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aHrCTpeM

Amsterdam Density Functional

aHjOH CTHJICHINAMUHTETPACHpPheTHE KUCEITHMHE

arjon etmrenauaMua-N,N,N’ -Tpucuphetne kxucennae

adjon etmnenanaMut- N,N' -aucupherne-N' -3-ponuoHcKe KUCeanHe

anjon etmnenauamMud- N,N' -nucupherne-N,N' - 1u-3-ponmoHcke KucenuHe
a"joH etwieHauamuH-N,N' -nucupherHe kucenuHe

anjoH etwieHauamMuH-N,N' -1u-3-nponuoHcke KuceanHe

anjoH etwieHauamuH- N-cuphetne-N,N’ -nu-3-mponnoHcke KucenuHe

anjoH etwieHauamuH- N-cuphetse-N,N',N' -tpu-3-mponuoHcke KucenuHe
anjoH etwieHauamMuH-N,N,N’ -Tpu-3-iponuoHcke KucennHe

anjon etmnenanamMuH-N,N,N' N’ -reTpa-3-nponrioncke kucenune

a"joH 1,3-mponanauaMuH-TeTpacupheTHe KUcelnHe

anjoH 1,3-nponanguamud-N,N,N’ -rpucuphetne kucennne

adjon 1,3-nponanauamut- N,N,N’ -tpucupherne-N' -3-ponuoHCcKke KuceanHe
anjoH 1,3-nponanauamun- N,N’ -guamerato- N -3-nponuoHCcKe KUCEINHE
adjon 1,3-nponanauamun- N,N’ -gucupherne-N,N’ -1u-3-nponuoHcke KuceInHe
a”joH 1,3-npomaranamuna-N,N’ - mucupherHe kucenmnae

aHjoH 1,3-meatagmamua-N,N,N’ -Trpucupherne kucennue

1,5-nuazanuknookran-N,N'-nmucupherna kucenuna
Austin Model 1

0a3nu cet (pyHkmja)

CJIEKTPOHCKH arlCOPIIMOHH CIIEKTap
CTHIICHAMUH

CTHJICHJUAMUHCKH MTPCTEH
W3MEHJBHBO-KOPEIAIMOHU (PYHKITMOHAT
nH(]ppanpBeHn CrieKTap

jaduHa JIATaHTHOT T0Jha
KOOPIMHAIIMOHU Opoj

Conductor like Screening Model
KBa[paTHO-MUPAMHUIATHA TEOMETPHja
KBaHTHO-MEXaHUYKH MaKeT

Laplas-os omepatop

JluneapHa KOMOMHAIMja aTOMCKHX OpOHUTaia
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MOJIEKyJIapHa MEXaHHKa
MOJIEKYJICKO OpOHUTATHA TEOpHja

HyKJieapHa MarHeTHa pe30HaHIA

Natural Bond Orbital umm mpupoaHa Be3Hna opouraia

Natural Energy Decomposition Analysis
OKTaeIapCKO KPUCTAITHO MOJbE

Parametric Method 3

tanacuu 6poj (cm™)

TajacHa JyKUHa

TajacHa QyHKITH]a

TeopHja GyHKITHOHANIA TYCTHHE
TETPAroHaJHO JIUTaHIHO TI0JhE
TETParoHaJTHOCT

XaMHJITOHH]aHOB OIIepaTop

XEIIaTHU MPCTEHOBU BaH OKTaeJapcKe PaBHU
XEJIaTHU MPCTEHOBHU Y OKTAEIapCKOj paBHH
Highest Occupied Molecular Orbital

HUPKYJIAPHO JUXPOUYIHU CIICKTAP
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XenaTopu Cy Tpyla XEMHJCKHX JeIMbEemha KOoja TOCEenyjy JBa WIM BHIIE JOHOPCKHUX aroma.
Nwmajy jennHcTBeHY 0COOMHY XemnaTtaiyje (MyJITUKOOPAUHAIIN]E€ METATHOT JOHA) METAIHUX jOHA
u aroma. EDTA (etmiennnaMuH-TeTpacupheTHa KUCEMHA) U HETOBH aHAJIO3M Hajla3e 3Ha4yajHy
MIPUMEHY KaKo y JIeTOKCH(UKAIMju oapeheHnx MaTpulla >KHBOTHE cpeauHe (BOJE IMpe CBera)
3aral)leHMX jOHMMa MeTajla Tako M Yy HYKJIE€apHO] MEAMLMHHU 3a IMPOU3BOAKY oJpeheHux
KOHTpAcTa MpH CKEHHpamy TKUBAa MarHETHOM pe3oHaHuoM. [lomazehu o7 OBHX yHMHEEHUIIA MU
CMO 3a TpeIMeT OBE IucepTallvje MPEeABHICIH CHHTE3y HEKHX HeAOoCTajyhux KomIuiekca
Hukia(ll) kako OM cMO KOMIUIETHpPAIM CEPH]y jE€AHOCTAaBHUX JHMAMHHOMOIMKAPOOKCHUIIHUX
XeJIaTHUX KOMIUIEKCa. MeToIOM pEeHATeHOCTPYKTYPHE aHAIN3€E KA0 U aHAJIM30M CHHTETHCAHUX
MOJIEKyJIa Ha 0a3u caBpeMeHEe KOMIIJYTEPCKE XeMHje CHHTETHCAHA jeNbeHha Cy CHCTEMATCKH
kapaktepucana. OCHOBHU IMJb OMO je Ja C€ HWCIHTA]y Y3POYHO-TIOCIIeIUYHE Be3e Opoja
IUCTPHOYIIMje TETOWIAHUX W IIECTOWIAHMX XEeIaTHUX MPCTEHOBA Y KOMILIEKCHOM MOJICKYIY,
IBbUXOBE JUCTPUOYIMjEe y KOMIUIEKCY, CTEpEOXeMHje U eNeKTPOHCKe KoHpurypamuje. Y 0BOj
JMCEpTaLUjU jé CHUHTETHCAHO M KapaKTEPHCAHO HEKOJIHMKO PA3IMYUTHX TUIIOBA XejlaTa Kao IITO
Cy: MEHTaJeHTaTH qruaMuHOTpuKapookcunatHor tuma (Hzed3a, Hzed3p, Hseda2p, Hsl,3-pd3a,
Hsl,2-pd3a u Hsl,2-pd2ap); xekcagenTatu quamuHoTerpakapookcmnatHor tuna (Hal,3-pd3ap).
Harpahenu xenatu cy uckopumrhenu 3a cuaTe3y oaronapajyhux komruiekca Hukma(ll). Ha 6azu
pesyiTaTta peHAreHCKe CTPYKTypHE aHaim3e yTBpheHo je na cy HajcTaOMIIHUjH XEeKCaJeHTAaTHU
XellaTH OHM Cca PAaBHOMEPHUM OpojeM MeTOWIaHWX W IIECTOWIAHMX XeJAaTHHX IPCTCHOBA.
Kopenamumonn qujarpam okTaeqapcKux JeBHjallfja yriioBa OKO METAJTHOT jJOHA U TeTpaeaapCKux
JIeBHjalldja OKO aMUHCKUX aTOMa a30Ta YIPaBO OTKPHUBA UHWILEHHILY Ja IOCTOj€ KOMIIPOMHUCHE
CTpyKType (CTaOWJIHM XEKCaJeHTaTH) y CEpPHjH JAUAMUHOTETPAKapOOKCHUJIATHHUX KOMILJIEKCa
JIBOBAJICHTHUX MeTana. MoJIeKyJICKO OpOMTaIHa aHalu3a UIe y IPUJIOT OBOj TBPAMHU, a IITO CE
HapOYUTO MOXKE 3aKJbYYUTH KOpEJalMjoM eHepruja MpeHoca HaelleKTpHcama u3Mehy
¢parmenara (meran u edtaTunm nguraHma) ¥ Opoja METOWIAHMX XeJaTHHX MpcTeHoBa. Kao
KOHauaH 3aKJbydyaK MOXe ce pehu Ja HECUMETPUYHOCT JIMTaH/1a (CTBOPEHA PAa3IMIUTHM OpojeM
WU BEJIMYMHOM KapOOKCHJIHMX Tpylma Ha aTroMHUMa a30Ta) MPOYy3poKyje Behy WM Mamy
HECTaOMITHOCT XEKCaJCHTATHOT XEJIaTHOT KOMILIEKCa.

KoOHnauHo, MOTpeOHO je W Jajbe UCTPAKHBATH OBE MOJEN CHUCTEME Kako OW CMO JONLIX 0
ONTHMAJTHOT pellierha y CHHTe3aMa HOBHMX XeJlaTa y CMHCIY BbUXOBE CHHTE3€ M XeIaTallHOHHX
ocoOuHa.
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SUMMARY

SUMMARY

Chelators are kind of chemical compounds with two or more donor atoms. They are having a
uniqge property to chelate (multicoordination of metal ions) metal ions and atoms. EDTA
(ethylenediaminetetraacetic acid) and its analogues are found as a detoxification agents of certain
environmental matrix (it is water usually) polluted by metal ions and also as a markers for their
use in early cancer discovering. Taking these facts into accounts the synthesis of several missing
nickel(II) complexes has been proposed for the main goal of this dissertation in order to make
complete the whole set of the simple chelate diamintetracarboxylate complexes. An in-depth
analysis has been carried out for all the prepared compounds paying particular attention to the
results of X-ray diffraction analysis and modern quantum-mechanical modeling applied to
prepared complexes. Basic goal of this work is to investigate causative-consequent realations of
the number of five-membered and six-membered chelate rings in the molecule, their distribution
in the complex, stereochemistry and electron configurations. Here, several different kinds of
chelates such as: pentadentates of diamintricarboxylate-type (Hzed3a, Hsed3p, Hszeda2p, Hsl,3-
pd3a, Hszl,2-pd3a u Hsl,2-pd2ap); hexadentates of diamintetracarboxylate-type (Hal,3-pd3ap).,
have been prepared and characterized. The chelating agents have been used for preparation of
corresponding nickel(I) complexes. On the basis of X-ray diffraction analysis it was established
that the most stable hexadenate chelates are those with equal distribution of five-membered and
six-membered chelate rings. The correlation diagram between an octahedral angle deviation
around metal ion and tetrahedral angle deviation around coordinated amine nitrogens reveals the
fact that compromise structures (stable hexadentates) from whole set of divalent metal
diamintetracarboxylate complexes exist. The results of molecular-orbital analysis further support
such a claim particularly correlating charge transfer energies between fragments (metal and edta-
type of ligand) and the number five-membered rings. As a final conclusion it might be stated that
the chelate asymmetry (make by the different number or the size of carboxylate groups attached
to amine nitrogens) cause more or less instability of the hexadentate chelate complexes.

At the end, there is a need for further investigation these model systems as to find optimal
solutions in synthetic path of new chelates regarding to their preparation and chelatation
properties.
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ONMMWTHU JTEO

VBO/JI

XeMuja KOMIUIEKCA MPETa3HuX MeTajla ca TUaMHHOIMOIMKApOOKCHIATHIM JUranauma edta-
TAMA W CTPYKTYpHO CJIWMYHUM JIMTaHJAMMa 3HAYajHO j€ JONpHHEJa OIMIITEM pPa3Bojy
Koopaunamuone xemuje. McrpaxkuBama y 0071acTH OBUX KOMIUIEKCHUX CHUCTEMA Cy JIOTpUHeENa
00JbeM pa3yMeBamy HUXOBE CTEpeOXeMuje, OMOJIONIKE aKTUBHOCTH, Ka0 U HUXOBE NMPUMEHE Y
MEIUIMHU. Y IHJbY pa3yMeBama CTEPEOXEMHUjCKUX OJHOCA W CTPYKTYPHHX THIIOBA OBHUX
KOMIUTIeKca TOTpeOHO je aeduHucaTh (PaKTOpe KOjU YTHUY Ha KOOPAMHAIIMOHH Opoj u
YCIIOBJbABA]y T€OMETPH]jY OBUX KOMILJIEKCa UMajyhul y BUy IPUCYCTBO jOHA MeTajla pa3IMuyuTHX
JIMMEH3Mja ¥ Pa3lInuuTy CTPYKTYpY Juranana edta-tumna.

