamin E [7-10].

The charge (electron and proton) transfers are
fundamental processes in chemistry and biology.
The unique electron-rich and highly conjugated
chemical structure enable flavonoids (ArOH),
especially flavones and flavonols, to act as very
good hydrogen and electron donors, which are
very important determinants in antioxidant activ-
ity. The distinct pathways by which antioxidant
molecules transfer their charge distinguish several
mechanisms of their antioxidant action. The
most common reaction mechanisms are so-called
hydrogen atom transfer [HAT, Eq. (1)], single-
electron transfer-proton transfer [SET-PT, Eq. (2)],
and proton-coupled electron transfer [PCET, Eq.
(3)] mechanisms [11-14].

R*+ ArOH — ArO® + RH (1)
R*+ArOH — R~ +ArOH™ — RH + ArO®
2)
ArOH — ArO™ +HT
ArO™ +R* — ArO®* + R~ (3)
R +H" — RH

The first one, leading to the direct O—H bond
breaking, proceeds by rapid donation of the pro-
ton and electron of ArOH (together as a hydrogen

atom) to R®, forming a new, more stable radical.
In HAT mechanism, both the electron and proton
are transferred from the same chemical bond. By
the second one, which leads to indirect H-abstrac-
tion, the primary antioxidant transforms into radi-
cal cation by donating an electron to the free radi-
cal present in the system. The third mechanism,
characteristic of many important biochemical proc-
esses [15-21], takes place once the anion (ArO") is
formed, and when a proton and electron are trans-
ferred between different sets of molecular orbitals.
All the three mechanisms, which could occur in
parallel by different rates, have the same net
result, inactivation of the radical species by rapid
H-atom and electron transfers. The reactions impli-
cated that antioxidant mechanisms are governed
by different molecular properties. In HAT mecha-
nism that is the bond dissociation enthalpy (BDE)
of both ArOH and RH species and in SET-PT
mechanism the main controlling parameter is the
ionization potential (IP) of ArOH (the lower the IP
value of ArOH, the more efficient the electron
abstraction and the reaction with free radicals). For
the estimation of phenol PCET reactivity, the O—H
heterolytic BDE (proton dissociation enthalpy), to-
gether with the IP of ArO™ specie as another con-
trolling parameter, is of particular importance.

As a part of ongoing investigations of flavo-
noids” molecular structures [22-24], this article
addresses theoretical research in baicalein’s (5,6,7-
trihydroxy-2-phenyl-4H-chromen-4-one) radical
cation formation and structure. As a step in oper-
ating antioxidant mechanism (SET-PT), formation
of radical cation is very important to be consid-
ered in detail, because its geometrical and elec-
tronic features are of importance in this type of
flavonoids’ radical inhibition pathway. Biological
interest in baicalein arises from its ability to act as
inhibitor in iron-induced lipid peroxidation, anti-
cancer agent, and agent applied in the treatment
of copious and disease-related symptoms such as
insomnia, fever, and perspiration [25-27].

Computational Methods

The equilibrium structures of baicalein and its
radical cation were optimized in their singlet and
doublet states, respectively, using the restricted and
unrestricted schemes for close-shell and open-shell
calculations. Two density functional theory (DFT)
methods were applied: Becke, three-parameter,
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Lee-Yang-Parr (B3LYP) [28, 29] and Perdew,
Burke and Ernzerhof (PBE) [30, 31]. The standard
split-valence double-zeta Gaussian basis set 6-
311G of Pople and coworkers was used [32, 33].
To obtain a better description of the delocalization
effects, which are crucial for the geometry and
electronic structure of baicalein and its radical cat-
ion, diffuse functions were added to the heavy
atoms. The 2df,p polarization functions were also
added. Full geometry optimizations were under-
taken without any symmetry constraints using the
Gaussian 09 package [34].

The ground electronic state of the radical cation
was 2B;, and therefore, a spin contamination of the
unrestricted wave function might occur in an unre-
stricted calculation. The expectation value of the
total spin, 52, was examined. In UB3LYP and UPBE
calculations, the values for final S* were 0.7638 and
0.7546. These values were in very good agreement
with the expectation value of 0.7500 for the doublet
ground state. This confirmed the validity of the
results of both functionals for the radical cation.

A vibrational frequency calculation at each
optimized geometry was performed to confirm
that the structure obtained was a stationary point
(characterized by no negative frequencies) on the
potential energy surface. A natural bond orbital
(NBO) [35-38] analysis of baicalein and corre-
sponding radical cation was performed using the
B3LYP and PBE density matrices.

The UV spectrum of baicalein was simulated
using the time-dependent DFT procedure [39-43],
implying that transitions to the lower lying singly
excited electronic states of baicalein were com-
puted. The simulation was performed by using
both functionals and 6-311+G(2df,p) basis set. All
transitions were considered. The output contained
information for the excited state energies, oscilla-
tor strengths (f), and a list of the transitions that
gave rise to each excited state. The orbitals
involved in transitions, as well as the orbital con-
tribution coefficients, were obtained. GaussSum
[44] and ChemCraft 1.6 [45] were used to generate
both simulated spectra and orbital information.

The NBO analysis was performed for the
closed-shell ground state of baicalein. The NBO
procedure for the radical cation was performed
separately for the o and f spin density matrices.
In this method, delocalization of electron density
between occupied Lewis-type (bonding or lone
pair) orbitals and formally unoccupied (antibond-
ing or Rydberg) non-Lewis NBOs corresponded
to a stabilizing donor-acceptor interaction. The

BAICALEIN RADICAL CATION

FIGURE 1. Structure of baicalein. Atoms are labeled
in a common way.

strength of this interaction could be estimated by
the second-order perturbation theory [37].

Results and Discussion

STRUCTURE AND UV SPECTRUM OF
BAICALEIN

The structure of baicalein (Fig. 1) is optimized
using B3LYP and PBE functionals and compared
with the experimental results obtained from the
high-resolution X-ray diffraction study [46]. The
calculated and experimental bond lengths are
listed in Table I. The optimized and experimental
bond angles for baicalein are given in Table SI of
Supporting Information. In addition, the UV spec-
trum of baicalein is simulated using both methods
and compared with the experimentally obtained
UV spectrum (Fig. 2).

The theoretical [23] and experimental [46] data
indicate that neutral baicalein in its ground state
is nonplanar. It was determined, by the X-ray
study, that the dihedral angle between the B and
C rings amounts 9°. The deviation of the ring B
from planarity is probably caused by the repul-
sion of the H3 and H6' hydrogen atoms. The cal-
culations, at both levels of theory (Supporting In-
formation Table SI), show that the ring B is bent
in comparison with the chromone plane and
makes a dihedral angle t of 20.2° (B3LYP) and
18.5° (PBE), implying that both the functionals
overestimate the value for the dihedral angle. If
the known differences between the vacuum and
condensed phase environments are taken into
account, this discrepancy can be ascribed to the

VOL. 000, NO. 000 DOI 10.1002/qua
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TABLE |

Atom distances in neutral baicalein and its radical cation, optimized with PBE and B3LYP methods (6-

311+G(2df,p) basis set).

Bond lengths (A) EXP PBE B3LYP UPBE UB3LYP
D(01—C2) 1.353 1.361 1.354 1.368 1.357
D(C2—C3) 1.360 1.368 1.356 1.384 1.375
D(C3—C4) 1.432 1.441 1.442 1.406 1.400
D(C4—C10) 1.439 1.445 1.448 1.419 1.414
D(C5—C10) 1.414 1.415 1.409 1.442 1.444
D(C5—C6) 1.384 1.392 1.383 1.454 1.449
D(C6—C7) 1.404 1.407 1.399 1.422 1.417
D(C7—C8) 1.392 1.399 1.391 1.392 1.381
D(C8—C9) 1.387 1.390 1.384 1.412 1.409
D(C9—O01) 1.369 1.377 1.369 1.354 1.345
D(C9—C10) 1.400 1.407 1.399 1.397 1.388
D(C2—C1) 1.469 1.472 1.472 1.454 1.452
D(C1'—C2)) 1.399 1.407 1.400 1.413 1.406
D(C2'—C3)) 1.392 1.394 1.388 1.390 1.384
D(C3'—C4)) 1.393 1.397 1.390 1.398 1.392
D(C4'—C5) 1.393 1.398 1.391 1.399 1.393
D(C5'—C6) 1.386 1.392 1.386 1.389 1.383
D(C6'—C1') 1.402 1.407 1.400 1.413 1.406
D(04—C4) 1.260 1.266 1.248 1.317 1.309
D(05—C5) 1.348 1.347 1.345 1.263 1.248
D(06—C6) 1.362 1.373 1.369 1.326 1.319
D(07—C7) 1.350 1.359 1.352 1.340 1.333
D(H4—04) 1.007 0.989
D(H5—O05) 0.970 1.032 0.999

D(H6—O06) 0.970 0.977 0.967 0.991 0.978
D(H7—O07) 0.970 0.977 0.967 0.978 0.969
DH(H5.--04) 1.740 1.584 1.688 1.750 1.814
DH(H6---05) 1.710 2.264 2.261 2.162 2.207
DH(H7---08) 1.950 2.165 2.261 2.297 2.286

Experimental values are also included.

packing in the crystal. Table I shows that both
methods excellently reproduce the bond lengths
of baicalein. The mean absolute errors for bond
lengths amount 0.0036 A (B3LYP) and 0.0058 A
(PBE).

On the other hand, the two methods exhibit
different performance in reproducing the UV
spectrum of baicalein. Generally, the match
between the observed and predicted wavelengths
and intensities of the bands is not that good as in
the case of the experimental and calculated struc-
tural parameters. The maximum of the band,
whose experimental value is 359 nm, is predicted
at 342.1 and 398.6 nm by B3LYP and PBE meth-
ods, respectively. In both cases, this is essentially
the HOMO — 1 — LUMO transition (94% for
B3LYP and 93% for PBE). The maximum of the
band, whose experimental value is 264 nm, is pre-

dicted (using B3LYP method) at 274.4 nm. This
peak is attributed to the HOMO — 2 — LUMO
transition (56%), followed with HOMO — LUMO
+ 1 transition (26%). For this absorption, two
maxima at 3129 and 3044 nm are predicted
with PBE method. The first one is mostly ascribed
to the HOMO — 3 — LUMO (44%) and HOMO
— 1 — LUMO + 1 (33%) transitions, whereas the
second one mainly represents HOMO — 4 —
LUMO (32%), HOMO — 3 — LUMO (29%), and
HOMO — 1 — LUMO + 2 (37%) transitions.
Apparently, PBE method fails in predicting wave-
lengths and intensities in the UV spectrum of
baicalein. On the other hand, the agreement
between the observed wavelengths and inten-
sities, and those predicted with B3LYP functional,
is satisfactory. For this reason, all further discus-
sion will be based on the results obtained with
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FIGURE 2. Experimental (top) and calculated UV
spectrum of baicalein.

B3LYP method. The shapes of the corresponding
orbitals for transitions calculated by B3LYP func-
tional are presented in Figure 3. Experimental
and calculated electronic transitions for baicalein
are given in Supporting Information Table SII.
The results for the NBO analysis of baicalein
indicate that the electronic interactions in the mol-
ecule are dominated by strong conjugation in the
rings A and B, allowing each = NBO to delocalize
into the adjacent n* antibonding NBOs. Low occu-
pancy (around 1.8 e) in the lone pairs (pure p
orbitals) on all oxygens is observed. This finding

BAICALEIN RADICAL CATION

is in agreement with strong donation of density
from these lone pairs to the adjacent n* antibond-
ing C—C bonds. The lone pair on O, also delocal-
izes into the ¢* antibonding O5—H5 bond, indi-
cating a strong hydrogen bonding between O4
and Hb5.

RADICAL CATION OF BAICALEIN

The IP value of 164.91 kcal/mol for baicalein,
calculated in this work, is in good agreement
with that calculated using the B3LYP/6-311G(d,p)
method [23] (166.31 kcal/mol). In addition, this
value is in accord with the theoretical IP values
for fisetin [22], quercetin [47], kaempferol [48],
and epicatechin [48] (166.55, 166.08, 167.99, and
170.85 kcal/mol, respectively).

Our calculations show that the radical cation of
baicalein is almost planar in its ground state (Sup-
porting Information Table SI). The most striking
structural difference between baicalein and radical
cation appears in the ring A. Namely, the hydro-
gen is transferred from O5 to O4. As a conse-
quence, the bond C5—O5 is significantly shorter,

HOMO-2

FIGURE 3. The occupied and virtual orbitals responsi-
ble for the UV spectrum of baicalein. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 4. Spin density map of the radical cation of
baicalein. The blue regions indicate the highest spin
density values. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

whereas C4—04 is significantly stretched (Table
I). The optimization of the radical cation, which
starts from the structure where the hydrogen is
bonded to O5, points to its spontaneous rear-
rangement to O4. The explanation for this very in-
triguing result is based on the NBO analysis of
baicalein. The lone pair on O4 in baicalein is the
highest lying occupied molecular orbital, whose
energy is —0.30469 au. It is reasonable to expect
that an electron from this orbital will leave baica-
lein, yielding the radical cation. The radical
formed on O4 cannot delocalize over the adjacent
C ring, as it is not aromatic with the fixed C2—C3
double bond, and single O1—C2 and O1—C9
bonds. Instead, O4 abstracts the proximate hydro-
gen atom from O5. The radical cation formed in
this way can delocalize its unpaired electron over
the aromatic ring A, thus, reducing the instability
induced by the loss of an electron. This assumption
is confirmed with the spin density map of the radi-
cal cation, which clearly reveals that the unpaired
electron is delocalized over the O5, C6, O6, and C8
atoms (Fig. 4). The spin density map is in agree-
ment with spin densities obtained from the NBO
analysis of the radical cation. Namely, the spin den-
sity values on the O5, C6, O6, and C8 atoms
amount 0.275, 0.331, 0.139, and 0.183, respectively.
The comparison of the charge distribution
between baicalein and its radical cation is pre-
sented in Figure 5. As expected, the oxygens of
baicalein are particularly negatively charged,
whereas hydrogens bonded to these oxygens are

positively charged. The carbon atoms are partially
negatively charged, except for those bonded to
oxygens, due to negative inductive effect of these
oxygens. The positive charge of the radical cation
is not localized but distributed among all atoms.
As the unpaired electron is delocalized over O5,
Co6, 06, and C8, these atoms show particular
reduction of partial negative charge or increase of
partial positive charge. This particularly refers to
Co6, where the difference between its partial posi-
tive charge in the radical cation and neutral baica-
lein amounts 0.131 e. This significant change in
charge on C6 can be attributed to additional
effect, that is, negative inductive effect of O6, for
which #(C5—05), n(C7—C8), and p orbital on O6
compensate for electron deficiency on C6 with
their positive resonance effects. Namely, the NBO
analysis of f density shows that these orbitals
delocalize into the formally empty p orbital on
C6. As a consequence, the occupancy in this or-
bital amounts 0.313 e. Similar situation is found

FIGURE 5. NBO charges of baicalein (top) and its
radical cation (bottom). [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]
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C7-OH

FIGURE 6. Optimized geometries and significant spin density values of baicaleine radicals.

in the case of C5 and O5, where the partial posi-
tive charge on C5 is significantly increased in
comparison with the parent molecule, due to the
negative inductive effect of electron deficient O5.
Otherwise, as in the case of baicalein, each = NBO
delocalizes into the adjacent n* antibonding NBOs
of the A and B rings.

RADICALS ISSUED FROM THE RADICAL
CATION OF BAICALEIN

The next step in the SET-PT mechanism is pro-
ton abstraction from the radical cation of baica-
lein. Figures 4 and 5 show that proton removal is
possible from the positions O4, O6, and O7. Thus,
geometry optimization of the radicals was per-
formed by starting from the structures obtained
by abstraction of H4, H6, or H7 protons from the
radical cation of baicalein. A radical formed by
proton removal from the C4—OH group of baica-
lein radical cation is called the C4—OH radical,
and the same notation is used for the other two

radicals (Fig. 6). Bond lengths for the optimized
structures of the radicals are given in Table II,
whereas bond angles are presented in Supporting
Information Table SIII.

The C6—O0OH is the most stable radical, whereas
the energies of C7—OH and C4—OH are higher
than that for C6—OH by 8.05 and 10.95 kcal/mol,
respectively. Like baicalein, all radicals are non-
planar, with the torsional angle between rings B
and C of 17.7° (C6—OH), 16.4° (C7—OH), and
20.4° (C5—OH; Supporting Information Table SIII).
In all radicals, hydrogen atoms of OH groups are
oriented in such a way that they form maximal
number of hydrogen bonds (two hydrogen bonds
in each radical). In all radicals, the complete deloc-
alization involves only ring B, whereas rings A
and C are characterized by localized double and
single bonds. This implies that the electronic flow
between rings A and C is prevented.

In the C6—OH, radical rings C and A are charac-
terized by strongly localized double C2—C3 bond,
and carbonyl groups at C5 and Cé6. Hydrogen

VOL. 000, NO. 000 DOI 10.1002/qua

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 7



MARKOVIC ET AL.

TABLE Il

Bond distances in radicals issued from radical
cation of baicalein, optimized at the B3LYP/6-
311+ G(2df,p) level of theory.

Bond lengths (A) C4—OH C6—OH C7—OH
D(O1—C2) 1.367 1.351 1.352
D(C2—C3) 1.346 1.362 1.360
D(C3—C4) 1.462 1.417 1.419
D(C4—C10) 1.474 1.404 1.387
D(C5—C10) 1.453 1.448 1.432
D(C5—C6) 1.463 1.465 1.441
D(C6—C7) 1.397 1.462 1.477
D(C7—C8) 1.375 1.382 1.448
D(C8—C9) 1.421 1.389 1.358
D(C9—01) 1.356 1.362 1.376
D(C9—C10) 1.382 1.405 1.431
D(C2—C1/) 1.471 1.467 1.467
D(C1'—C2) 1.399 1.401 1.401
D(C2'—C3) 1.388 1.387 1.387
D(C3'—C4) 1.390 1.390 1.390
D(C4'—C5/) 1.391 1.391 1.392
D(C5'—C6/) 1.386 1.386 1.385
D(C6'—C1) 1.400 1.401 1.401
D(04—C4) 1.221 1.304 1.320
D(O5—C5) 1.241 1.261 1.266
D(0O6—CB6) 1.330 1.248 1.316
D(O7—C7) 1.354 1.329 1.231
D(H4—04) 1.044 1.000
D(H6—O06) 0.986 0.980
D(H7—07) 0.966 0.984
DH(H4- .05) 1.497 1.696

DH(H5---04)

(H6---05) 1.977 2.083

DH(H7---O8) 2.295 1.964

bonds in this radical are very strong, especially
the one between O5 and H4 (Table I). These
hydrogen bonds contribute significantly to the
stability of the radical. In the C7—OH radical,
there are strong localized double bonds in ring A,
that is, the C8—C9 bond, and carbonyl groups on
C5 and C7. There is also a strong hydrogen bond
between O5 and H4, and one much weaker
between O5 and H6 (Table II). In the C4—OH rad-
ical, the rings A and C are characterized by five
strongly localized double bonds, that is, the
C2—C3, C7—C8, and C9—C10 bonds and carbonyl
groups C4—0 and C5—O. The hydrogen bonds in
C4—OH are much weaker in comparison with
those in C6—OH (Table II).