Jluranau edtaTuna mocenyjy JBa a30TOBa W YETHPH KHUCEOHHMKOBA JIOHOPCKa atoma. Y
OCHOBHM Cy XEKCaJICHTaTHHW JIMTaHIu Koju (opmMupajy BpJIO CTaOWIHE KOMIUIEKce ca Behum
OpojeM joHOBa MeTajna mpu oxarosapajyhum pH-Bpennoctuma. Bucoke BpeaHocTu no0ujeHe 3a
KOHCTaHTE CTaOMJIHOCTH OBUX KOMILJIEKCAa CYy Y3POKOBaHE CTPYKTYpOM OBHUX JIMTaHAJa:
MPHUCYCTBOM CEKYHIAPHUX HIIM TEPIHjaPHUX aMUHO TPYIIa, BETUKOT HETATHBHOT HACIIEKTPHUCAha
BUXOBUX aHjoHa W MoryhHomhy pga ¢opMupajy mneTowlaHe WM IIeCTOWIaHe XeJJaTHE
MIPCTEHOBE.

ExcnepumeHTanHO HHKana HHUje N0OWjeH MOJIEKYN HJealHe TeOoMeTpHuje, Tj. MOJIEKYI
UCATHUX BAJICHIIMOHUX WJIM TOP3MOHUX YTJIOBa, WICATHHUX Iy)KUHA Be3a, OAroBapajyhux van
der Waals-oBux paaujyca. Pazmor Tome jexu y mpoMeHaMa Koje Ce jaBjbajy yciea HHTEpaKInuja
u3Mel)y aromMa y MOJIEKYJly IITO JOBOJHM 10 AMCTOP3HUj€ U JIeCTa0MIIn3aIije TOr MOJIeKyia Kao u
70 mojaBe HamoHa. Moske ce pehm ma je CTpyKTypa KOOPIMHALMOHOT jeAMIbEHa pPe3ysTaT
KOMITPOMHCA CBUX MPOMEHA, YKJbY4Uyjyhu M WHTEpaKIdje y cCaMUM JIMTaHJIWMa, Kao U u3Mehy
MOJIEKYJIa JIMTaHaJa U [EHTPATHOT MeTalHOT joHa. Kao pe3ynrar jenoBama JUraHIHOT 10Jba Ha
METaJHU JOH HacTajy KOH(QOpPMalMOHE TpPOMEHE Koje JOBOJIE JO TOp3Hje YIJIOBa.

[TpunaroJbUBOCT METAIHOT jOHA Ka0 KOOPAMHAIIMOHOT LEHTpa je, Y BEJIMKO] MEPH, pe3yiTar
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Be3a d-opOuTasia oBHMX TmpenazHux Merana. [locrmemuiia KoopAWHAIMjE jecy TPOMEHE W Yy
TEPMOJWHAMHYKAM, KHHETHYKHUM U EJIEKTPOCTATUYKHM OCOOMHAMa HOBHX KOMILICKCHHX
jeIumBbEemha, Kao U MPOMEHE CTA0MIIHOCTH, PEAKTUBHOCTU U FbUXOBUX CIIEKTPOCKOIICKMX OCOOMHA.
Heoprancka koopAMHaIMOHA XeMU]ja je XeMHUja MeTala, Koja ce 0aBU N3ydaBambeM HIXOBE KaKO
yJIOTe TaKO M YTHIIaja Ha XHUBOTHY CPEIMHY M XHBH CBeT. IbUXOBOM NmpUMEeHOM y OHOXEMUjU
HacTajy HOBE IUCIMIUIMHE Kao mTo cy broHeoprancka xemuja u Heoprancka 6noxemuja.

Hukan je Meranm Koju WMa BEIUKY 3aCTYIJBEHOCT Y YOBEKOBOM OKPYKEHY, a II0
PacrpoCTpamEHOCTH Y 36MJBMHO] KOPH 3ay3uMa JIBajieceT 4yeTBpTo MecTo. Cmarpa ce OUTHUM
€IIEMEHTOM CBHX 00JIMKa xuBOTa. [IprpogHr n3BOpH aTMOCHEPCKOT HUKIIA YKIbYUY]y MpaInHy
KOja TIOTHYE W3 BYJIKAHCKOT TIeTeNa, CTeHa W 3emibe. [lojaBa HUKIIA y BOAM je€ TOCIEIUIIa
ErOBOT XEMH|CKOT ITUKIyca pacTBapama jelUbeha HUKIA Y BOAU. Y YOBEKOBY OKOJIHHY
BelIMKa KOJMYMHA HHUKJIA JIOCTIEBA TOKOM €MHCHje caropeBama (DOCHIIHMX TOpPHBA,
WHIYCTPH]jCKE TPOU3BOAEKEC M HHIYCTPH]CKOT OTIaa O0raTor HUKJIOM.

Jbyncka wu3nokeHOCT HUKIY je Hajuemhe mpeko WHXajnanuje W uHrectuje. Mako
aKymyJalyja HUKJIa y OPraHu3My MPEKO XPOHUYHE U3JI0KEHOCTH MOXKe Jla joBene 10 Gudpose
wyha, kapauoBackymapHe u Oonectn OyOpera, Hajseha omacHOCT je TOBe3aHa ca
KapIMHOTEHUM JIeJIoBakeM HHKJa. Takohe cy moryha wu omrehema jerpe, OyOpera,
HaTO0yOpEeKHUX JKIIC3/IH, CIE3HMHE T1a YaK U MO3Ta. AJIEPTH]CKU JIEPMATUTHUC je Hajuenthu o0k
TOKCUYHOCTH HUKJIOM KOJI JbY/IH.

Huxkan-jenumema Ccy BeoMa BaXKHa y MOJEPHO] MHIYCTPUJU U KOPHCTE C€ Y EJIEKTPO-
obnaramy, hopmupamy u 3a npousBoamy Ni - Cd Oarepuja u enexktpuune ompeme. Jlerype
HUKJIa KOPHCTE Ce Y NPOM3BOMBY allaTa, MalllnHa, apMarype... Takole ce KopucTu 3a u3pamy
METAJTHOT HOBI[A, HAKUTA U MEAUIIMHCKHUX TIPOTE3a.

W3Bopu 3arahema HUKIOM U3 OKpPYXKeHa YKIJbY4Yjy MPOU3BOAKY, NMPOIECYHpamhe CaMor
HUKJIa HETOBUM MPOM3BOIMMA Ka0 M TIOHOBHY INpepajay MPOU3BOJa KOjU CaAp)Ke HUKAI, Kao U
HETOBO OJJIarame Kao oTnaaHe Marepuje. OBaj MeTall crana y €CeHIHjalHe MHUKPOCIEMEHTE
HEOIXO/IHe OMJbKaMa, alli ce y 3a[ike BpeMe Bepu(uKkyjy u3pa3uto nmoehaHe KOHIIGHTpAIH]je
OBOI' MeTasla, He caMo y Omspkama, Beh cByna y KMBOTHO] cpeauHu. KoHTamMHHAaLMja OBUM H

JIPYrUM MeTanrMa Moryha je mpeko xpaHe, BoJie, Ba3ayxa, a Hajuenihe npeko koxe. !
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300r 3HaYaja HUKJIA 32 JBYJCKO 3[[PaBJbe M KUBOTHY CPEIMHY Hallla HCTPAKUBAUKA TPyma
uctpaxyje upupony Ni(ll)-jequmersa TOKOM MHOTMX TroauHa. Takohe ce OaBuMO H
UCTPAKUBAKHEM TTOJTUAMUHOIIOUKAPOOKCHIIaATUMA KOjH JIAKO KOOPJAUHY]Y jOHE MeTaa.
[To3Hato je ma XenaTHUW KOMIUIEKCH HACcTajy Kao pe3yaTaT MHTEpakifje MeTajla U MOJeKysa
XeNaTHUX areHaca. 3a Hac XeMu4ape NpaBd je W3a30B INpoHahu omTWMaiHE ycioBe 3a
KOMIUIEKCUPAlke W TPH TOM JOOWTH KOMIUIEKC y KOME HMHade TOKCHYaH MeTall IOKa3yje
MOTITYHO CympoTaH edekar. Takohe, XemaTHH areHCH MOTY J1a C€ MCKOPHCTE 3a BE3UBAE Ca
METAJIHUM JOHUMA, YHjU CY(PULUT je TOKCHYAH 32 OpPraHr3aM, a HAKOH KOMIUIEKCHpamba Ce JIaKo
W3JIy4yjy W3 opraHusma. [Ipm TOM XenaTHM areHcH Mopajy Ja MpeAcTaBbajy OMOAKTHBHE
JUTaHAe KOjU HWMajy BEIUKH adUHUTET IpemMa TadyHo oapeheHnM Merammma, MUHUMAIHY
TOKCHYHOCT WJIM HETOKCHYHOCT, JOOpPY pacTBOPJHMBOCT M MPEBACXOAHO A0OpY arncopniujy y
spyzckom opranmsmy.? C 0G3MpOM Ha TOKCHYHOCT HHKIIA BEOMA j¢ Ba)KHO YTBPIHUTH XEIaTHE
crocoOHOCTH Jnranaga (Kao MmITO je eTwieHanaMuHTpucupherHa kucenuna (Hzed3a) u menn
XOMOJIO3H) Ca OBHM METAJIOM.

OBa 1OKTOpCKa ArcepTalyja MpeacTaBiba JOIPUHOC Pa3BOjy KOOPAMHALMOHE XEMHje KpO3
uctpaxkuBama HuKIa(Il) ca HoBuM nurananMa edtatuna. [Ipeamer ucTpakuBama OJHOCH Ce Ha

CUHTE3€, KapaKTeprcama U aHAJIN3Yy CTPYKTypa KOMILIEKCa U BUX0BO Mel)ycoOHO mopeheme.

Onmtu Aeo pajga caapKy IpHKa3 A0 cajla HarpaleHuX JuraHaza v KOMIUIEKCa OBOTa THITA
ca ocBproM u Ha apyre joune npenasuux merana (Cu(Il), Co(Ill) u Cr(l1l)) ca cumerpuuHuM 1
HECHUMETPUYHUM JUTaHauMa. Takole je JaTr KpaTak Mperiies] KOMITjYTepCKUX MEeToAa Koje Cy
KOMIUIEMEHTApHE Ca EKCIEPUMEHTATHUM IOJalliMa 3a CTPYKTYpPy, OCOOMHE W oaroBapajyhe

peakiyje.

ExcriepuMeHTaIHM 1€0 CaJpKu MOCTYIIKE 3a CHHTE3y caMuXx jmranaga u komrurekca Ni(ll)
ca HECHMETPUYHUM JIMTAaHIMMa. JlaT je ¥ mpuKa3 CTPYKTYPHUX WHCTPYMEHTATHHX METOJa KOje

Cy IPUMEHCHE 3a UCIIUTUBAKE CTPYKTYPE OBUX KOMILIEKCA.

Y tpehem neny (Pesyntatm u AHMCKycHja) Cy AMCKYTOBaHE MOJIEKYJCKE CTPYKTYpe
Harpal)eHMX KOMILIEKCa, Jara je TeoMeTpHujcka © KoHdurypanuona anaausa Hukan(ll)

KOMIIJICKCAa Ca HCCUMCTPUYHUM JIMTaHAUMA edta-TI/IHa, 3aTUM aHaJIn3a HaIllOHa KOMIIJICKCA, Kao 1
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Iperje KOMITJYTepCKUX UCTPaKMBamba Kpo3 MHUIM]jaTHA U3padyyHaBambha reOMEeTpHja KOMIUIeKca

n OHTI/IMI/ISaHI/Ij € KOMIIJICKCaA.