Spin density is often considered as a parame-
ter, which provides realistic representation of the
reactivity [49]. The importance of spin density for

the description of flavonoids has been pointed
out in the recent literature data [47]. In the
C6—OH radical, the highest spin density is
located on the O6 atom, while the rest of spin
density is distributed between the ortho- and
para-carbon atoms (Fig. 6). A scheme based on
classical resonance effects occurring in the phe-
noxy radical can explain the presence of high-spin
density on the O5, C7, and C9 atoms. Somewhat
lower spin delocalization is found in other two rad-
icals (Fig. 6). The NBO analysis of the C7—OH and
C4—OH radicals shows that spin density is very
high on the C6 atom (0.415 and 0.339), indicating
the weak delocalization of the unpaired electron. It
is known that spin density delocalization is related
to the ease of radical formation, which implies that
proton removal from the O4 and O7 sites of the
radical cation of baicalein is not favored. Taking
into account that C6—OH is thermodynamically
most stable radical, it is clear that this radical plays
a significant role in the antioxidant activity of baica-
lein within the SET-PT mechanism.

Conclusions

The structures of neutral baicalein and corre-
sponding radical cation are investigated by using
B3LYP and PBE methods with 6-311+G(2df,p) basis
set. Both methods reproduce the geometry of baica-
lein molecule very well, but only B3LYP method
successfully describes the UV spectrum of baicalein.

A very interesting feature of the baicalein radi-
cal cation is that the hydrogen atom is transferred
from O5 to O4. The radical cation is formed by
the loss of an electron from the highest lying
occupied molecular orbital of baicalein, that is,
the lone pair on O4. As the unpaired electron on
O4 cannot delocalize over the adjacent nonaro-
matic C ring, O4 abstracts the proximate hydro-
gen atom from O5. The radical cation formed in
this way delocalizes its unpaired electron over the
aromatic ring A, thus reducing the instability
induced by the loss of an electron.

The structures and properties of three possible
radicals formed after proton removal from the
radical cation were also investigated. It was found
that spin density delocalization is most pro-
nounced in the thermodynamically most stable
C6—OH radical, indicating that this radical plays
a significant role in the antioxidant activity of bai-
calein within the SET-PT mechanism.
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Abstract Baicalein (5,6,7-trihydroxy-2-phenyl-4H-chro-
men-4-one) was investigated by using the B3LYP/6-
311+G** level of theory in the gas phase. The results for
bond order, bond dissociation enthalpy, highest occupied
molecular orbital (HOMO), and Mulliken spin density for
baicalein are presented. The structure—activity relationship
was examined in the light of these results. Particular
attention was devoted to the density functional theory
(DFT) interpretation of the reactivity of the OH groups in
baicalein, and the radicals formed after hydrogen removal
from this molecule. A detailed analysis of the obtained
results revealed that the 6-OH group is responsible for the
significant antioxidant activity of this molecule.

Keywords Baicalein - Antioxidant activity - BDE -
HOMO - DFT

Z. S. Markovié

Department of Biochemical and Medical Sciences,
State University of Novi Pazar, Vuka Karadzica bb,
36300 Novi Pazar, Republic of Serbia

J. M. Dimitri¢-Markovi¢ (D<)

Faculty of Chemistry, University of Belgrade,

Studentski trg 12-16, 11000 Belgrade, Republic of Serbia
e-mail: markovich@fth.bg.ac.rs

D. Milenkovi¢ - N. Filipovi¢
Bioengineering Research and Development Center,
34000 Kragujevac, Republic of Serbia

N. Filipovi¢

Harvard School of Public Health,
Harvard University, Boston MA 02115, USA

Published online: 02 February 2011

Introduction

Reactive oxygen and nitrogen radical species can poten-
tially damage almost all types of biologically important
molecules like lipids (causing lipid peroxidation), amino
acids, carbohydrates, and nucleic acids (causing muta-
tions). An imbalance between antioxidants and reactive
oxygen species results in oxidative stress, which is impli-
cated in many diseases, suggesting that free radicals
participate as fundamental components in a large majority
of, if not all, human diseases [1-3]. A variety of naturally
occurring and synthetic antioxidant molecules have been
shown to quench free radicals, reduce lipid peroxidation,
and detoxify hydrogen peroxide through non-enzymatic
defense mechanisms. The flavonoid family is a vast and
major group among the phenolics with more than several
thousand known compounds. Numerous investigations
provided some circumstantial evidence that flavonoids
exhibit a variety of beneficial actions generally related to
their pronounced antioxidant activity, which operates at
different levels in the oxidative process including scav-
enging free radicals, scavenging lipid peroxyl radicals, or
removing oxidatively changed and damaged biomolecules
[4-9]. The chemical behavior of flavonoids as antioxidants
has therefore become the subject of intense experimental
and theoretical research.

There are generally two fundamental and widespread
mechanisms through which flavonoids (ArOH) and other
phenolic compounds can play a preventive role: (1) HAT
(hydrogen atom transfer) mechanism leading to the direct
O-H bond breaking by rapid donation of a hydrogen atom
to a radical to form a new radical, more stable than the
initial one (ArOH + HO- — ArO- + HOH) and (2) the
chain-breaking mechanism leading to indirect hydrogen
abstraction, by which the primary antioxidant transforms
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into a radical cation by donating an electron to the free
radical present in the system (ArOH + HO:- —
ArOH" + OH™ — ArO- + HOH). The net result of
reactions (1) and (2) is the same and both hydrogen atom
transfer and electron transfer occur in parallel at different
rates. Besides the hydrogen atom transfer (HAT) mecha-
nism, where the proton and the electron are transferred
together, many important biochemical processes proceed
via proton-coupled electron transfer (PCET) mechanism,
which occurs when a proton and electron are transferred
between different sets of molecular orbitals [10-13]. Both
HAT and PCET mechanisms depend upon the medium
investigated. In general they are governed by the strength
of the phenolic O-H bond, i.e., by the O-H bond dissoci-
ation enthalpy (BDE), the molecular property used in the
assessment of possible radical scavenging potential of the
molecule. BDE is calculated as the difference in enthalpy
between the molecule (baicalein in this case) and its radi-
cals, implicating its correspondence to the OH bond
breaking energy (the weaker the OH bond is, the smaller
BDE is and the faster HAT mechanism will be leading to
the faster reaction with free radicals). The electron-transfer
mechanism (2) is governed by a one-electron transfer
process with both the ionization potential and reactivity of
the radical cation ArOH' " playing important roles. What-
ever mechanism is involved, the formed radical species
ArO- needs to be relatively stable, so that reactions (1) and
(2) could be thermodynamically favorable in the sense that

Fig. 1 Atomic numbering of baicalein

it is easier to remove a hydrogen atom from ArOH than
from HOH. In this way an antioxidant molecule will react
slowly with the substrate and faster with the radical form
preventing or postponing toxic effects (such is the oxida-
tive stress) of its reaction with the substrate molecules,
thereby justifying the term “chain-breaking antioxidant”.
The antioxidant molecule and the final product obtained
from it should be nontoxic and should not exert a pro-
oxidant effect [10, 14].

Baicalein  (5,6,7-trihydroxy-2-phenyl-4H-chromen-4-
one) and its glucuronide baicalin are two of the major
bioactive compounds found in the traditional Chinese
medicinal herb Baikal skullcap (Scutellaria baicalensis
Georgi). They are widely used in the treatment of copious
and disease-related symptoms such as insomnia, fever, and
perspiration. Baicalein was also the subject of numerous
studies which gave promising results in different areas,
such as inhibition of iron-induced lipid peroxidation,
anticancer, anti-inflammatory, and antioxidant activities
[15-17]. This paper addresses the potential reactivity of
each of the baicalein reactive sites and stability of the
corresponding radicals formed after hydrogen abstraction
from its various OH groups. The structure—activity rela-
tionship is examined in the light of the results obtained by
applying B3LYP/6-3114+G** level of theory in the gas
phase.

Results and discussion

The majority of theoretical investigations of flavonoids
concerning BDE are focused only on the B ring, particu-
larly the catechol moiety [18-30]. The present study is
focused on ring A because baicalein has OH groups only in
this ring (Fig. 1). In order to find the most stable confor-
mation of baicalein and to determine the preferred relative
positions between rings B and C the conformational space
of structure 1 (Fig. 2) was analyzed as a function of tor-
sional angle t (C3-C2-C1'-C2’) between these rings. By
removing constraint for the torsional angle the conforma-
tional absolute minima are found at v = 21.00° and at

Fig. 2 Most stable [ [ ; it i /
conformation of the baicalein A o \f/ f\ / N A N ,_"\ b2 S N
molecule (1). The structures of = YN & ;#\f\/'{ «— \,’f\ ;'/\/\,-/\“"“ f/\/\// /
baicalein in the absence of the ! \;'—\/'l\ I”’\,_’I / \;/\ ;NN \’F\f‘{ / o
C7-OH-C6-0 (1c), C50-H- B f\ \;/ N B r { \;/ A

C40 (1a), and C60-H-C50
(1b) hydrogen bonds.
Calculated HOMO orbital of
structure 1
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Fig. 3 Energy profile for rotation barrier around the inner bond
C2-CV’ for structure 1

7 = 158.95°. The maximum of the potential energy lies at
7 = 90° and the interconversion barrier between the two
minima is about 15.1 kJ mol ™' (Fig. 3).

The torsional angle values (C3—-C2-C1’-C2’) of 20° and
159° were found for structurally very similar molecules:
quercetin (using AMI1) and fisetin (using PM6 methods)
[18, 19]. Similarly, the minimization procedure for baica-
lein finds a nonplanar minimum. It is worth mentioning
that in going from t = 0° to £40°, the potential energy
curve is very flat with an energy variation of about
0.59 kJ mol™'; this indicates that the planar conformation
is easily obtained, requiring a negligible amount of energy.

Density functional theory (DFT) calculations imply that
baicalein is as polar as quercetin [18] and fisetin [19] with a
dipole moment of 3.26 D. Results of the bond order cal-
culations (Table 1) indicate that the double bonds are
strongly localized in the C2—-C3 and C4-O positions of ring
C. The bond order values also suggest a highly independent
electronic delocalization only in rings B and A. The small
deviation from planarity, as well as the low energy value
necessary for interconversion from structure 1 to the planar
structure (Fig. 2), do not prevent the electronic delocal-
ization in the molecule of baicalein. The C2—-C1’ bond is in
the chromone plane because the C4-C3—-C2-C1’ torsional
angle is close to 180°. This bond has a length of 1.473 A
(Table 2) and the bond order is close to 1 (Table 1). The
single character of the C2-C1’ bond shows that the con-
jugation of the 7 system across all the rings is very small.
The double bonds around the carbonyl group in ring C
indicate a cross-conjugated system [31] in which the
delocalization is allowed only between C and A or C and B
rings, but not for rings A and B. This finding is indirectly
confirmed by the investigation in which biphenyl mole-
cules were found to be not completely planar [31].

There are three hydrogen bonds present in structure 1
(Fig. 2). The formation of the hydrogen bond between the
C5-0OH and C4-O carbonyl group has a stabilizing effect.
This OH group is additionally stabilized by the formation of
another hydrogen bond between the oxygen of the C6-OH
group and the C5 oxygen. The conformations lacking these

Table 1 Bond order values of baicalein (1) and its radical species
(C5, C6, and C7)

Wiberg bond order  Baicalein C5-OH C6-OH C7-OH
01-C2 1.014 0.972 0.991 1.013
C2-C3 1.609 1.658 1.620 1.594
C3-C4 1.139 1.089 1.135 1.147
C4-C10 1.107 1.053 1.103 1.093
C5-C10 1.250 1.111 1.266 1.327
C5-C6 1.358 1.083 1.117 1.281
C6-C7 1.293 1.268 1.082 1.069
C7-C8 1.363 1.421 1.453 1.144
C8-C9 1.394 1.219 1.308 1.554
C9-01 0.971 1.004 1.003 0.960
C9-C10 1.292 1.442 1.283 1.173
c2-Cl’ 1.067 1.065 1.073 1.074
cr-c2 1.366 1.368 1.363 1.361
c2'-C3’ 1.447 1.445 1.448 1.448
C3'-c4 1.430 1.431 1.430 1.429
c4'-cs5' 1.422 1.422 1.421 1.420
C5'-Ce’ 1.455 1.456 1.457 1.458
Co'-Cl’ 1.362 1.362 1.358 1.357
04-C4 1.532 1.690 1.539 1.536
05-C5 1.071 1.568 1.180 1.077
06-C6 1.000 1.105 1.516 1.123
07-C7 1.052 1.042 1.112 1.582
H5-C5 0.637 0.632 0.630
H6-C6 0.729 0.681 0.728
H7-C7 0.737 0.741 0.701
DH(O4-H5) 0.084 0.003 0.088
DH(O5-H6) 0.006 0.040 0.008
DH(O6-H7) 0.006 0.004 0.033

DH hydrogen bond

bonds (Fig. 2, 1la—1c) are less stable with respect to the
absolute minimum by 65.57, 26.61, and 19.99 kJ mol !,
respectively. The lack of hydrogen bond between C5-OH and
C4-0 carbonyl group has the strongest destabilizing effect,
which is in agreement with the fact that this hydrogen bond is
shorter than other two (Table 2). The natural bond orbital
(NBO) analysis of baicalein revealed that lone pair—antibond
and bond-antibond interactions are responsible for hydrogen
bond formation. Because O4(2p) and O5-H(c*) orbitals are
the electron-abundant and electron-deficient components,
respectively, the charge transfer from O4(2p) to O5-H(c*)
orbital is a favorable donor—acceptor interaction, and is a
relatively dominant term in determining the strength of
hydrogen bond delocalization energy. Almost negligible
charge transfer is observed for O6(lp) and O7-H(c*),
whereas for O5(1p) and O6-H(c*) and for O5(2p) and
06-H(c*) charge transfer is not observed at all. This finding
is in accordance with these hydrogen bonds lengths (Table 2).
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Table 2 Bond lengths (nm) calculated using B3LYP/6-311+G** for
baicalein and the corresponding radicals

Baicalein C5-OH C6-OH C7-OH
D(01-C2) 0.1358 0.1370 0.1366 0.1358
D(C2-C3) 0.1359 0.1349 0.1356 0.1360
D(C3-C4) 0.1445 0.1466 0.1445 0.1441
D(C4-C10) 0.1452 0.1478 0.1455 0.1458
D(C5-C10) 0.1412 0.1456 0.1414 0.1396
D(C5-C6) 0.1386 0.1466 0.1450 0.1404
D(C6-C7) 0.1402 0.1400 0.1468 0.1473
D(C7-C8) 0.1394 0.1379 0.1375 0.1450
D(C8-C9) 0.1387 0.1424 0.1402 0.1361
D(C9-01) 0.1373 0.1360 0.1360 0.1377
D(C9-C10) 0.1403 0.1385 0.1405 0.1430
D(C2-CY1’) 0.1474 0.1473 0.1472 0.1472
D(C1'-C2") 0.1403 0.1403 0.1403 0.1404
D(C2'-C3") 0.1391 0.1392 0.1391 0.1391
D(C3'-C4") 0.1394 0.1393 0.1393 0.1394
D(C4'-C5") 0.1395 0.1395 0.1395 0.1395
D(C5'-C6") 0.1390 0.1390 0.1390 0.1389
D(C6'-C1") 0.1403 0.1403 0.1404 0.1404
D(C2-CY1’) 0.1474 0.1473 0.1472 0.1472
D(04-C4) 0.1249 0.1222 0.1247 0.1248
D(05-C5) 0.1349 0.1466 0.1318 0.1346
D(06-C6) 0.1370 0.1333 0.1249 0.1330
D(O7-C7) 0.1354 0.1355 0.1333 0.1240
D(H5-C5) 0.0996 0.1001 0.0997
D(H6-C6) 0.0967 0.0984 0.0971
DH7-C7) 0.0967 0.0966 0.0980

The torsional angle values (7) between rings C and B in
structures 1a—1c are similar to the corresponding value for
structure 1 (Fig. 2) implicating the importance of the
conjugation stabilization between rings B and C in the
structures lacking the hydrogen bonds.

Baicalein radicals

Geometry optimizations of the radicals are performed by
starting from the optimized structure of the parent mole-
cule, after hydrogen atom abstraction from the C5, C6, or
C7 position. The radical formed by hydrogen removal from
the C5—-OH group of baicalein is called the C5-OH ba-
icalein radical, and the same notation is used for the other
two radicals (Fig. 4). No geometrical parameter constraint
is imposed during the optimization. The OH group neigh-
boring the primary radical site in the A ring is oriented in
such way that hydrogen bonding is preserved.

The C6-OH radical, like parent molecule 1, retains
nonplanarity with a torsional angle of approximately 20.3°
(Table 3). Energy minima for two other isomers generated
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by the loss of the hydrogen from the C7-OH and C5-OH
groups are higher than that for C6—-OH form by 44.37 and
58.79 kJ mol ™', respectively. These two forms are also
nonplanar, because torsional angle values between rings B
and C are approximately 19.3° (C7-OH) and 20.4° (C5-
OH) (Table 3).

Careful inspection of Table 1 allows further comments
on the electronic structure of three possible radical isomers
of baicalein. The C5-OH, C6-OH, and C7—OH radicals are
characterized by two hydrogen bonds (Fig. 4) that contrib-
ute to their stabilities. In the C6—OH radical the complete
delocalization involves only ring B, whereas ring C is
characterized by two double bonds strongly localized on the
carbonyl group and C2-C3 bond. The C6-OH radical also
has strong localized double bonds in ring A, on the carbonyl
group at C6, and between C7 and C8 atoms, which is the
significant difference in comparison to the parent molecule 1
(Fig. 2). The same bond order value for the C2-C1’ bond in
the parent molecule and in the C6—-OH radical indicates a
weak electron delocalization over ring B.

In the C5-OH radical the complete delocalization
involves only ring B, whereas rings A and C are charac-
terized by five double bonds strongly localized on the
carbonyl groups C3-0 and C5-0, as well as on the C2-C3,
C6—C7, and C9—C10 bonds. Moreover, as a result of the
nonplanarity of this radical the electronic flow between
rings A and C is prevented, a conclusion also supported by
the C2—C1’ bond order value (Table 1).

Significant geometrical changes in ring A are also
present in the structure of the C7-OH radical. In the
C7-OH radical, like in the C6—OH radical, the C6—C7
bond becomes significantly longer (Table 2), whereas the
bond order values (Table 1) show that the C7-O and
C8-C9 double bonds in ring A are almost localized. The
bond order between C2 and C1’ is close to 1, implying that
conjugation between rings C and B is hindered.

BDE values

The DFT calculated BDE values (Table 4) for the three
radical forms give the following BDE sequence for the
present OH groups: C5-OH > C7-OH > C6-OH. This
sequence clearly confirms that hydrogen transfer from
C6-OH is easier than that from the other two OH groups.
The obtained results are consistent with the literature data
concerning structure—activity relationships of antioxidant
flavonoids [32].