1.1. ITonuKHCEIMHCKH ACPpUBATHU IIPOCTUX TUAMHUHA

1.1.1. buonomku acnexT JuraHaja

OpnaBHO je mo3HaTa NpUMeHa XeJIaTHHUX JInranjaa y Mmenuiuau. Haume, kopumthenu cy 3a

OACTpamkbUBAKE TOKCUYHHUX MCTaJ'Ia(3)

W3 OpraHW3Ma M TO MPBEHCTBEHO apceHa (As), KaaMujyma
(Cd), rBoxha (Fe), omoa (Pb), xuBe (Hg) m nHuxma (Ni), a 3aTuM U 3a MOOWIIU3AIH]Y
anymunujyma (Al) u pammonyknenma. C o6G3upom na nurang Hgedta ca omoBom  rpaam
cTabuJIaH KOMIUIEKC KOPUCTH C€ 3a OJICTPambUBAbE BUILIKA OBOT METalla U3 OpraHu3Ma.

XenaTHY JUTaHAW Cy Takol)e HAaluIM MPUMEHY M Y JHjarHOCTUYKO] MEIUIHHU, 3aTHM Y
XeMOTepanuju IpoTo30a, BUPyca, MUKPOOpPTaHU3aMa W KapIIMHOMA, a CIYXKe U y MaHUITYJIaIlUju
HYKJIEMHCKMX KHCEIMHA. Ba)XKHOCT XelnaTHUX areHaca ce o0jallbaBa HUXOBUM PA3TUUYUTHM
IpUMeHamMa y MHOTUM c¢epama, Kao IITO Cy: jOHOM3MEHHUBAYKU MaTeijanH(4), areHcu 3a
OJICTpamMBakh¢ METATHUX jOHA y OeJberhy MalMpHE Kalle ca H,0,>% y u3paau dotorpaduje, y
(dbapmakosoruju u ci. PaHuje cy NMUraHaM WCKJbYYHBO JOOHjaHM y CMEIIM M y BEoMa MajoM
npunocy. [lanac, mehyrum cBe uvemhe ce 00jaBibyjy MaTeHTH 3a J00Mjarba TOTOBO YHCTHUX

nuranana edta-Tuma 1o HajucCIIaTUBUjHUM meroamal’).

1.1.2. U3zonoBame auranaga

Jluranamn edtartuna cy g0 caga Hajuerrthe MOOHMjaHM KOHICH3AIIMOHOM METOJIOM.
Opnrosapajyhoj HeyTpaicaHO] MOHOXJIOPKAPOOKCHUITHO] KUCEIIMHU CE J10/1a €TUJICHIUAMUH WIN
CYNCTUTYHMCAaHU eTHJICHANAMUH, Y3 pe(IyKTOBamkE U 3arpeBame Ha oAroapajyhoj remmnepatypu
y TOKy HeKoJIuko catu. [Ipu Tom ce mobujajy cMele Juranana, y3 IpUHOC Peakiinje KOju HHje
3aBugadH. CHMETpUYHH XOMOJO3M Kao mmTo je peuumo Hyedtp (ermnenmmamunTeTpa-3-

MPOMMOHCKA KUCeNnHA), 1ooujajy ce Ha Bumoj Temmneparypu (80°C-90°C). 3a mecumerpudHe
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nuranae enla- u edta-tumna, kao mro je Hzed3a (etunenauamun-N,N,N’ -tpucupherHa kucesnna)
u  Hseda3p  (erunengmamun-N-monocupherna-N,N',N'-Tpu-3-nponnoncka  KUCEIWHA),
KOHJICH3AIIMOHA CMEIlIa Ce 3arpeBa Ha Hukoj Temmeparypu (50-60°C) y TOKy Jy»Ker BpeMEHCKOT
neprona. Koj HecMMETpUYHUX JHTraHaga MPUHOCH CY IPACTHUYHO HUXKH, a CMEIIe MOTy Ja
caip:ke U Jpyre HeCUMETpHUUYHe, aJld U CUMETpUYHE JIMTaHJle KOjU Ce 3HATHO JIakIle rpajie u y

BeheM mpuHoCy:

/O

/O / \

+ H,N NH, NaOH

3 Cl OH
50-60°C

+
Jlobujame edta-xomoisora Mo)ke Ce W3BECTH W Ha JAPYrH HAUYMH KOjH, Takohe, JIaje MPHINYHO

MaJi TPUHOC, a CacTOjU Ce y TOMe Ja ce u3 onarorapajyhe amuHokucenune (Ha mpumep L-
aJlaHWHA WY TJIHIHHA) JOJIaTKOM eTUJICHIMOpOMUAa U HeyTpanu3aiujoM y npucyctBy Na,COg
cMmemia 3arpeBa U peduykryje y TOoKy map catd. ['oToB mpousBon ce moowja xmahemem u

nojemaBameM pH-BpenHocTH:

Ho H,edda

Beoma decTto ce KOpHCTM Kao TIOTOAHA peakuuja M pEAKUMja ETWICHIHMAMUHA WIIH
CYICTUTYHCAaHUX E€THJICHIMAMUHA Ca aKPUJIHOM KHCEIHMHOM, Y3 peQIIyKTOBame U 3arpeBame Ha

BHCOKO] TEMIIEpaTypH y TOKY 24 daca:
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3a KoMepIHjaiHe CBpXE TOroJHa j€ W peakmmja Xuapoiusze. AKO ce HEeyTpaTucaHOM
MOHOCYIICTUTYHCAHOM JIepUBaTy ETHIICHAMaMUHA J10Jla pacTBOp (opMaliexuaa y MPUCYCTBY

1[MJaHOBOJIOHMKA Y3 KOHTPOIYy pH HacTaje MOIUCYNICTUTYHCAHU AepUBaT y IPUHOCY U 10 70%":

0]

y
Ca(OH), K(OH
(@]

0
3 H% + /_\ NH/\/N
H H2N NHZ
~

80°C, HCN
o' O HO

H.,ed3a

1.1.3. ErunenauamunteTpaarieTar (edta) u meroBu JepuBaTH

Y BenmukoMm Opojy pPa3IMYUTHX CTyAHja TPEACTaB/bEHH Cy KOMIUIEKCH MeTaja ca
eTHJICHIMAMHHTETPACHPNETHOM KHCEIMHOM W HCHUM CYICTHTYHCAaHUM JepuBatuma. [Ipurom
Cy JaTe CHUHTe3e, KapaKTepHCama, CTPYKTYpE, TEPMOXEMH]CKH, KHUHETHUKA M CTEPEOXEMH]jCKH
napamerpu ™9,

Monekyn Hsedta mocenyje nBa Besyjyha a3oToBa aToMa M YETHPH KHCEOHHKOBA aToMa

u3 kapookcunaux rpyma (N2O4 xpomodopa). Ko koMiiekca xekcaaeHTaTHUX JuraHaaa edta-
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THIMA KOJ KOJUX Cy KapOOKCHJIaTHE TpyINe 3aMeHmeHE Tako jJa (GopMupajy HejeqHake XeraTHe

npcTeHoBe Moryha je cneneha nzomepwuja (cinuka 1):

0; 0; 0;
Py A A

0—21\1 O——N O——N
ST ST ST

o} ’ __N Oq4 —N
) ) )
05 O@ 06
trans(O;) (1) trans (0O;Q;) (11) trans(Qg) (111)

Cnuka 1. Moryhu reomeTpujck n3oMepu xekcaneHtaTHux [M(edta-tum)] komriekca:
(I trans(Os); (11) trans(0s06) u (111) trans(Og)

Y MHOTHM cilydajeBUMa Kajaa je Opoj JOHOPCKHX aTOMa BE3aHHMX Ca METAITHUM jJOHOM MambH O]
IIECT, KOJA TIEHTAJCHTATHUX W TETPAJCHTAaTHUX JIMTaHaga I0ocToju MoryhHocT masbe
u3zoMepusanuje. Y ciydajy kaga smranau Hsedta m Hszed3a koopauHyjy MeTalHU jOH Kao
neHrageHTatu Moryha cy takole Tpu nzomepa. bpoj moryhux nzomepa ce nmosehaBa Ha ocam ako
CYy Y MOJICKYNy TIPHCYTHA JBa MOHOJCHTATHA JIMTaHjAa (CIUKA 2) U TH U30MEPH Cy HMCHOBAaHH

Kao CiS-eKBaTOpHjasiHu, CiS-TIoJapHu U trans-ekBaTopHjaHHu.
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7N O g
= &l G

cis- equatonial frans equatonial cis- polar

FHOXD as(OXID £is(OXIT)

Cnuka 2. ['eomeTpujcku H30MepH XekcakoopauHoBanux [M(ed3a-tum)X | koMIuiekca:
a)n=1, 6)n=2

1.1.4. Hecumerpuunu nuranau edta-tumna

Monexkynu KOMIUIEKCHUX jeIMIbeHha Ce Pas3NIuKyjy Mo Opojy W BPCTH aToMa, Kao U IO
EUXOBOM PAcIopely, ITO ce MOXKE BHIETH U3 JI0 cajla MPUKA3aHUX CTPYKTypa. Heku monexymnu
nocenyjy onpeheHe enemeHTe cuUMETpHje jep je Y BHMa pacrmopen atoma mpabwmiaH. [loctoje
MOJICKYJIM KOJ KOJUX ]€ pacropen aroMa TakaB Ja HE Caap)Ke IEHTap CUMETpHje, HUCY
CUMETPUYHH y OJIHOCY Ha OCy poTaluje 3a oapehenn yrao m He moceayjy 3aMUIIBEHY paBaH
KOja JIeTH MOJICKYJ Ha JBa jeJHaKa Jejia Tako Ja U3IIeNajy Kao MpeAMeT W JIMK y OTJeaany

(cnuka 3). OCHOBHAa HECHMMETPUYHOCT HEKHMX JjuraHajga edta-tuma jaBjba ce Kao MOCIEIHIIa

Csetnana K. Bermomesuh 8
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CTPYKTYpHUX MPOMEHA Y TMaMUHCKOM WJIM KapOOKCHIJIATHUM JIaHIIMMa Kao IITO je TO ciyyaj ca

ed3a nnm eda3p u BUXOBUM aHao3uMa pd3a-Tura.

(@]

o A, = ﬂ
O/}\/NH\/\/N\_%O WJ u

OH

H31,3-pd3a H,1,3-pd3ap

Cnuka 3. Hecumerpuune kucenune pd3a u pdta-tuma

1.1.4.1. HecumeTpu4HM NTEHTaACHTATHY JIMTaHan ed3a-Tuma

Jenan on HajKOMIUIETHHUjE MPOYyYaBAaHUX HECHMETPUYHHX IEHTAICHTATHUX JIMTaHaa
je cBakako ermnenauaMut-N,N,N’ -tpucupherna xucenuna (Hzed3a) (cnuka 4). [IpBu Harpahen
KOMIUIEKC oBor Tuma 6mo je komruieke [Co(ed3a)(H20)] 19 xao u komruIeKCH [Cr(ed3a)(OAc)]
u [Cr(ed3a)(H20)] Y u [Cr(ed3a)(NCS)] 2, nok cy Legg u capagunuu™® yenemn na narpage
KoMILTeKCHa jeaumberba Tria [Co(ed3a)X] (X=CI, NO2 u ONO).
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o
<
NHN OH
o l
HO HO @)

Cnuka 4. Etunenauamun-N,N,N’ -tpucupherna kucenuna, Hzed3a

CuHTe3e OBHX KOMIUIEKCAa Kao U BbUXOBO KapaKTepucame Ha OCHOBY TyMauema WH(palpBeHHX
ciekrapa (IR) m enekrpoHckux ancopnumonux crekrapa (UV), maro je y pamoBuma. Ha

MIOCTOjabe TEOMETPU]CKUX M30Mepa HHje C€ MOTJIO 3aKJbYUYUTH Ha OCHOBY Xpomarorpaduje.
Jluranaun Hzed2ap (erunenauamun-N,N -mucupherna-N’ -3-niponnorcka kucennna) u Hzeda2p

(erunenauamun-N-cupherna-N,N’ - nu-3-npornnoncka kucennHa) ¢y cpojuu ed3a muranay ¢ THM

IITO Ce KOJI OBUX JIMTaHa/a moBehaBa koHayaH Opoj uzomepa.

j NKIB;O HO N ©

O H HO
0
HO HO \o ’ 01
Hsed2ap Hseda2p

Cnuka 5. Hzed2ap (erunennnamun-N, N -qucupherna-N’' -3-npornroHcka KUcennHa) U
Hseda2p (ermnennunamun-N-cupherna-N,N’ -n1u-3-nmponnoHcKka KUCEIHHA)
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Ernaenguamun-N,N,N’-tpu-3-nponuoncka kuceauna (Hszed3p). Hszed3p rtakohe cmama y
rpyny HecumeTpuuHux ed3a-tum juranana. Kako ce moBehaBajy BenndrHe XeJaTHUX MPCTEHOBA

KOH(opMallMje MPCTEHOBAa Cy CJIOKEHH]e, a cCaMUM THM U HHTEpakije cy Behe usmelhy

CyCeIHUX muranaga®™®. WuTepakiyje ce y3umajy y o03Up NPUIMKOM pacrojeie u3oMmepa y

MeTaJ-TUraHAHuM KomIuiekcuma. @akropu koju oapelyjy reomerpujy y M(O-O-N-N-O)-tumy

U CJIMYHUM KOMIUTIEKCUMA Cy: d-eJeKTpoHCKa KOH(UTYypaIlija U BETMYMHA [IEHTPATHOT METATHOT

(15.16) Tako, murang Hzed3p (ermnenamamuu-N,N,N -Tpu-3-nponroHcKa KHCETWHA) U

] (17)

joHa
weroBu xomouno3u ca Cr(l11) jonom rpage okraenapcke komruiekce [Cr(ed3p-tum)(H20) ca
Cu(ll) jomom ¢opwmupajy  KBagpaTHO-IUpAMHIAHE  KOMIUIEKCE, Kao  IITO  je
Ba[Cu(ed3p)](ClO4)-5HzO(18) u oBo je mpBu mpumep Cu(ll) xommiekca ca KapOOKCHIHUM
HECHMETPUYHHUM TEHTaICHTATHUM Jiuranuma ed3a-tumna.
1,3-nponanguamud-N,N,N’-Trpucupherna kuceauna (H3l,3-pd3a) je auranm Koju AUPEKTHO
oarosapa ed3a muranay, anu noceayje mpoayKeHH THaMUHCKH JaHall. Fujitaun capaz:HHuH(lg) cy
CHUHTETHCAIM ¥ OKapaKTepucald cBa Tpu TreomeTpujcka msomepa [Co(1,3-pd3a)(X)]" tuma
komruiekca (X = HyO, NH3z u Cl') (ciuka 2) u camo jemaH (CIS-TIOJapHH) M30MEp y CIIydajy
[Co(1,3-pd3a)(CN)] xommiekca. CTpyKType Cy O3Hau€HE Ha OCHOBY Pa3lIMKa y ariCOPIIIHOHUM
cnektpuma. [lomepama y amcopmiimoHUM CIIEKTpHMa OATOBapajy (ppekBeHIHjama 3a MPBY U
JPYTY arcopIIMOHYy TPAaKy y 3aBHCHOCTH OJf MOHOJIEHTATHOT JIUTAH[A, C TOM PA3JIMKOM INTO je
pBa arcopIiMOHa Tpaka YBUJEHOT €KBATOPHjAIHOT HM30MEpa IHUpa HEro Koja CiS-ToiapHor
nzomepa. Cis-momapHu u3oMep IMoKasyje Takohje MIMpy TpakKy, a y OKBHPY NPBE arCOPIIIHOHE
Tpake mpumMehyjemMo Iierame Ha JBE KOMIIOHEHTE U KOJI aKBa M KOJ XJIOPO KOMILIEKCa.

Tonuue 1974. Maricondi u Maricondi®” Cy M30JI0BAJIM U KapaKTepHUCalIu LPBEHU U MypIypHU
o6k [Co(R-pd3a)(NO;)]|” koMIutekca Yrju HECUMETPUYHH JTUTaH ] he OUTH TpeaMeT AUCKYCH]e
nasbe 'y tekery (Hsl,3-pd3a = 1,3-mponmanaunamun-N,N,N’-tpucupherna kucenuna). ILlpBeHu
nu30Mep je OMO O3HaueH Kao CiS-eKBAaTOPHjaJHM M MMAao j€ WCTH arCOPIIHOHHU CIIEKTap Kao
HUTPO KOMILJIEKC (POpPMHUPaAH ca HEKUM CyINCTUTyucaHuM ed3a nurannuma (cinuka 2). Ha ocHoBy
IR, UV, CD u PMR cnekrapa ytBpheHo je Aa je mypmypHH H30oMep trans-ekBaTtopujaiHe

4@

reomerpuje. YOp30 HakoH Tora Bernhar j€ mpoydaBao KWHETHUKY peakildja Be3aHHX 3a OBE

KOMIUIEKCE Y 3aBUCHOCTH o pH-BpeqHOCTH 1 U3pauyHao TEPMOAMHAMUYKE MTapaMeTpe.
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Kpucranorpadcku je yrepheno na cy komrmiekcu Co(Ill) u Cr(IIl) Tuna [M(ed3a-tun)X] (rme je

(22-25)

X = MOHOJEHTATHHU JIMTaHJ) YIJIaBHOM CiS-eKBaTopujaiHe KOH(pHTyparmuje , oK BehuHa

komrutiekca Cu(Il) oBora Tuma uma KBajpaTHO-TUpaMUAATHY (Spy) TEOMETPH]Y.

1.1.4.2. HecuMmeTpu4HM XCKCaJCHTATHHU Juranau edta-tumna

Jluranam Koju TOCeAyjy MEIIOBUTE TNETOWJIaHE M IIeCTOouJaHe KapOOKCHIIaTHE
MIPCTEHOBE, MOTY UMAaTH TEOMETPH]CKE U30Mepe KOju ce MeljycoOHO Mory pa3IuKoBaTH y Opojy
(0, 1, 2) mecrowiaHHX IPCTEHOBa KOjU Jexe y ekBatopujanHoj paBHu (G paBHm). 1,3-
nponanguamut-N,N,N’ -rpucupherna-N’ -3-npormoncka kucennna (Hs 1,3-pd3ap) mpencrassba
HECUMETPHYHH, XCKCAJCHTATHY JIMTaH/, ciimyad edtanuranay, ca mpoayKeHUM JUaMHHCKAM U
JETHUM TIPOAYKEHUM KapOOKCcHUIIaTHUM JaHIeM 3a jenny CHa rpymy.

OBaj nuraH MpU CBOM XEKCAJCHTATHOM KOOPAMHOBamkY (GopMHUpa TpU METOWIaHA U
JIBa IIECTOYIaHa XeJaTHa IpcTeHa. Teopujcku ce MOTY OYEeKHBATH JBa FTEOMETPHjCKa n3oMepa (C
0031MpOM Ha Pa3IUYUTy BEIHUNHY U TUCTPHOYIIH]Y XEIaTHUX MPCTEHOBA), KOja Ce Pa3IHKYjy IO
Opojy meTowIaHuX NMPCTEHOBA y okTaenapckoj paBHu: trans(Os) (I) u trans(0s0g) (11) (cuka 6).
Oba reomerpujcka wu3omepa wumajy C; Momekyncky cumerpujy. Jlurang je Harpahen
KOHJICH3alIMOHOM METOJIOM U J00ujeH y cmeru ca 1,3-pdta-tun nuranauma. [IpBo cy ca oBuM
nuraszoM Harpa)eHH M KapakTepHcaHu KoMIUleken kobanta trans(OsOg)-[Co(1,3-pd3ap)] %9,
6akpa Ba[Cu(1,3-pd3ap)]-6H,O Maromih 1 capaximu, neobjanmeri pesyItatn) pyo oo opaj Urap/ NOHALIA

Kao TMEHTAJEeHTAT ca jeJHUM OTKaueHUM NpcTeHoM. Takole, HarpaleH je U KOMIUIEKC Xpoma

trans(Os)-[Cr(1,3-pd3ap)] .
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AN A
OSZ———— /) 0/.______N/ y
&0? 5\_(;

frans(0;) frans(0,0;)

Cimka 6. Moryhu reomerpujcku msomepu [M(1,3-pd3ap)]* kommekca

1.2. Huxan(IT)

1.2.1. Crepeoxemuja nukan(Il) kommiekca

3axBabyjyhu  cBOjoj emexTpoHcko] kondurypammjn (3d°4s®) mHukan mokasyje
dbepomarmeTnsaM U WMa Ty OCOOMHY Ja 3ajp’kaBa MarHeTHE OCOOMHE M TOcCie IMpecTaHKa
JIejCTBa MarHeTHOT 1oJka. OBO ce 00jalTmkaBa YHHECHUIIOM Jla Cy MarHETHH MOMEHTH T10jeTMHUX
aToMa MJIM jOHa OpjeHTHCaHu y UCTOM cMepy. Hanme, kasa ce MeTaTHi HUKAJ YHECEe Y MarHeTHO
1oJbe pe3yiTyjyhu MarHeTHH MOMEHTH IOjeIMHHUX I0Jba OPJEHTHINY C€ Y jeIHOM CMEpY, IITO
n3a3uBa jak mMarHeTHU edekat. [locne nmpectaHka aejcTBa MarHETHOT MOJba MarHETHU MOMEHTH
MOjeIMHUX TOJpYyYja OCTajy OPjEeHTHCAHH y HCTOM CMEpPYy CBE JIOK C€ Ta OpjeHTaluja He
nopemetu (moBehame Temmeparype u cil.). OKcuaalnroHa cTamba HUKIA ce kpehy ox -1 go +4.
MehyTtum, moctoju Beoma Manu Opoj jeAnerma HUKIA ca HajHIKUM (-1) u HajBummM (+3 u +4)
OKCHIALIMOHUM CTambUMa.

Hukan nocenyje crmocoOHOCT J1a rpaau BEIUKHA Opoj KOMITJIEKCA KOjU CapiKe MEIIOBUTE

a30TOBE M KHUCEOHHKOBE aTOME JAOHOPCKOT juranjga. CKopo CBH OBM KOMILJIEKCH TOKa3yjy WIH
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KBaJpaTHO-TUTAHAPHY WJIM OKTaedapcKy KoopawHamnujy. Jeman onx HajjeqHocTaBHUjuX N-O
XEMaTHUX JIMTaHajna |-aMuHO-2-eTaHOoN (€TaHOJ-aMWH) MOXK€ Ja Cc€ IIoHama Kao
xekcakoopauHoBaHu Tpuc xenar, [NilLg]Xs (X = I, 1/2SO4) unu kBaapaTHO-nupaMugaasu bis
xenat, [NiL2]SOas, npu uemy je mpBu nodujeH u3 pacrsopa HoO/MeOH, a npyru u3 pactBopa

MeOH nojt anxuaposanum yciosuma, >

1.2.2. XekcakoopaunoBanu Hukai(Il)-jon

Kommiekcn wukma(ll) xoju cy XeKcakOOpAMHOBAaHW HWMA]y IICEYT0OKTaeAapCKy
CTepeoXeMujy. YTIIaBHOM CYy BUCOKO-CIIMHCKU U HUCY HAPOUUTO cTaOMIHU. Tunudan nmpumep je
cBeTIio 3eneHn xekcaakBanukai(Il) jon [Ni(H20)6]2+. AKO MOJIeKyJe BOJI€ 3aMEHUMO JIUTaHIuMa
ka0 mTo cy NHz wunm en, ca jauuM JIMTaHOHUM T[IOJb€M HAcTajy ojArosapajyhu
XeKCaKoOpAMHOBaHM KoMiutekcH trans-[Ni(H20)2(NHs)s]*" [Ni(NHs)s]*™ u [Ni(en)s]* mmase xo
3esieHe 0oje.