According to the performed calculations, the BDE val-
ues for the C5-OH and C7-OH sites on the A ring are
higher than those for the C6—OH form by 44.4 and
58.8 kJ mol~'. Whatever the kind of oxidative system is
involved, these results clearly implicate the higher reac-
tivity of the C6-OH group compared with the other two
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Fig. 4 Optimized structures of
baicalein radicals. Values of
corresponding spin densities are
presented as numbers.
Hydrogen bonds are presented
as dashed lines

Table 3 Bond angle and dihedral angle values (°) for baicalein and
the corresponding radicals

Angle Baicalein C5-OH C6-OH  C7-OH
A(01-C2-C3) 121.9 120.8 121.4 122.2
A(C2-C3-C4) 121.6 123.1 121.5 121.5
A(C3-C4-C10) 115.0 113.4 1154 1154
A(C4-C10-C5) 121.0 123.5 120.8 120.6
A(C10-C5-C6) 119.9 117.1 120.0 120.2
A(C5-C6-C7) 120.2 123.2 116.6 121.1
A(C6-C7-C8) 121.0 118.1 123.0 116.6
A(C7-C8-C9) 118.1 120.0 117.7 120.2
A(C8-C9-C10) 122.4 124.6 123.5 122.9
A(C9-01-C2) 120.7 120.5 1213 121.4
A(C1'-C2'-C3) 120.4 120.4 120.4 120.4
A(C2'-C3'-C4) 120.3 120.3 120.3 120.3
A(C3'-C4'-C5') 119.7 119.6 119.7 119.7
A(C4'-C5'-C6’) 120.3 120.3 120.2 120.2
A(C5'-C6'-CT") 120.5 120.5 120.4 120.5
A(C6'-C1'-C2') 118.9 118.8 118.9 118.9
A(C6'-C1'-C2) 120.8 120.6 120.6 120.8
A(C3-C4-04) 1233 121.8 123.0 1235
A(C10-C5-05) 122.1 127.4 121.4 122.9
A(C5-C6-06) 122.4 116.7 125.0 120.3
A(C6-C7-07) 119.7 121.5 115.0 120.6
7(01-C2-C1'-C2") 20.96 21.36 20.34 19.29

Table 4 Some of the calculated energies of the baicalein molecule
(1) and its radical isomers (C5-OH, C6-OH, and C7-OH) in their
ground state

C5-OH C6-OH C7-OH 1
E + ZPE (au.) —953.1631 —953.1849 —953.1683 —953.8061
BDE (k) mol™")  89.89 75.85 86.44
Enomo (V) —0.2460  —0.2570 —0.2605 —0.228
Erumo (V) —0.080 —0.092 —0.094 —0.085
Esomo (eV) —0.197 —0.182 —0.200
IP (kJ mol™}) 166.30

ZPE zero point energy, BDE bond dissociation enthalpy, Epyomo
energy of the highest occupied molecular orbital, £ 0 energy of the
lowest unoccupied molecular orbital, Egppo energy of the singly
occupied molecular orbital, /P ionization potential

hydroxyl groups of ring A. This hierarchy may only be
overcome if the oxidation of the molecules takes place via
an enzymatic action for which the binding configuration
with the protein receptor governs the location of the redox
reactions.

The BDE values for C5-OH and C7-OH groups of
baicalein are very similar to the corresponding values
obtained for quercetin at the same level of theory [21].
Also, a similar value for BDE is obtained for the C7-OH
group of fisetin [33]. On the other hand, the BDE value
for the C6-OH group is significantly lower, and can be
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Fig. 5 SOMO of radicals
formed by hydrogen removal
from baicalein

SOMO 5-OH

compared with the values of catechol OH groups of quer-
cetin and fisetin [21, 33]. The calculated BDE value for the
C6—-OH form is in agreement with the experimental
TEAC (Trolox equivalent antioxidant activity) value of
baicalein [34].

On the basis of the ionization potential value for struc-
ture 1 (696.82 kJ mol "), which is slightly higher than the
corresponding value for quercetin [20], one can expect a
lower antioxidant activity for baicalein in comparison to
quercetin. This means that baicalein, undergoing whatever
mechanism of action, hydrogen atom or electron transfer,
would be less effective in terms of antioxidant activity
compared with quercetin. The experimental value of TEAC
confirms this assumption [32, 34].

The difference in antioxidant activity, which is reflected
in the BDE values, is often attributed to the 7m-electron
delocalization leading to the stabilization of the radical
forms obtained after hydrogen abstraction. This conclusion
is made on the basis of an assumption that if 7-electron
delocalization exists in the parent molecule it also exists in
the corresponding radical forms. The somewhat higher
BDE value for the C6—-OH group of baicalein, compared
with the BDE values of quercetin and fisetin catechol
hydroxyl groups [21, 33], could be explained by the lower
delocalization of this radical form in comparison to the
corresponding radicals of quercetin and fisetin.

The HOMO of baicalein is presented in the lower part of
Fig. 2. As expected, the greatest contribution to the HOMO
comes from ring A and oxygen atoms 06, OS5, and O7. The
shape of the HOMO undoubtedly reveals that O6, OS5, and
O7 atoms are suitable for the formation of stable radical
forms (corresponding to hydrogen removal from one of the
three OH groups). This assumption is in agreement with the
calculated BDE values, especially with the lowest one,
obtained for the formation of the C6—~OH radical, because
the greatest contribution to the HOMO comes from this
oxygen atom. The shapes of the SOMO of the radical forms
are presented in Fig. 5.

Within an unrestricted scheme, the spin density is often
considered to be a more realistic parameter which provides
a better representation of the reactivity [35]. The impor-
tance of the spin density for the description of flavonoids
has been pointed out by recent literature data [20, 21].
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SOMO 7-OH

SOMO 6-OH

Therefore, the spin density on the various baicalein radical
forms is also analyzed to help understand the differences in
reactivity of the various OH groups, and consequently the
differences in BDE values. It should be pointed out that
the more delocalized the spin density in the radical form is,
the easier the radical is formed, and thus the lower the BDE
value is [20, 21].

In the case of the C6-OH radical, the highest spin
density is located on the O6 atom while the rest of it is
disposed over ortho and para carbon atoms (Fig. 4). This
effect can be explained by using the classical resonance
effects occurring in the phenoxy radical. Such a scheme
explains the presence of the radical (high spin density) on
the C5, C7, and C9 atoms.

In the case of the C5—OH radical the spin density is very
high on the C6 atom (0.339) and concomitantly the delo-
calization is weak (Fig. 4). A somewhat better spin
delocalization is found in the case of the C7-OH radical
where the spin density is delocalized among the C6, C8,
and C10 atoms. Because spin density delocalization is
related to the ease of radical formation, it is clear that
hydrogen removal from the C5—-OH and C7-OH sites is not
favored. Figure 4 shows that O7 and O6 atoms have higher
spin density values than OS5, implying that higher capacity
for hydrogen removal from O7 and O6 can be expected.

Conclusions

On the basis of the results presented baicalein appears to be a
nonplanar molecule exerting a cross-conjugation effect. The
antioxidant action is generated by three radicals showing
nonplanar conformations. The very flat potential energy
curve, with an energy variation of about 0.59 kJ mol ™',
indicates that the planar conformation is easily obtained,
requiring a negligible amount of energy. This fact means
that radical structures allow extended electronic delocal-
ization between adjacent rings.

The applied theoretical approach confirms the impor-
tance of the A ring and sheds light on the role of the
C6-OH group, whose reactivity, influencing antioxidant
properties of the molecule, is dependent upon the good
electron delocalization.
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Our results also point to the C5—OH radical, which lies
at higher energetic values with the respect to the absolute
minimum, indicating its presence in the antioxidant
mechanism is rather improbable. The main reason justify-
ing this assumption lies in the fact that the hydrogen atom
of the C5-OH group forms a hydrogen bond with the O4
atom.

Methods

All calculations were performed by using the Becke’s three-
parameter (B3) exchange functional [36] associated with the
Lee—Yang—Parr (LYP) gradient corrected correlation func-
tional [37] denoted B3LYP with the standard split valence
double zeta Gaussian basis set 6-31G of Peterson et al.
[38, 39]. Furthermore, in order to obtain a better description
of the delocalization effects that are crucial for the geometry
and the electronic structure of baicalein, diffuse functions
were added to the heavy atoms. The p, d polarization func-
tions (**) were also added. Full geometry optimizations
were undertaken without any symmetry constraints.
A vibrational frequency calculation at the optimized
geometry was performed to confirm that the structure
obtained was a stationary point (characterized by no nega-
tive frequencies) on the potential energy surface. The natural
bond orbital (NBO) [40—43] analysis of charges and spin
densities of baicalein and corresponding radicals was per-
formed. The Wiberg bond orders [44] were calculated by
using the GenNBO program [45]. It should be noted that the
Wiberg bond order (sometimes referred to as the Wiberg
bond index) is equal to 1 and 2 for pure single and double
bonds, respectively. In the case when a bond participates in
some 7-electron conjugation, its Wiberg bond order will
assume a value between 1 and 2; the closer to 2, the stronger
the character of a double bond. The bond dissociation
enthalpy (BDE) for baicalein was calculated by using the
following equation:

BDE = Hpon — Hyo. — Hy.,

where Hpon, Hpo., and Hy. are the enthalpies of baicalein,
baicalein radical, and hydrogen atom respectively. The
ionization potential (IP) was obtained as the energy dif-
ference between the BOH and BOH ™ species. The NBO
orbital occupancies associated with the distribution of the
singly occupied molecular orbitals (SOMOs) were also
used to identify the scavenging mechanism in both cases.
All calculations were carried out using the Gaussian 09
computational package [46].

Potential energy surfaces were obtained in relation with
the torsion angle t between rings B and C, defined by the
C3-C2-C1’-C2’ atoms (Fig. 1). The torsion angle t was
scanned in steps of 15° without constraints on all other

geometrical parameters. The effects of the following torsion
angles rotations were also studied: C4-C5-OH, C5-C6-OH,
and C6-C7-OH. Afterwards, the structures were further
optimized without any constraint around each potential
minimum. Particular attention was paid to the DFT inter-
pretation of the reactivity of OH groups in baicalein and the
radicals formed after hydrogen removal from the molecule.
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Abstract Theoretically predicted vibrational wavenum-
bers of baicalein were compared with available infrared
(IR) and Raman experimental data. Assignments of the
experimentally obtained normal vibrational modes were
done using density functional theory calculations with
MO05-2X functional and the 6-311+G(2df,p) basis set
implemented in the Gaussian 09 package. According to the
results, the 1,700 to 1,400 cm~! Raman and IR regions are
associated with the double-bond character of the carbonyl
group, aromatic in-plane skeletal vibrations, and aromatic
character of the pyrone ring. In particular, the bands in the
1,650 to 1,550 cm ™! region represent the C=0 and C2=C3
characteristic stretching modes. Most of the bands in the
1,500 to 650 cm ™' range involve C—C stretch, O—C stretch,
and in-plane C-C-H, C-O-H, C-C-0, C-0O-C, and C-C-C
bending vibrations of the rings. Bands below 650 cm ™" are
mostly assigned to different torsional modes of the rings.
The applied method reproduced the experimental results
with a high degree of accuracy.