Jluranau Hgeddadp u Hal,3-pddadp cy cTpykTypHO CIOM4YHH, W TOHAIIA)y C€ Kao
XeKcaJeHTaTH! JuraHau. MehycoOHO ce pas3nukyjy MO TOME IITO MPWIMKOM KOOpAMHAIHje
npBu (HopMUpa TETOWIAHW CTHICHIMAMHHCKH, a APYTd IIecTowIaHu 1,3-mponaHanaMHUHCKH
npcteH. Kao mTo ce um odekyje, 300r HamoHa Yy €KBaTOPHjaJlHOj paBHH, KOMILIEKC
Ba[Ni(eddadp)]-6HzO(3O), naje camo (aBopuzoBanu trans(Os) reomerpujcku m3omep. Hal,3-
pddadp nurang npu koopauHoBamwy ca HukiIoM(II) rpagu nBa (ox moryha Tpu) reomerpujcka
m3omepa u 1o trans(Os)-Nao[Ni(1,3-pddadp)]-2H,0CY (cimka 7) u trans(Os0g)-Nag[Ni(1,3-
pddadp)]-3H,0. Kpucranna cTtpykrypa maoMuHaHTHOT, trans(Os) reomMeTpujcKor u3oMepa
MoKasyje Ja je Kpuctan usrpaljeH u3 OMHyKIeapHOT XOMOMETATHOT KOMILUIeKca mpu yemy je Nil
aToM okpyxkeH ca NoO4 xpomodopom u3 Hyl,3-pddadp nuranga ca na rmummuaro (R1 u R2)
npcTeHa y trans nmosmosajy. Ni2 arom je KOOpAMHOBAH ca YETUPH MOJIEKYJa BOJE M JIBa MOCTHA
KapOOKculaTHA KUCEOHMKOBA aroMa. O0a okTaemapcku (hopMUpaHa OKPYKEHa OKO IEHTPATHUX

aToMma Cy HeperyJapHa 1o o0JHKY M OKTaeIapCKuM CiS yriioBUMa.
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Cnuka 7. ORTEP mema trans(Os)-[Ni(l,3-pddadp)]2' KOMITJIEKCHOT aHjOHa

Hoeddp u Hz1,3-pdda cy terpagentaTau muranam koju ca Hukau(Il) joHom majy okraemapcke

32

komruiekce tuna [Ni(edda-tum)(H20),]"”, Tako ma HakoH koopauHanuje edda-tum nmuranma

mpeocTaia JBa MecTa 3ay3UMajy KHCEOHUKOBH aTOMHU U3 JBa MOJIEKyJ1a Boje (ciuka §).

Cnuka 8. ORTEP mema uns-cis-[Ni(pdda)(H20),] kommiekca

Csetnana K. Bermomesuh 15
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1.2.3. TlentakoopaunoBanu Hukan(Il)-jon

Ca monuaeHTaTHUM JIMTaH/IMMa Kao WITO Cy NOJMaMUHU, OJUApCHUHU, ToIudochuHN U
cn. xommuiekcn Hukna(ll) cy Hajuemhe mnenTakoopauHoBaHHW. [lo3HATH Cy M KOMILIEKCH
nukna(ll) ca MoHOAEHTaTHMM JHMraHguMa Kao INTO CYy [Ni(CN)5]3' u [Ni(OAsMe)s]*".
[lenrakoopaunoBanu Hukan(ll) xommekcum uMajy CTPYKTypy Koja je TOTOBO KBapaTHO-
MUpaMHUaiHa WIA TPUTOHATHO-OMNUpaMuiaiHa. Y 3aBUCHOCTH OJf PEIAaTUBHUX BPEIHOCTH
penyi3uja U eHepruje CTabuIn3alrje JUTaHIHOT T10Jha, OCHOBHO CTalk€ y OBUM KOMIUICKCHMA,
MOXe J1a Oy/ie TPOCTPYKO JEereHepHUCaHO (BUCOKO-CITMHCKH KOMIUJIEKCH) U JeTeHEpUCaHo (HUCKO-
CIIMHCKHM KOMIUIEKCH). Tako peuumo, o]l KBaJpaTHO-MUPAMHUAATHUX KOMILIEKCA [Ni(CN)5]3' je
HHUCKO-CITMHCKH a [Ni(OAsMe)g,]2+ j€ BUCOKOCTIMHCKH. Y OMIITEHO HUCKO-CITMHCKH KOMILIEKCH CE
dbopmupajy ca AOHOpPCKMM atomuMma kao mrto cy C, P m As, KOoju WMajy HWKE BPEIHOCTH
€JIEKTPOHETaTUBHOCTH, JOK BHCOKO-CIIMHCKE KOMILIeKce (OpMHUpPajJy jaKO elIeKTPOHEraTWBHU
noHopu kao mro cy O u N.

Y BOJEHOM pacTBOpPY TMOTEHIMjaIHW XEKCAIEHTAaT eTUJIeHAnaMUHTeTpacupheTHa
KkucennHa GopmMupa Beoma crabmiad 1:1 HUKaI KOMIUIEKC 3 Mehyrtum, Everhart 1 Evilia cy
MOKa3aIu J1a je edta® MEHTAKOOPJAWHOBAH JIUTaHH Y Ni(edta)z', pyU YeMy HEKOOPJIMHOBaHA
arieraTHa rpyna rnosehasa yzueo panemusanuje komiuiekca. OBaj komriekc y orncery pH ox 4 no
12 ersuctupa kao xekcakoopamHoBanu [Ni(Hzedta)H,O], a 1mecro MecTo NPUIMKOM
KOOpJMHAIIM]E 3ay3uMa MOJIEKYJ Bojae. KoMIuiekc y UBpCcTOM CTamy je J0OHjeH peaKIfjom
Hgedta ca aukan(Il)-xuapokcuomM U mokasyje TeTparoHajiHy JUCTOP3HU]y ca JIBE aKCHjaJIHE BE3e
nyxe on HopmanHuX. Kpucramna crpykrypa komruiekca [Ni(Hzedta)]-2H>0, koju je u3onoBan u3
KHCEJIOT pacTBOpa, yKa3yje Ja Cy JIBe alleTaTHE Ipyle HEeKOOPJMHOBAHE M JIBa MOJIEKYJa BOE
YIOTIYHY]Y XeKCAaKOOPIUHAIIH]Y anxa(1D).%¥

(35) cy cunrerucanu komruiekc Hukma(ll) ca DACODA nurangom

Legg u capagHunu
(DACODA=1,5-gnazanuknookran-N,N'-qucupherna  KucenwHa), KBaIpaTHO-TTUPAMUIATHE
reomerpuje. OBaj TeTpaJCHTATHH JIUTaH 3ay3MMa YeTUPH KOOPJIWHAIIMOHA MECTa Y KOMIUICKCY

ca nukiaoM(ll), 1ok meTo MecTo 3ay3uma MoJIeKyIT Bojie (ciuka 9).
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Cimka 9. ORTEP wema [Ni(DACODA)(H,0)]* KoMIUIeKCHOT aHjoHa

1.2.4. TerpakoopaunoBanu Hukai(Il)-jon

Behuna TerpakoopaunoBannx — Hukan(ll) komriekca je  KBaapaTHO-TIIaHApHE
reomerpuje.  Ilceynmorerpaemapcku  KOMIUIEKCHM €y — peTKM.  Tumvuan  mpumep
nceyoTeTpaelapckor Komriekca je TerpaxanoHukenat(ll) [NiX4]*. V 3aBucHOCTH Of
koopauHoBaHOr XanoreHuaa komiuiekc NiXa(PRs), mMoxke nma Oynme kBaapaTHO-TUIAaHApaH WA
nceyporerpaenapcku.  Hamme, nwmranmm  kKoju ¢y  cnabuju  JOHOpU  (aBOpH3Y]Y
nceyaoTeTpaeaapcky Ccrpyktypy. KakBa he reomerpuja KOMIUIEKCa OWTH 3aBHCH M O]
TeMIepaType U KOHLEHTpalyje.

VY TerpakoopauHoBaHuM komiuiekcuma Hukia(ll) jake Ni-L uHTepakuuje ctabuinmsyjy
IUTaHapHY KoHGurypamnujy. OBH KOMIIEKCH Cy 4YecTo IjpBeHe WM xkyre Ooje. I[Ipumep

KBaJpaTHO TJIAaHAPHOT KOMIJIEKCA HACTAJIOT U3 MOHOACHTATHOT JINTAH/Ia j& [Ni(CN)4]2'.
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1.2.5. Cnexrpannu npwia3 Tymadewny komruiekca Ni(ll) ca murananma
edta-tuna

1.2.5.1. Eneprercko ctame Ni(Il) y conBaTHOM U XeTaTHOM OKpYKEHhY

3a ancopruone crekTpe [M(edta-Tum)]” koMIuiekca eeKTUBHA CEIEKIIMOHA MMPaBUiia
3axXTeBajy Jla mpeia3y eIeKTPUIHOT JUIOJIAa OAr0Bapajy HEHTPOCUMETPUYHUM rpynamMa. 3a Op 1
Dsn Monekyncke cHUMETpHje OIepaTopu Cy HecUMeTpuyHH, a d-d eneKTpOHCKH Ipenasu
CUMETPUYHHM U OBHU TIPEJia3H Cy, Ha 0a3W eJIeKTPUYIHOT AWIoJa, 3a0pameHu. 3a Day Momen, nBa
mpenasza y 00J1acTy TpBe arCoOPIIIMOHE TPaKe U caMo jeIaH y o0aacTu Tpake Buiie enepruje (E-
KOMIIOHEHTA) Cy, IpeMa MAarHEeTHOM MHIIONy, A03BOJbeHa 3a ob6a, d° m d°-cmcreme. 3a
HereHTpocumeTpuuHy Cp rpymy CBU OYEKHMBAHU Ipefia3u Cy, peMa eJIeKTPUYHOM M MarHeTHOM
qunony, no3sosbenn. 3"

Hukan(Il) rpanu koMIiekce pa3auauTor KOOpAWHAIIMOHOT Opoja (4, S 1 6) y Kojuma cy
3aCTyIJb€HE CBE OCHOBHE TI€OMETpHje: OKTaelapcKa, TPUTOHATHO-TIHMpPAMHJIAIHA, KBAJpPaTHO-
nupaMyajiHa, TeTpaeaapcka U KBaapaTHO-aHapHa. Y pactBopuma Ni(Il) xommiekca ce, He
PETKO, yCIOCTaBJha paBHOTEKA N3Mel)y TOpe MOMEHYTHUX T€OMETpHja U OBa PaBHOTEXa Hajuenhe
3aBHCH OJ] TEMIIEpPAType U KOHIIEHTpAIije peakTaHaTa.

Enexrporcku cucreM (d°) Ni(ll)-jona o6e36ehyje cnenche tepmoe cxommo Russell-
Saundersovom pravilu: °F , P, 'G, 'D, i 'S Oxraenapcka reomerpuja Ni(I) koMIuIekca je
noMuHaHTHA. OCHOBHO CTame y KOMIUIEKCHUMA je 3A2g (BUCOKO-CIIMHCKM MJIM HHMCKO-CIIMHCKU
KOMIUIEKCH) IIITO 3aBUCH O]l PEIATHBHUX BPEAHOCTU Mel)yelmeKTpOHCKUX pernyi3uja U eHepruje

crabwim3anyje auranaaor nosba. Oxraeaapcku Ni(Il) kommiiekcu cy yriiaBHOM BUCOKO-CITUHCKH

a IbUXOB EJIEKTPOHCKH CIIEKTAP j€ YCIIOBJHEH Ca TPU CIIMHCKH-03BOJbEHA TIPEiasa:
3 3 3 3 -3 3
Azg - ng (F), Azg - Tlg (F) 1 AZg_’ Tlg (P)

ATICOPIIIMOHM MAaKCHUMYyM NPBOT CIIMHCKHU-I03BOJHEHOT Tperna3a jexu y obmactu 5000-12000
cm™, Jpyru ancoprnuvoHd MakCUMyM, YCJIOBJBEH IIPEIA30M 3A2g — 3Tlg (F), nexu y obmnactu

12000-19000 cm™ u y BehuHHU ciydajeBa je pa3jioKeHa Ha JIB€ KOMIIOHEHTE Kao IOCIIeauIla
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CIUH-OPOUTATHOT KYIIJIOBaHa 1Eg(D) HHBOA ca lTlg HuBooM. Tpehu makcumym, mopexna P
TepMa, Haa3u ce y obnactu uzmehy 20000 em™ 1 29000 cm™. Y TETParoHaJHUM KOMIUIEKCUMA,
pasnarambeM eHepreTCKuX HHBoa, moBehaBa ce Opoj TeopujckM OUEKMBAHHUX Mperna3a. MojapHe
ariCOPIITUBHOCTH TMOMEHYTHX TIpenasa Cy, OMIITe Y3eBIIM, BeoMma Onucke BpegHoctH 10, ¢ THM
IITO je Tpaka HajBUIIE €Hepruje, y BehnHW ciaydajeBa, U HAQjUHTCH3WBHH]ja Tpaka. 3a aHAIU3Y
enextpoHckor cmekrpa okraemapckux Ni(ll) xommiekca morogna je ymorpeba OpremoBor
Jyjarpama.

Axko edta nurang uma (QyHKIM]y TEHTaIEHTATHOT JIMTaHAa, Moryha cy Tpu reoMeTpHjcKa
nu3omepa: Cis-eq, trans-eq u cis-polar. Kao mro je Beh momenyTo, ¢ 003UpOM Ha U3PAKEH HAIIOH
y G-paBHHU 3a CiIy4aj XekcajeHTaTHHX edta KoMmIulekca, CiS-eq reoMeTpHja MEHTaICHTATHHX
KomIuiekca HaljeHa je y Behem Opojy ciydajeBa mpenazHUX MeTalla, IpU YeMY IIECTO MECTO y

OKTaenpy 3ay3uMa (Hajuenrhe) MOJIeKyI Bome®®).

HcnntuBama on cTpaHe J@preHceHa(39)

Cy mokaszana Aa ce edta nuraHg y BOJACHUM
pactBopuma Ni(Il) monamra, yriaBHOM, Kao TI€HTaJeHTAT. EJEKTPOHCKH CIIEKTap aKBa-
cyncrutyucanor Ni(Il)-edta xommuiexca (cmuka 10) mokasyje 4YeTHpH alCOPIIIMOHE Tpake

YCJIOBJBCHC IIpEIa3nuMa:

| 3A,— 3Ty, (F), na 10100 cm™ (e=31)
Il A — 'E, (D), na 12650 cm™ (e=5)

1 %Ay, — °T, (F), na 17000 cm™ (e=83)
IV 3A,,— 3Ty, (P), na 26200 cm™ (e=122)

(39

Arncoprinnonn Makcumymu komriekcHux cucrema Ni(Il)-edta Bapupajy ca BpeMeHOM ™’ HITO je

TOCTIE/INIIA OCTENEHOT (hOpPMHparba y pacTBopy foMuHaHTHEX [M(edta)(H20)]* kommiekca.

33,40
(3349 1a hopmupare OBHX KOMIUIEKCA CTPOro 3aBucH ox pH-

Jlasba ucTpakuBama Cy IOKa3ajia
BPEIHOCTH | Ja JuraHj edta uma GyHKIM]y IeHTaaeHTaTa (Kao JOMUHAHTHY) BaH obmactu pH =
4-12. Ha ucrte 3akspyuke ynyhyjy HacC ¥ UCIIUTHBabHA 'HiBC NMR CIIEeKTapa Ha pUMeEpUMa
Ni(Il) cucrema y npucyctBy nuragaa edta Win mHeroBux ;[epHBaTa(4l'43). Koopaunaruonu 6poj
Ni(Il) xommuiekca Bapupa u3mely 5 u 6, pu yemy ce ycrnocTaBjba Op3a paBHOTEka u3Mmehy aBe

dbopmMe KOMIUIEKca; IEHTaJIeHTaT-XeKcaaeHTar. [1oj0xkaj paBHOTEXKE 3aBUCH Of TEMIepaType U
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CTPYKTypE JIUTaHJa U IO MPaBHJY je TIOMEPEH Ha CTpaHy MEHTaJCHTaTHe (opMe KOMILIEKCa.
N3omoBanu  "kucenu"  KOMIUIEKCM U3  TaKBUX  pacTBOpa, [Ni(Hzedta)(HzO)](M) u
[Cu(Hzedta)(H20)]“® ¢y mzomopdu Ha mra ykasyjy pe3ylTaTn peHAreHOCTPYKTYpHE aHAIIH3e
oBux kommiekca™®. Mako je menramentarna dopma Ni(ll)-edta kommiekca goMuHAHTHA Y
pacTBOpy, unak cy nossare crpykrype Beher 6poja Ni(ll) kommuiekca y kojuma ce nurann edta
nmoHama kao xekcameHrar: Ni[Ni(edta)]-6H,O, Ca[Ni(edta)]-4H>0, Zn[Ni(edta)]-6H0,
Ni(en)[Ni(edta)]-4H,0, Cu(en),[Ni(edta)]-2H,0 u [Ni(en)s][Ni(edta)]-4H0O. OBu cuctemu Ni(ll)
KOMILIEKCa MPECTaBbajy YIJIaBHOM MOJUMEpPHE CTPYKTYpE y KOjEMa BapHjalyje KaTjoHa, KaKko
je To Haljeno, uesnatHo yruuy Ha ayxuHe Ni-N u Ni-O Besza. Kommiekcu oBe Bpcre ca
JIBOBAJICHTHUM KaTjOHMMa CTa0WIN3Yyjy XeKCaJeHTaTHy KoopAuHanujy edta nuranga y

KOMIUICKCHOM aHjOHY.

I11
I1

3UbUU T T T T T T T ‘i;uol:’crr:") T T T T T T T T 10600 T

Crnuka 10. AnicopmniiuoHu ciekTap [Ni(edta)]z' KOMILJIEKCa

Jluranam edta-Tuma Koju TOCemyjy TPOIY)KEHE KapOOKCHIIATHE JIAHIIE (eddadp(30),

edtp®, 1 SS-edds*®*? dopmupajy y pacreopuma nommuantre Ni(Il) kommiekce. CraGuina
XeKkcajeHTatHa gopma oBux komruiekca, y omHocy Ha cucrem Ni(Il)-edta, moxxe ce Tymauntu
YHEGEHUIIOM J1a TIOMEHYTH JINTaHIH, IPY TOTITYHOM KOOPAHHOBAKY, TPajie MOpe MeTOWIAHUX, ’
IIecTowiaHe xenatHe npcreHoBe. CTPYKTypa OBUX XEKCAJICHTAaTHUX KOMIUIEKca Bepru(UKOBaHA

je PEeHAreHOCTPYKTYPHOM aHAIM30M Ha mpuMepnMa komiutekca trans(Os)-[Ni(eddadp)]?™ &
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trans(Os)-[Ni(SS-edds)]?~. 449 ATICOPIIIIMOHYN CTIEKTPU OBHUX KOMIUIeKca, y ckimagy ca O
MOJICJIOM, TIOCeyjy Takohe UeTHpu arcopIiuoHe Tpake ycloBjbeHe d-d eneKTpoHCKHM

npenazuma. Ancopruuone Tpake I, Il u IV oBuxX komIiekca ¢y NpakTUYHO CUMETPUYHE.

1.3. Komnjyrepcka xemuja

Kommjyrepcka xemuja HaMm mgaje uHpOpMandje Koje Cy KOMIUIEMEHTapHE ca
€KCIIEpUMEHTATHUM TOJalliMa 3a CTPYKTYPY, OCOOMHE U Peakiihje XeMHUJCKUX cyrncTaHiu. [Ipu
TOM C€ YIJIaBHOM TIPUMEYjy YETHPH pa3IMdUTe METOAEC W TO: MOJICKYJIapHa MeEXaHWKa,
cemuemnupujcke merone, ab initio uw DFT (density functional theory). Ilpu ToMm je HapaBHO
HEOIXOHO UMaTu KommjyTep oapehenux neppopmancu (cacBuM je noBosban PC pauyHap na 6u
Ce OApaauId MHOTH KOMIIjYTallMOHH XEMHJCKH KOJOBHM Kao mTo cy Spartan, HyperChem,

Chem3D, Gaussian, Sybyl, MOPAC, GAMESS u cn).

1.3.1. MonekynapHa MexaHHKa

MonekynapHa mexarnka®™)

ce 0a3upa Ha MaTeMAaTUYKOM MOJIeNy MOJeKyJa Kao CKyma
KYTJI, KOje OATrOoBapajy aToMuMa, a Japke ce mMel)ycoOHO ompyrama, Koje MpeAcTaBibajy Be3e
(cnmuka  11). YHyTtap cucTemMa OBOT MOjJeJa CHEpruja MOJIEKylia Ce Mema ca MPOMEHOM
reoMeTpHje 3aTo IITO Ce Be3€ ONMUPY MCTE3amy UM CaBHjalby Yy OJHOCY Ha MPUPOIHY AYKUHY
BE€3a U YyIJIOBa y MOJIEKYNTy, Kao LITO Ce€ KyIJie OMHpYy Kajaa Cy CyBHILIE OJIM3Y jelHe APYTuX.
MonekynapHo MEXaHHUYKH MOJIEI je JaKje KIIacCHYHa MEXaHUKa MPUMEHEHA Ha MOJIEKYJT Tako Ja
MOTITYHO WTHOPHIIE MPHUCYCTBO E€IEKTPOHA W HAPABHO OpOUTAIIHE MHTEPAKIHje, a aTOMH CYy

chepe onpehene mace mel)ycoOHO moBe3aHU Be3ama oapeheHnx mykuHa W yriioBa, AUEIapCKUX

yrioBa, Van der Waals-ovih cuia u e1eKTpoCcTaTHIKUX WHTEPAKIIUja U CJ1.
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Hidrofobni efekat je priblizno Voda
proporcionalan povrsini Kontinum model solventa

|
oy
\AVAY,

torzioni ugao

Rastojanje

duzina veze ili ugao

Cnuxka 11. MonekynapHo MexaHW4Ku npuka3 mosiekyna (forcefield method)

VY npunHnuny mosekynapHa mexaHuka (MM) KOpHUCTH MEXaHHMYKH MOZEN MOJeKyna Ja

npoHalle reomerpHujy MUHUMalHE eHepruje (3a (QuieKCHOMIIHE MOJeKyJe TO Cy TeOMeTpHje

pasnmuuutux KoHpopmepa) (cmuka 11). OOAMK MaTeMaTHYKOT H3pakaBama €HEPruje u

napaMmeTpu cy oapeheHu jaunHOM MoJba TAaKO Ja C€ YeCTO MOJIEKyJapHa MeXaHHKa Ha3uBa U

,.forcefield* MmeTona uau MeTo/a 1MoJba CHIIE.

1.3.2. Ab Initio meToma

Ab-inicio lat. ab initio mpeBeneHO Ha HAIl je3WK 3HAYU NPEU NPUHYUN OTHOCHO Ja je

MCTOJa 3aCHOBaHa Ha OCHOBHUM HNPUHIHUIIAMA. vy IMMpakCu TO Cy NPHUHIHUIIA KBAHTHC MCXAaHHKE.

OCHOB KBaHTHO MEXaHUYKHX ITpOpadyHa JISKH y pellaBamy He penatuBuctudke Schrodinger -

OBE jeHAYMHE:

Ay = E¥Y

riae je H-Xamunronujanos oneparop, E-enepruja atoma unu mosiekyna, a \V-rtanacua ¢yHkiuja.

Csemnana K. benomesuh 22



ONMMWTHU JTEO

Jla 6 ce y KOMITjyTallHOHOM EKCIIEPUMEHTY MOIJIC KOPHCTHUTH TOpe HaBeIeHE jeaHaduHe ab

initio MeToa je Mopasia J1a yBeje HEKOJIUKO BEOMa BaXKHHUX alipOKCHMAIlHja:

1) Born-Oppenheimer-oBa: oBa anmpokcuMaliija yBOAM HYKJIeyce Kao HemokpeTHe ((pukcupane)

YECTHULIE Y TPOCTOPY.

2) Hartree-Fock-oBa:  ampokcumarja  N-eJeKTpOHCKe  TajacHe  (QYHKIHje  TPEKO
AHTHCHMETPU30BAHOT Mpou3Boaa N jeTHOCIECKTPOHCKUX TallaCHUX (YHKIIHMja KOje Ce Ha3HBajy

Slater-oBe nerepMuUHAHTE.