Z. S. Markovié

Department of Biochemical and Medical Sciences,
State University of Novi Pazar, Vuka Karadzica bb,
36300 Novi Pazar, Republic of Serbia

T. P. Brdari¢
Kirilo Savi¢ Institute, Vojvode Stepe 51,
11000 Belgrade, Republic of Serbia

D. Milenkovi¢
Bioengineering Research and Development Center,
34000 Kragujevac, Republic of Serbia

J. M. Dimitri¢ Markovi¢ (IX)

Faculty of Physical Chemistry University of Belgrade,
Studentski trg 12-16, 11000 Belgrade, Republic of Serbia
e-mail: markovich@fth.bg.ac.rs

Published online: 06 July 2012

Keywords Baicalein - IR spectra - Raman spectra -
MO05-2X/6-311+G(2df,p) level of theory

Introduction

Besides the variety of internally developed defense mech-
anisms against reactive oxygen species, organisms rely also
on some external factors including dietary substances, such
as flavonoids, vitamins C and E, hydroquinones, and var-
ious sulfhydryl compounds. The flavonoid family is a vast
and very important group of low-molecular-weight plant
phenolics. Circumstantial evidence, provided by numerous
investigations, points to their essential role in plant phys-
iology, as they are involved in the light phase of
photosynthesis, pigmentation, growth and reproduction,
nitrogen fixation, regulation of iron channels associated
with phosphorylation, resistance to pathogens and preda-
tors, ultraviolet (UV) protection of plants, and chemical
defense [1-7].

By virtue of their unique electron-rich and highly con-
jugated chemical structure, flavonoids generally act as very
good hydrogen and electron donors, which are very
important determinants in antioxidant activity. Moreover,
their radical intermediates are relatively stable due to
delocalization effect and the lack of suitable sites for attack
by molecular oxygen. Their pronounced antioxidant activ-
ity, closely related to a variety of their beneficial actions
in vivo and in vitro, operates at different levels in the oxi-
dative process, including scavenging lipid peroxyl radicals,
chelation of metal ions able to promote radical forma-
tion through Fenton reactions, scavenging free radicals,
removing oxidatively changed and damaged biomolecules,
or regeneration of membrane-bounded antioxidants such as
vitamin E [8-18].
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In recent years, the chemical behavior of flavonoids as
antioxidants has become the subject of very intense
experimental and theoretical research, since the structure—
properties relation has not yet been settled. In combination
with experimental measurements, the various tools of
computational chemistry have provided ways to disclose
the relationship between the structure, properties, and
performance of these very important molecules. This
paper, as part of our ongoing investigations of flavonoid
molecular structures [19-22], reports experimental and
theoretical research into the baicalein (5,6,7-trihydroxy-2-
phenyl-4H-chromen-4-one) structure by means of experi-
mental IR and Raman spectroscopies and mechanistic
calculations. In this way, by detailed vibrational band
assignments, it is possible to provide good insight into the
structural changes which appear upon all relevant flavonoid
interactions. Found in the traditional Chinese medicinal
herb Baikal skullcap (Scutellaria baicalensis Georgi),
baicalein and its glycosidized form baicalin are two of its
major bioactive flavone compounds. They are widely used
in treatment of widespread and disease-related symptoms
such as insomnia, fever, and perspiration. Baicalein has
also been the subject of numerous studies which have given
promising results in different areas, such as inhibition of
iron-induced lipid peroxidation and anticancer, anti-
inflammatory, and antioxidant activities [23-26].

Results and discussion
Geometry of baicalein

Different conformations of baicalein (Fig. 1) are implied
by the possibility of rotation around the C2-Cl’ single
bond connecting the B and C rings and by the disposition
that each —OH group can undergo in the molecule. Opti-
mization at the MO05-2X level of theory with the
6-3114+G(2df,p) basis set yields as preferred structure a
nonplanar conformation (t = 23.4°) in which the hydroxyl
groups are oriented in such a way as to form the maximum

Fig. 1 Structural formula of baicalein

@ Springer

number (three) of hydrogen bonds. This value for 7 indi-
cates that baicalein cannot use its full delocalization
potential and is less active as scavenger. Nonplanarity can
also be caused by the lack of 3-OH group, which causes a
slight twist of the ring [27]. The energetic value for the
rotation barrier around the torsional angle 7 (16.2 kJ/mol),
which leads to the B ring being perpendicular to the plane
of the A and C rings, is much lower in comparison with the
values of 24.7 kJ/mol for quercetin [21] and 23.0 kJ/mol
for fisetin [20]. Obviously, the rotation around t angle
proceeds easily, and there is a very small energy gap
between the two most stable conformations. This result
suggests their probable coexistence.

Equilibrium geometrical parameters of the absolute
minimum are reported in Table 1, together with bond order
values and data coming from crystallographic measure-
ments [28]. If the known differences between the vacuum
and condensed-phase environments are taken into account,
the geometry appears to be quite well reproduced, and the
small discrepancies are easily ascribable to the packing in
the crystal. Significant geometrical differences were found
only in the case of three hydrogen bonds. The O5-H5-04
(1.689 A), 06-H6-O5 (2.240 A), and O7-H7-06
(2.154 A) hydrogen bonds present in the gas-phase mini-
mum are significantly different from experimental values.
The first one is shorter by 0.051 A, and the other two are
longer by 0.530 and 0.204 A, respectively, in comparison
with the experimental values. Also, it should be empha-
sized that this density functional theory (DFT) method
overestimates the value of the dihedral angle between rings
B and C by about 15°.

The Wiberg bond order analysis (Table 1), as well as
small nonplanarity of the molecule, preclude a possible
extended delocalization with a consequent good stabiliza-
tion of the radical species, eventually originating from the
hydrogen abstraction from the —OH groups of all the rings.
As indicated by Rice-Evans et al. [29] and by van Acker
et al. [18], the antioxidant properties of flavonoids can be
derived just from their good delocalization possibilities.

IR and Raman spectra analysis

The vibrational spectra of polyhydroxylated flavones are
generally very complex with the plurality of spectral bands
mostly assigned to different modes of O-H vibrations, due
to the fact that these molecules usually have several
hydroxyl groups which are expected to have significant
impact on the spectra appearance.

The experimentally obtained, theoretically calculated,
and scaled band positions, wavenumbers, along with the
corresponding assignments for the first 69 vibrational
modes (of total 84) appearing in the 4,000 to 400 cm™'
region are listed in Table 2. Vibrational normal mode
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Table 1 MO05-2X/6-

3114+G(2df,p) geometrical Bond lengths  Exp. Gas phase  Wiberg bond order  Angles Exp. Gas phase
parameters of the absolute D(01-C2) 1353 1.347 1.011 A(C9-01-C2) 119.88  120.39
minimum of baicalein in the
gas phase D(C2-C3) 1.360 1.348 1.631 A(0O1-C2-C1’) 112.73 112.37
D(C3-C4) 1432 1.440 1.122 A(01-C9-C10) 121.17 120.38
D(C4-C10) 1.439 1.446 1.093 A(01-C2-C3) 122.19 122.61
D(C5-C10) 1414  1.403 1.246 A(C2-C3-C4) 121.05 121.06
D(C5-C6) 1.384 1.376 1.365 A(C3-C2-C1") 125.07 125.02
D(C6-C7) 1.404 1.393 1.293 A(C3-C4-C10) 116.07 114.93
D(C7-C8) 1.392  1.385 1.364 A(C4-C10-C5) 121.79 120.81
D(C8-C9) 1.387  1.380 1.386 A(C4-C10-C9) 119.61 120.61
D(C9-01) 1.369 1.364 0.964 A(C9-C10-C5) 118.58 118.58
D(C9-C10) 1.400 1.392 1.301 A(C10-C5-C6) 119.92 119.81
D(C2-C1’) 1.469 1.470 1.048 A(C5-C6-C7) 119.67 120.14
D(C1'-C2") 1.399  1.392 1.371 A(C6-C7-C8) 121.55 121.21
D(C2'-C3") 1.392  1.384 1.441 A(C7-C8-C9) 117.84 117.92
D(C3'-C4") 1.393  1.386 1.430 A(C8-C9-C10) 122.26 122.34
D(C4'-C5") 1.393  1.387 1.423 A(C8-C9-01) 116.56 117.28
D(C5'-C6") 1.386  1.383 1.449 A(ClI'-C2'-C3") 120.08 120.15
D(C6'-C1") 1402  1.392 1.367 A(C2-C3'-C4) 120.47 120.20
D(04-C4) 1.260 1.238 1.541 A(C3'-C4'-C5') 119.53 119.85
D(05-C5) 1.348  1.341 1.064 A(C4-C5'-C6') 120.36 120.15
D(06-C6) 1.362  1.364 0.993 A(C5'-C6'-C1") 120.39 120.23
D(O7-C7) 1.350 1.347 1.045 A(C6'-C1'-C2) 119.14 119.41
D(H5-05) 0.970  0.993 0.623 A(C6'-C1'-C2) 120.27 120.52
D(H6-06) 0.970  0.964 0.720 A(C2-C1'-C2) 120.58 120.07
D(H7-07) 0.970  0.965 0.728 A(C3-C4-04) 122.76 123.18
DH(H5-04) 1.740  1.689 A(C10-C4-04) 121.17 121.88
DH(H6-05) 1.710  2.240 A(C10-C5-05) 122.13 122.00
DH(H7-06) 1.950 2.154 A(C6-C5-05) 117.93 118.18
A(C5-C6-06) 122.56 122.11
A(C7-C6-06) 117.76 117.75
Distances in A and valence A(C6-C7-07) 120.07 119.28
angles in degrees. Experimental A(C8-C7-07) 118.39 119.51
data are crystallographic 2(01-C2-C1'-C2) 9.000 23.463

measurements [40]

assignments were done on the basis of a best-fit compari-
son between the experimentally obtained and theoretically
calculated spectra (Figs. 2, 3). Table 2 also lists relative
descriptions of IR and Raman intensities, potential energy
distribution (PED) values [30], and the description of the
largest vibrational contributions to the normal modes. It
can be seen that the calculated band positions provide a
very good fit to the observed results, indicating correct
mode assignments.