3) Jluneapna xomOmnHanuja aromckux opburana (LCAQO): Monekyincke opoutane (MO)
MpeACTaB/beHEe Cy Kao JMHeapHa KOMOWHAIMja jeJHOEJNEKTPOHCKMX aTOMCKHUX opOuTana

ynotpebom 6a3uux ¢ynknuja. [lojenrnnauna MO ce nedunumIe Kao:
N
e Z a;
i-1

IIpu uemy Oa3zHu ceT mpencTtaBba ceT oa N (yHKIHMja ¢, O KOjUX je CBaka yMHOXKaK ca

MOJIEKYJIapHO OPOUTATHUM €KCIIa3MOHUM KOE(UIIHjEHTOM &;.

1.3.3. Semi-empirijske meTome

Janac ce Ha pa3imudTe HayumHe, Ha OcHOBY ympomrhene Hartree-Fock-oBe
arnpokcuMalje, 1epuHUITY pa3IuuuTe semi-empirijske MeToze: yBoiu ce KOMIjyTepCcKO Bpeme
NpIIMKOM pemaBama N HHTerpaza; KOpHCTe ce anpoKCHMAIHje 3a JIAKIIe H3padyHaBambe
KOpeNaloHe €Hepruje; y3uMajy ce y 003up camo BaJ€HTHU EJIEKTPOHU; 3aHEMapyjy ce€ HEKH
WHTETpaAJIA; KOPUCTH C€ MUHUMAIHHM Oa3HU CeT W cau4yHo). Ha Taj HaumH nomnasu 10 MpoMeHe
XaMuITOHMjaHAa TakO Ja KOpuIIheHa TmapaMeTpu3alja penpoayKyje eKCIIepUMEHTAITHE
MoJIaTKe.

Hajuemhe kopunihene semi-empirijske meroze cy:

Austin Model 1 (AM 1)

Parametric Method 3 (PM3)

TpenytHo Hajuenthe kopunthene: SAM1, MOPAC (PM 6)
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Semi-empirijske Merome cy Bpio Op3e, TOrogHE 3a BEJIHMKE MOJIEKyJe, a Aajy maoope
KBAJIMTAaTHBHE, a YECTO M KBaHTUTaTHBHE pe3ynrare. Hajuenthe cy morogne 3a m3padyHaBama y
pacTBopuMa (HajIIOTOIHU]JU Cy BOJIEHHU PacTBOPH). JeaHA 0J] HEMOTOAHOCTH je IITO je HeMoryhe
M3BPIINTH NapaMeTpU3alfjy CBUX aToMma. Takole mocroje orpaHuyuerma y OJHOCY Ha OCHOBHO

CTame PaBHOTEKHUX F€OMETpHja.

1.3.4. Teopuja dynknuonana rycrure (DFT)

Kopern DFT Teopuje cy y pamoBuma Thomas-a u Fermi-ja w3 1920. romume® u y

OCHOBHU €HEpruja OCHOBHOI CTama CHCTEMa y KOME ce eleKTpoHU Kpehy Moke ma ce u3pasu

(52) Cy, MHOTO KacHH]e

JTUPEKTHO M CaMO Yy OJTHOCY Ha eNeKTPOHCKY ryctuHy. Hohenberg i Kohn
(1964. ron) monutk o penanuje U3 KOje ce BUJAM Jla j€ €Hepruja OCHOBHOI CTama ojipeheHa
HUCKJbyUnBO oxaroBapajyhom enektpoHckom ryctuHoM p(r) (mpBa Hohenberg-Kohn-OBa

Teopema):

E=E[p(n]

npyra Hohenberg-Kohn-ova Teopema ykipyuyje uzpauyHaBame eHepruje ciezehu BapujannoHu
npuniun 3a DFT, ogHOCHO cTamke KoMe oroBapa eHepruja 3a OUJI0 KOjy €JIeKTPOHCKY T'YCTHHY
y CHOJhAIlFbeM MOTEHINjay, Puial, TAKO Ja j€ M3pauyHaTa eHepruja (pyHKIMOHAIA BHINA WU

€KBUBAJICHTHA OHOJ KOja OJIroBapa Ta4Ho ojapel)eHoj TyCTUHU OCHOBHOT CTamba:

E[ptrial] > E[p]

Ha taj HaumH TayHa €NEKTPOHCKA EHEepPryja M TYCTHHA OCHOBHOT CTama MOTY Jia Ce U3padyHajy
0e3 mpumene Schrodinger-oBe jeqHaumHe. Y OCHOBU Teopuje je pedepeHTHH cucteM ox N
HEeHWHTeparyjyhux enekTpoHa Koju ce Kpehy y3 e(eKkTMBHU eKCTepHHM MoTeHnujan vs(T),

tako3BaHu Kohn-Sham-oB noreHmjan, ymMecTo el1eKTpocTaTHYKOr MOTeHIK]jana v(r) HyKieyca:

e

[IpBu uman y 3arpagu je yoOuWyajeHH ormepaTop KHHeTHuke eHepruje. Hewmnteparyjyhu

pedepeHTHH cucTeM MMa OocoOMHE TanacHe (QyHKIHMje, IPH YeMy je€ eJEeKTPOHCKa T'yCTHHA 3a
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pasnuky ox Hartree-Fock-oBe meTone 3N nuMen3noHanHa. YMeCTO U3padyHaBamba KOMIUICTHE
N enexktpoHcke TanacHe (QyHKIMje oxapelyje ce ToTajHa EJIEKTPOHCKa €Hepruja M OHa je
MUHHMaJHa KajJa IOTHYEe OJf TayHO ojpeheHe T'yCTHHE OCHOBHOI CTama U ojapehena je

penanujom:
EPpErss () () () ()

rZie IPBH WIAH MPEJICTaB/ha KHHETUYKY €HEPrujy eJIeKTPOHA CUCTEMa, a IPYTU MPHUBIAYHY CHITY
n3Mel)y eJeKTpOHCKE T'YCTHHE U eKCTepHOr noTeHnujana. Tpehu uman npeacrasiba Coulomb -
OBE pemnyi3uje, a YeTBPTH TAaKO3BaHY MPOMEHJBPHBO-KOpENAIOHY eHeprujy. I[IpomeHIbHuBO-

KOpenaluoHa eHepruja je ynpaBo oHO IITO je HepocTajano Hartree-Fock -oBoj Teopuju.
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2.1.  Cunrtesa kanmujymose conm eruieHauamud-N,N,N’ -tpucupherne kucenune,

VY pactBop MonoxmopcuphetHe kucenune (56,7 ¢; 0,60 mola y 180 ml gectmnoBane
Boze) je moxaro 29,8 g (0,40 mola) kamuujym xunpokcuaa. [Ipu Tom ce pH pactBopa nmpomeHHO
ca 1,0 va 11,7. 3atum ce, y mHapeguux 10 munyta monaje etwnenguamuH (12 g; 0,20 mola)
yKalmaBameM KamaluioM. Temmeparypa peakiuoHe cwmeme je oko S50°C 6e3 momaTtHOT
3arpeBama. Hakon 1 waca temmeparypa ce noseha 3arpeBamem Ha 70°C u cmeria Memia Ha OBOj
Temmeparypu 5,5 dacoBa. 3a BpeMe Tpajama peakiuje pH cmeme ce oapxkaBa Ha 7,5-8,0
J07laBakbeM YBPCTOT Kanuujym xuapokcunaa 41,4 g (0,56 mola). Hakon peakiuje, Torua cMmemia
ce mporeau kpo3 rymhy ¢unrep xaptujy ga 6u ce oxcrpanuo umak Ca(OH),. ®untpar ce
3aTHUM OXJIaJ Ha COOHY TeMmIepaTypy M OCTaBU Ja CTOju y (prwxuuepy npexo Hohm. benm
tanor, Cas(ed3a), ce mporenu, ucnepe arkoxojaoM, Ia €TPOM M OCYIIH Ha COOHO] TeMIepaTypH.

ITpunoc: 44,7 g (87% padyHaTo Ha MoOJa3Hy KOJIUYHUHY €TUICHANAMUHA).

Ananusa:
3a Cae(edBa)212HzO = Ci6HusN41O»4Ca5 (Mr = 798,78)
C H N
Hs3pauynamo: 24.,06; 5,80; 7,01;
Haheno: 23,87; 5,50; 6,72%.

2.2. Jlooujame xekcaakBanukai(ll)-mu[(etunenaguamun-N,N,N’ -Tpuaneraro)
axBanukenara(ll)] muxuapara, [Ni(H,O)g][Ni(ed3a)(H,0)]»-2H,0

Caz(ed3a),- 12H20 (5,99 g; 0,0075 mola) je pactBopen y 40 ml Bojie 1 OBOM pacTBOpY je
nonat pactBop NaOH nmob6ujen pactBapamem 1,80 g (0,045 mola) xugpokcuaa y 5 ml Boge.
Tamor Ca(OH), je omBojen mehemem Ha Bakyymy, a 3aTuMm je y QuiITpaT AOAaT pacTBOP
NiCl,-6H20 (3,56 g; 0,015 mola y 15 ml Bone). Jlobujena cmema ce mema Ha 65°C y Toky 1
yaca, a 3aTUM C€ CyCIE€H3Hja IulaBe 0oje mporear M 00ecos TEeXHHUKOM rei GuiaTpamnuje Ha
Sephadex-y G-10 y3 emyupame nectusioBaHoM BojioM. O0ecosjbeHa CyCTeH3Hja CBETJIO 3eJieHe

00je ce HaHece Ha KoJNoHY (4x40 cm) Hanmymerny Dowex-om 1-X8 y CI” 06muky (200-400 mera).
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Komona ce mpBo ucnupa Bogom, a 3atum enyupa 0,1 M pactBopom NiCl, [lobujena tpaka je
ynapeHa Ha oko 10 ml u oGecosrena Ha Sephadex-y G-10. Hakon mto je enyaT KOHIIEHTPOBaH
Ha 3anpeMuHy o1 3 ml ocTaBibeH je Ja KpHCTalWile HEeKONMnKo naHa. Kpucramm miaBe 0oje

n00ujenu cy npekpucTaau3anujoM u3 Bojae. Ipunoc: 0,9 g. Tauka Torbema: 245°C.

Ananusa:

3a [Nl(HzO)G][NI (ed?)a)(HzO)]z-szO: C16H42N4022Ni3 (M r= 81 8,59)

C H N
Hspauynamo: 23,48; 5,17, 6,84;
Haheno: 23,50; 5,20; 6,80%.

2.3.  Jlobujame KOHACH3aHOHE CMEIIe KOja CalpKu eTrieHanaMuH-N-
moHocuphetHy-N,N’ -nu-3-pornuoncky kucenuny, Haeda2p

Cuntesa ce cacToju u3 cienehux Kopaka:

PactBop |: 40,0 g (0,17 mola y 51 ml Boxe) Hedma-2HCI-2H,O ce HeyTpanuiie pacTBOpoM
NaOH (20,4 g; 0,51 mol).

Pactop II: 36,89 g (0,34 mola y 100 mi Bojme) 3-XJOPHPONMHUOHCKE KHCEIHHE CE OXJIAAH Y
JECHOM KyIaTwily. 3aTUM ce Heyrpanume xiagHuMm pactBopom NaOH (13,6 g; 0,34 mola)

Bozaehu pauyHa fga remmneparypa peakimone cmerne He mpehe 15°C.