As baicalein possesses very low symmetry, belonging to
the C1 symmetry group, its Fourier-transform (FT)-IR and
Raman spectra are quite similar in appearance with slightly
more bands present in the IR spectrum and some differ-
ences in relative intensities. The difference in number and
intensity of the bands is the consequence of the Raman

scattering effect itself. As implied by the low symmetry,
the Raman and IR active vibrational modes also have rather
similar assignments.

The most distinct and easily recognizable broad bands in
IR and normal Raman (NR) spectra of phenols and poly-
phenols (also alcohols) are the bands assigned to different
modes of O-H vibrations (Table 2). Although being pre-
dicted by DFT as three sufficiently intense (especially
DFT-calculated IR intensities) bands (modes 84-82,
Table 2), only two intense IR bands at 3,410 and
3,065 cm ™! are present. The first band, characteristic of
weak hydrogen-bonding interaction, is assigned to
mode 83 belonging to O-H stretching vibration of ring A
(C7-OH). The second one is assigned to mode 82
(C5-0OH), which is characteristic of OH groups involved in
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Table 2 Experimental and calculated positions of the bands in the IR and Raman spectra of baicalein, assignments and intensities of the normal

modes
Mode Assignment Exp. values MO05-2X/6-311+4g(2df,p)
rfem™! yr/em ™! ﬁscaled/cm71 IR/Raman Raman PED (%)
intensity activity
84 OH stretching (A) (C6-OH) 3,629.7 w/VW 66.2 von (99)
83 OH stretching (A) (C7-OH) 3,410 3,616.5 m/vw 114.6 vou (99)
82 OH stretching (A) (C5-OH) 3,065 3,091.4 VW/VW 76.4 vou (97)
81 CH stretching (A) 3,079.4 vw/v 68.3 ven (99)
80 CH stretching (B) 3,064.6 vw/ivw 247.3 ven (98)
79 CH stretching (B) 3,060.1 VW/VW 22.1 ven (95)
78 CH stretching (B) 3,053.5 VW/VW 76.2 ven (83)
77 CH stretching (B) 3,046.3 VW/VW 114.4 ven (95)
76 CH stretching (B) 3,036.3 VW/VW 40.8 vern (95)
75 OH stretching (A) 3,017.7 vs/vw 133.1 ver (86)
74 C=0 stretching (C) 1,656 1,654 1,654.0 vs/m 206.5 ve=o (47) 4+ dcon (10)
CC stretching (A-C)
73 CC stretching (A, C) 1,615 1,612 1,619.6 s/m 345.1 vee (64)
C=0 stretching (C)
72 CC stretching (B) 1,604.3 vwW/Vs 531.2 vee (57) + dccn (14)
71 CC stretching (A-B-C) 1,587 1,589 1,593.3 VW/wW 150.1 vee (44)
OC stretching (A)
70 CC stretching (C) (C2=C3) 1,560 1,566 1,566.6 VW/s 318.0 vee (44) + dccep (11)
69 CC stretching (A, C) 1,504 1,507 1,495.1 w/w 144.5 vee (18) 4+ dccn (34)
OC stretching (A)
68 CC stretching (B) 1,471 1,466 1,474.8 VW/vVwW 9.2 vee (13) 4+ dccn (59)
67 CC stretching (A, C) 1,448 1,450 1,463.8 vs/Vw 11.9 vee (56)
CCC bending (A, B)
COH bending (A-C)
66 CC stretching (B) 1,414 1,406 1,427.5 VW/VW 25.2 vee (29)
CCH bending (B)
65 OC stretching (A) 1,388 1,381 1,388.3 w/vw 13.6 vee (17) 4+ dccn(30)
CC stretching (B)
COH bending (A)
64 CC stretching (A, C) 1,365.9 VW/VW 67.0 vee (67) + dccen (12)
COH bending (A)
63 OC stretching (C) 1,340 1,363.1 s/vw 73.4 veo (12) 4+ dcon (20)
CC stretching (A)
COH bending (A)
62 OC stretching (C) 1,304.0 s/vw 56.0 veo (12) + dcon (20)
COH bending (A)
61 CC stretching (B) 1,296 1,280 1,298.8 VW/VW 0.9 vee (10) 4+ dccp (65)
CCH bending (B)
60 CC stretching (A) 1,293.3 VW/VW 9.2 dcon (23)
COH bending (A)
59 CC stretching (B) 1,272.4 vw/vw 23.1 vee (35) + dccen (13)
CCH bending (B)
58 COH bending (A) 1,242 1,248 1,245.2 w/vw 38.9 veo (24) + dcon (21)

CCH bending (C)
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Table 2 continued

Mode  Assignment Exp. values MO05-2X/6-311+g(2df,p)
fem™'  Prlem™!  Vemea/om™!  IR/Raman  Raman  PED (%)
intensity activity
57 CC stretching (C-B) 1,210 1,203 1,216.1 vw/s 241.9 vee 34) + dccn (33)
CCH bending (C)
CCH bending (B)
56 COH bending (A) 1,178.5 vW/VwW 3.7 vee (14) + dcon (45)
CCH bending (A)
55 COH bending (A) 1,181 1,170.3 VW/VW 64.0 veo (26) + dcon (10) + dccn (20)
CCH bending (C)
54 CCH bending (B) 1,161 1,160 1,155.0 VW/VW 7.9 vee (11) + dccn (72)
CCH bending (A)
53 CCH bending (A, B) 1,126.6 w/vVw 2.9 dccn (49)
COH bending (A)
52 CCH bending (B) 1,103 1,110 1,125.1 VW/VW 6.3 dcen (72)
51 CCH bending (A) 1,084 1,078.3 VW/VW 10.9 voc (58)
CCC bending (A, C)
CCO bending (A, C)
50 CCH bending (B) 1,067.0 VW/VW 0.1 vee (17) + dccn (43)
49 CCH bending (A, C) 1,031 1,032 1,054.1 m/vw 1.5 vee (23) + dcco (20) + dccn (13)
COH bending (A)
48 CCH bending (B) 1,019 1,019.7 vw/ivw 32.6 vee (30) + dccn (25) + dccc (15)
47 CCH bending (A, B, C) 1,003.0 VW/vw 8.1 vee (15) + dccn (13)
46 CCH bending (B) 995 999 984.1 VW/VW 0.3 dcon (49)
45 CCH bending (B) 963 973.9 VW/VW 50.8 vee (14) + dcce (59)
44 CCH bending (B) 964.6 VW/VW 14 voc (65) + dccn (13)
43 CCH bending (B) 915 918.2 vw/vw 0.1 dccn (39)
CCC bending (A-C)
CCO bending (C-B)
42 COC bending (C) 897 892.2 VW/VW 3.0 vee (13) + dcce (11) + dcoc (13)
CCH bending (C)
COH bending (A)
41 CCH bending (A) 874.5 vw/ivw 53 vee (35) + dccn (15)
COH bending (A)
CCC bending (A)
40 CCO bending (A-C) 852 848.7 VW/VW 0.9 dcce (18) + dcco (23)
CCH bending (C)
39 CCH bending (B) 832.4 VW/VW 3.0 Suce (54)
CCC bending (A)
CCO bending (C)
38 CCH bending (A) 824 820.8 VW/VW 1.7 ducc (74)
CCC bending (B)
37 CCO bending (A, C) 818.2 VW/VW 0.1 dcco (35)
CCC bending (B)
36 CCC bending (A) 778 772.5 VW/VW 0.7 vee (11) + decc (14)
CCO bending (A-C)
35 CCC bending (B) 748 760.8 VW/VW 24 vee (15) + dccee (11)

CCH bending (B)
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Table 2 continued

Mode  Assignment Exp. values MO05-2X/6-311+g(2df,p)
prfem™!  Pplem™!  Pggeafem™!  IR/Raman  Raman  PED (%)
intensity activity

34 CCO bending (A, C) 734 729 707.9 VW/VW 0.2 dccn (45)
CCH bending (C)

33 CCC bending (A, C) 706 712 693.9 VW/VW 39 voc (13) + dcco (12) + dccce (13)
CCO bending (A, C)
CCH bending (A, C)

32 CCC bending (A, B) 682 687.4 VW/VW 4.8 dcco (12) + dcce (24)
CCO bending (A, C)
CCH bending (B)

31 CCC bending (B) 668 679.1 VW/VW 0.5 dccn (22) + dcce (28)
CCH bending (B)

30 CCH bending (B) 638 645 655.6 vw/vw 2.51 dcoc (12) + dccn (26)
COC bending (A-C)

29 CCC bending (A, B) 627.6 VW/VW 0.6 dcco (15) + dccce (32)
CCO bending (B)

28 CCOH torsion (A) 616 621 618.7 VW/VW 7.1 dcco (30)
CCCC torsion (A, C)

27 CCCC torsion (A, B, C) 602.0 vw/vw 238 vee (28) + dccc (24)
CCOH torsion (A)

26 CCCH torsion (B) 596.9 vw/ivw 9.2 dcce (73)
CCOH torsion (A)

25 CCCH torsion (A-C) 595 590.2 VW/VW 0.5 THeee (1) + Top. occc (60)

24 CCCH torsion (A) 572 576 557.6 VW/VW 6.2 dcco (55)
CCCO torsion (A, C)

23 CCCH torsion (A) 519 521 499.5 VW/VW 33 voc (10) + dccc (45)
CCCO torsion (A, C)

22 CCCH torsion (A, B, C) 487 481 472.7 vw/vw 1.0 dcce (13) + teece (14)
CCCO torsion (A, C)

21 CCCC torsion (A, B) 459 446.1 VW/VW 1.4 dcce (14) + teeee (19)
CCCO torsion (A, C)
CCCH torsion (A, B, C)

20 HCCC torsion (A) 421 426 431.3 VW/VW 0.6 Taocc (96)

19 CCOH torsion (A) 402.1 VW/IVW 5.6 dccce (19)
CCCH torsion (A, B)
CCCO torsion (A, C)
CCCC torsion (A, B)

18 CCCC torsion (B) 392.6 VW/VW 1.7 Taeee (16) 4+ tccce (19)
CCCH torsion (B)

17 CCCC o.p. torsion (B) 380.6 VW/VW 2.1 taoce (10) + Top. ccco (48)

CCCO o.p. torsion (B)
CCCC torsion (A, B)
CCCOC torsion (A-C)

IR intensities are normalized with highest peak equal to 100. Raman intensities are calculated using the formulae for Raman intensity and then

normalized to 100. Raman activity = Si of the normal mode

o.p. out-of-plane mode, vw very weak, w weak, m medium, s strong, vs very strong
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Fig. 2 Experimentally obtained (fop) and theoretically calculated
(bottom) IR (a) and Raman (b) spectra of baicalein

strong hydrogen bonding. These results are also confirmed
by theoretical calculations (Table 1). The 3,850 to
3,200 cm ™" region is also very characteristic of various
C-H stretching modes, but in the experimentally obtained
IR and Raman spectra no bands are observed (Fig. 2). The
lack of bands readily assignable to the various C-H
stretching modes could arise from the possible interactions
of adjacent molecules in the crystal phase [31, 32]. As
obvious from Table 2, the largest vibrational contributions
to the normal stretching modes of rings A, B, and C in the
3,850 to 3,200 cm™' region are assigned solely to the
stretching modes themselves. The rest of the vibrational
modes are presented as the sum of various contributions.
The 1,700 to 1,400 cm ™! IR and Raman regions (Fig. 3)
are generally associated with the double-bond character of
the carbonyl group, aromatic in-plane skeletal vibrations,
and aromatic character of the pyrone ring [32-35]. In the
IR spectrum of baicalein, the most intense bands appear in
the 1,656 to 1,560 cm™' region (1,654 to 1,567 cm™'
scaled DFT values), usually involving a combination of the
C=0 stretching (1,656 and 1,615 cmfl), C2=C3 stretching
(1,560 cmfl), and C—C stretching (1,656, 1,615, 1,587, and
1,560 cm_l) vibrations. In the Raman spectrum these
bands appear in the 1,654—1,566 cm ™! region, almost at the
same positions as corresponding bands in the IR spectrum
(1,654 and 1,612 cm™"; 1,566 cm™'; 1,654, 1,612, 1,589,
and 1,566 cm™'). As baicalein lacks a hydroxyl group
at the C3-position the frequencies of both the C=0
and C2=C3 stretching modes are slightly increased and
positioned at higher values compared with 3-OH substi-
tuted flavones such as quercetin and some other flavonols

Fig. 3 Region from 1,800 to
400 cm ™! of the IR (top) and
Raman (bottom) spectra of
baicalein (potassium bromide © i
matrix) 2 4 /2g
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[35-37]. Most of the bands between 1,500 and 1,000 cm ™!
involve C-C stretching, O-C stretching, and in-plane
C-C-H, C-O-H, C-C-0, and C-C-C bending vibrations
of the rings. The plurality of less intense bands which
appear only in the IR spectrum below 1,000, 1,019 cm™'
(1,020 cm ™' by DFT), 995 (984 cm™' by DFT), 963 cm ™
(974 cm™' by DFT), 915cm™' (918 cm™' by DFT),
897 cm™' (892 cm™!' by DFT), 852 cm™' (849 cm™' by
DFT), 84 cm™' (821 cm™" by DFT), 778 cm™'
(772 cm™' by DFT), 748 cm™' (761 cm™' by DFT),
734 cm™!' (708 cm™! by DFT), 716 cm™" (694 cm™" by
DFT), 682cm™' (687 cm™ by DFT), 668 cm™'
(679 cm ™' by DFT), and 638 cm ™' (679 cm™' by DFT), is
predominantly assigned to the C-C-C, C-C-H, C-C-0,
C-0O-C, and C—O-H deformation modes of all three rings.
Bands that appear below 650 cm~! in both IR (616, 572,
519, 487, 459, and 421 cm_l) and Raman spectra (621,
576, 521, 481, —, and 426 cm_l) are assigned to in-plane
C-C-C-C, C-C-0O-H, C-C-C-H, and C-C-C-0 torsional
modes of the rings. DFT-predicted wavenumber values for
the various torsional modes are, as all the rest of calculated
modes, in very good agreement with experimentally mea-
sured values (618, 558, 499, 472, 446, and 431 cm_l).
Band around 400 cm ™', predicted only by DFT calcula-
tions, is assigned to out-of-plane C—C—C-C and C-C—C-O
torsional modes of the B ring.

Conclusions

The results of the applied M05-2X/6-3114-G(2df,p) density
functional method in determination of the spectroscopic
and electronic features of baicalein point to a nonplanar
molecule, characterized by an extended delocalization and
conjugation of the p electrons, which exists in one stable
form containing three hydrogen bonds. Spectral assign-
ments, done on the basis of a best-fit comparison between
the experimentally obtained and theoretically calculated IR
and Raman spectra, match quite well, indicating DFT
calculations as a very accurate source of normal mode
assignments.

Experimental
Computational methods

The conformations of different baicalein forms were fully
optimized with the new local density functional method
(M05-2X), developed by the Truhlar group [38, 39], by using
the 6-3114-G(2df,p) basis set as implemented in the Gauss-
ian 09 package [40]. This new hybrid meta exchange—
correlation functional is parameterized for nonmetallic
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compounds, yielding satisfactory overall performance for
main-group thermochemistry and thermochemical kinetics,
as well as organic, biological, and noncovalent interactions
[38, 41, 42]. Moreover, this functional has been proven to
give much better correlation between experimental and
calculated band wavenumbers compared with DFT/B3LYP
functional with 6-31G(d,p) basis set.

The vibrational frequencies were obtained from diago-
nalization of the corresponding M05-2X Hessian matrices.
The nature of the stationary points was determined by
analyzing the number of imaginary frequencies: O for
minimum and 1 for transition state. Relative energies were
calculated at 298 K.

The vibrational modes were assigned on the basis of
PED analysis [30] using VEDA 4 program with its visu-
alization interface [43]. Normal coordinate analysis of
baicalein was carried out to obtain a more complete
description of the molecular motions involved in the fun-
damentals. The calculated vibrational wavenumbers were
scaled with the uniform scaling factor of 0.9444 [44-46] to
obtain better match between calculated and experimental
wavenumber values.

Potential energy surfaces were obtained in relation to the
torsion angle t defined by the C3-C2-C1’-C2’ atoms
(Fig. 1) between rings B and C. The torsion angle T was
scanned in steps of 10° without constraints on all other
geometrical parameters. The effects of the following
torsion angle rotations were also studied: C4-C5-OH,
C5-C6-0OH, and C6-C7-OH. Afterwards, the structures
were further optimized without any constraint around each
potential minimum. Particular attention was devoted to the
DFT interpretation of the reactivity of OH groups in the
parent molecule, and the radicals and cations formed after
H-removal from the molecule.

Natural bond orbital (NBO) analysis [47-50] of baicalein
was also performed. The Wiberg bond orders [51] were
calculated using the GenNBO program. It should be noted
that the Wiberg bond order (sometimes referred to as the
Wiberg bond index) is equal to 1 and 2 for pure single and
double bonds, respectively. In the case when a bond partic-
ipates in some m-electron conjugation, its Wiberg bond order
will assume a value between 1 and 2, with values closer to 2
indicating stronger double-bond character.

IR spectra

IR spectra were recorded on a Thermo Nicolet 6700 FT-IR
spectrometer with attenuated total reflectance (ATR). The
spectra were recorded in the middle IR region from 4,000 to
400 cm™ ', which is important for monitoring the structural
changes of molecules. The spectral resolution was 2 cm ™"
Baicalein (Merck, USA) was studied in potassium bromide

matrix with sample:KBr ratio of 1 mg:150 mg.
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Raman spectra

Raman spectra were recorded on a Thermo Scientific
Nicolet Almega XR Raman spectrometer. The spectra were
obtained in the region from 3,500 to 500 cm™' directly
from the pure powder sample. A 532-nm laser was used for
sample illumination, enabling spectral resolution of
2 cm™'. The laser output was kept at 10 mW. Each spec-
trum was collected after 1 s of exposure. The number of
exposures was ten. Fluorescence correction was applied.

The theoretical Raman intensities (IIR) were derived
from the computed Raman scattering activities using the
following equations [52]:

I} = C(vo — v) v 'B'S;, (1)

1

where B; is a temperature factor which accounts for the
intensity contribution of excited vibrational states, and is
represented by the Boltzmann distribution:

Bi=1—exp <— hn,-c>. (2)

kT

In Eq. (1), vy is the wavenumber of the laser excitation
line (vg = 18,797 cm™', corresponding to wavelength of
532 nm), v; is the normal mode wavenumber (cm_l), while
S; is the Raman scattering activity of normal mode Q,. The
theoretical Raman intensity, I}, is given in arbitrary units
(C is a constant equal to 10712). In Eq. (2) h, k, ¢, and T are
the Planck and Boltzmann constants, speed of light, and
temperature in Kelvin, respectively. The factor B; was
assumed to be 1; otherwise, the calculated Raman
intensities for the bands below 300 cm™' were extremely
overestimated in comparison with experiment [53].
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