PactBopu | u Il ce momeniajy u nobujena cmema ce pedurykryje 6 gacoBa Ha 57°C y3 ynaraHo
ykanaBame pactBopa NaOH (20,4 g; 0,51 mola) u konrpony pH Bpennoctu oxn 7-8. 3atum ce
peakIroHa cMmela ymnapasa f0 oaroBapajyhe 3ampemune, a uctanoxeHu NaCl oaBoju Bakyym
nehemem. 3anpemuHa godujeHor dunrpara 60je mena je 100 ml. Ox qodujeHor dpuntpara y3eTo

je Teopujckux 0,040 mola kucenuHe ¥ U3BPIICHO KOMIUIEKCcHpame ca Ni.
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2.4. Jlobujame Hatpujym-[ (etunenauamun-N-moHocuphetHe-N,N' - qu-3-
nponuonaTo(akBa)uukenara(ll)] xenraxuapara, Na Ni(eda2p)(H,O)]-7H,O

Y 25ml (0,040 mola) konmezanuone cmerie koja caapxu Hzeda2p kucenuny monma ce
pactBop no6ujeH pactBapameM 9,50 g (0.040 mola) NiCly'6H20. JIo6ujena cmema ce 3arpeBa Ha
65°C y3 Memame y Tpajamy of 1 yaca. Tokom peaknuje moaaje ce y kanmuma pactBop NaOH npu
yemy ce pH oapkaBa Ha oko 7-8. Tako moOujeHa cmemra ce mporean U GuiITpatr odecoiu Ha
KoJIOHU HanyweHoj Sephadex-om G-10 y3 enyupame nectunoBanoMm BojgoM. ObecosbeH Guirpar
ce 3aTUM HaHece Ha KoJoHy (4x40 cm) koja caapxku Dowex 1-X8 y CI o6muky (200-400 mera).
Komona ce ucnupa Bozmom, a 3atum enyupa 0,1M NaCl = Enyat 3enene 6oje ce ymapu Ha Maily
3ampeMHUHy ¥ MIOHOBO o0ecoyin. HakoH KOHIIEHTpoBama Ha OAroBapajyhy 3anmpeMuHy OCTaBH Ce

na kpucranuie. [Ipunoc 0,5 g. Tauka Torbema: 210°C.

Ananuza:

3a Na[NI(edaZp)(Hzo)] 7H20 = C10H31N2Ni Na014 Mr = (48504)

C H N
Wspauynamo: 24,76, 6,44; 5,78;
Haheno: 24,27, 5,92, 5,28%.

2.5. Jlobujame KoHAe3annoHe cMenie koja caapxku erunenanamMua-N,N,N’ -
TpH-3-TIPOMUOHCKY Kucenuny, Haed3p

3-xaoprpornroncka kucenuna (1.51 g; 0,140 mola) pactBopena je y 25 ml Boae y3 Memame
y nemneHoM Kymatwry. Xiamgad pactBop NaOH (5,6 ¢; 0,140 mol) ce ykamaBa Tako nJa
temmniepatypa He npehe 15°C. Hakon Ttora moma ce erwnenauamud (2,4 g, 0,04 mmola) u
noOujeHa peakIMoHa cMela Melmra 0e3 3arpeBama y TOKy lh, HakoH dera ce Temrieparypa

noBeha Ha 70°C y3 nomatak pactBopa NaOH (0,56 g; 0,140 mola).
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2.6. Jlobujame marnesujym-au[(erunenauamud - N,N,N’ -tpu-3-
nponuonato(aksa)uukenara(ll)] noaexaxumpara, Mg[Ni(ed3p)(H,0)]»-12H,0

Konpensaimonoj cmernm koja caapxu H3ed3p kucenuny monat je pactsop NiCly:6H0
(9,51g ; 0,40 mola). pH cmemre perynucana je nonatkom NaOH (pH=11). 3atum ce peakimona
cMemna 3arpesa Ha 65°C y3 Memame y Toky lh. Tako mo6ujena cMema ce npouean u guirpar
obeconmn Ha KOJIOHM HamymeHo] Sephadex-om G-10 y3 enmyupame IeCTUIOBAHOM BOJOM.
Ob6ecosbeH uaTpaT ce 3aTuM HaHece Ha KoyoHy (4x40 cm) koja cagpxu Dowex 1-X8 y CI
06muky (200-400 menra). Konona ce ucriupa Bosom, a 3atum exyupa 0,05M MgCl,, [lobujene cy
nse tpake. [IpBa Tpaka oxrosapa Mg[Ni(ed3p)(H20)]2:12H,0 xommiuekcy. Enyat oBe Tpake ce
WCIIapu Ha Mamy 3anmpeMuny u odecomnu. Jla 6u cMo 1o0OMIHM KPUCTa TIOTO/IaH 3a X-ray aHaIHu3y
kopuctiiim cMo Ba, Li 1 Na xao KOHTpa joHe M pacTBapaue Kao IITO Cy aleTOH, €TaHOJ,
MeTtaHol. MehytuMm, camo je marHe3ujym mao cBemio rwiaBu myzaep. [Ipunoc 0,35 g. Tauka

Torbema: 265 °C.

Ananusa:

3a Mg[N1(ed3p)(HzO)]2 - 12H,0 = C22H62N4Ni2|\/| 9026 M, = (940,43)

C H N
Hspauynamo: 28,10; 6,65; 5,96;
Haheno: 28,28, 6,34; 6,00%.

2.7. Jlobujame KOHAEH3aHOHE cMelre Koja canpxku 1,2-npomanaunamun-N,N’ -
nucuphetny kucenuny, H, 1,2 - pdda u 1,2-nmponmanaunamun-N,N,N’ -
tpucuphetny xucemuny, Hs 1,2 - pd3a

9,45 g (0,1 mol) monoxnopcupherHe kucenuHe pactBopeHo je y 20 ml Boxe y3 Memame
y nexpeHoM kynatwry. Xaagad pactBop NaOH (4,0 g; 0,1 mol) ce ykanaBa Tako ja Temmneparypa
He npehe 15°C. Hakon Tora nona ce 1,2-nmpomanauamud (3,7 g, oqHocHo 4,23 ml; 0,05 mola) u
nena cmemia 3arpesa Ha 80-90°C y Toky 3- 4 yaca. Tokom peakiiuje 1oaje ce y Karuma pacTBop

NaOH (8,0 g; 0,20 mola y 20 ml Boze) npu uemy ce pH onpxasa Ha oko 11. Mcranoxenu NaCl
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0J1Boju ce 1iehemem. 3anmpeMuHa 100HjeHoT pacTBopa 6oje Mena je 20 ml, a cMmemia npeacTaBiba

cMeury nmponaHauaMuH HOJ'II/IKap6OKCI/IJ'IaTHI/IX JIMraHazaa.

2.8. Jlooujame Oapujym-au[(1,2-mponanaunamus-N,N,N’ -
tpuanetaro)(aka)uukenat(l1)] rerpaxuapar, Ba[Ni(1,2-pd3a)(H,0)]»4H,0O

0,025 mola konaen3anuone cMmeie koja canpxu Hpl,2-pdda u Hzl,2-pd3a kommiekcupa
ce ca 0,025 mola NiCly'6H20. Jlobujena cmema ce 3arpesa Ha 60°C y3 memame y Tpajamby o 30
min. Tokom peakiuje nomaje ce y kanuma pactBop NaOH npu uemy ce pH oaprkaBa Ha oxo 7-8.
Tako goOujeHa cMemia TaMHO 3ejeHe 00je ce mporeau npu 4demy GuaTpar nqoduje miaBy 00jy.
Jlobujenn ¢untpar ce obecoan Ha KOJOHM HamymeHoj Sephadex-om G-10 y3 emyupame
nectunioBanoM BojgoM. O0ecosbeH GUITpaT ce 3aTUM HaHece Ha KoJoHY (4x40 cm) xoja caapxu
Dowex 1-X8 y CI o6auky (200-400 memma). Komona ce ucnimpa Bojom, a 3atum enyupa 0,05M
pactBopom BaCl;, (ca 0,5 ml/min). Ilpu enyupamwy ca 0,05 M pactBopom BaCl, u3nBaja ce
Ba[Ni(1,2-pd3a)(H20)]»4H,0, kao mpBa Ttpaka. [lmaBo 3ejaeHa Tpaka ce ymapu Ha Mally

3anpeMuHy U moHOBO ob6ecosu. [Ipunoc oBor komruiekca je 0,9 g. Tauka Torubera: 220 °C.

Ananuza:
3a Ba[Ni(1,2-pd3a)(HzO)] 2‘4H20 = C1gH3gBaN4Ni201g (M r:853.22)
C H N
H3pauynamo:. 25,34; 4,49; 6,57,
Haheno: 25,48; 4,77, 6,70%.

2.9. Jobujame KoHIeH3aIMoHE cMmemle koja caapxu 1,3-mponanauamud-N,N,N’ -
tpucuphetny kucenuny, Hs 1,3-pd3a

Monoxunopcupherna kucenuna (11,5 g; 0,120 mola) je pactBopena y 42 ml nectuioBane
Boze, a 3aruM je noxato 4,7 g (0,084 mola) xanumjym oxcuna. Ilpu tom ce pH pactBopa
npomenno ca 1,0 ma 11,2. 3atum ce tokom 10 mumuyra momaje 3,11 g (0,042 mola) 1,3-
MpomaHAMaMuHa yKamaBameM. Temmeparypa peaknuoHe cmemie je oko 50°C 6e3 momaTtHOT

3arpeBama, a HaKoH | yaca Temrneparypa ce noseha 3arpesamemM Ha 70°C u cMela Mela Ha OBOj
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TeMriepatypu 5,5 dacoBa. 3a Bpeme Tpajama peakidje pH cMerie ce onpxaBa KOHCTaHTHOM (7,5-
8,0) momaBameM uBpCTOr KamujyM okcuna y kommauan 1,9 g (0,034 mola). Toruta peakmnuona
CMelIa ce Ipolean Kpo3 rymthy ¢unrep xapTujy aa o6u ce oncrpanuo Bummak Ca(OH),. BaxHo je
HarmacuTu na peakmuona cmema (50 ml) cagpxku pd3a (50%), pdta (18%) u pdda (23%)

JIMTaHJE.

2.10. JloObwjame KOHAeH3amMOHE cMemie Koja canpxku 1,3-mponanamamun-N,N' -
nmuarerato-N’ -3-nponnoncky kucenuny, Hsl,3-pd2ap

PactBop I :
10,52 g (40 mmola) H»1,3-pdda-2HCI ce pactBopu y 15 ml Boae u goxa my ce pactBop NaOH
(6,40 g; 160 mmola y 16 ml Boze ) mpu yemy je pH=5.

PactBop I1:

3-xsopnponuoHcka kucenuna (4,34 ¢; 40 mmola) ce pactBopu y 8,8 ml Bojge u monma joj ce
pacTtBop Koju je nodbujeH pactBapameM 1,6 g NaOH (40 mmola) y 4 ml Bome npu uemy je
pH=I11.

PactBopu | u Il ce usmemajy (pH=9-10) u cmema 3arpea Ha 50°C nBa yaca y3 Memiame. 3aTUM
ce temmeparypa noseha Ha 70°C u HacraBu 3arpeBame jomr 32 daca. 3a BpeMe peakuuje pH ce
oapkaBa koHcTaHTHO Ha pH=7-8 momatkom NaOH. Peaknuona cmema ce mpoueaud MOpeKo

crakyieHor (uiTpa 3a ykiamame Buika NaOH wm ocraBu na jaraHo ymapaBa Ha BOJICHOM

kynatuity Ha 40°C o 3anpemune oz 20 ml. Peakiiona cMera je cBetsio xyte 00je.

2.11. Jo6ujame xammjym[(1,3-nmponanauamua- N,N,N’-
tpuanetaro(aksa)uukenarta(ll)] tpuxumpara, K[Ni(1,3-pd3a)(H,0)]-3H,0O

NaOH (2,52g; 63 mmola) ce pactBopu y 5 ml gectunoBate Boje u goxaa pacteopy Hsl,3-
pd3a (25 ml). PactBop ce mporeau oxm Ca(OH),. dunrpary ce moaa pacTBop go0HjeH
pactBapameM 4,99 ¢g; 21 mmola) y 8 ml gectunoBane Boge u pactBop 3arpeBa Ha 65°C y3
Meniame y Toky | gaca. [Totom ce peakiimona cMera mporenyd 1 00ecoiii Ha KOJIOHH HAITyHEHO]

Sephadex-om G-10 y3 enynpame nectumoBanoM BogoM. O0ecosbeH (GUaTpar ce 3aTUM HaHece Ha
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KoJioHY (5%x60 cm) koja caapxku Dowex 1-X8 y Cl” o6nuky (200-400 memra). Konona ce ucnmpa
BosioM, a 3atuM enyupa 0,1M  pactBopom KCl. [lobujenu emyaT ce ymapu U TOHOBO 00€COIIH.
ObecospeHu enyar ce ymapu 10 3ampeMuHe o 3 ml U ocTaBu Ja KpPUCTAIHIIEe HW3HAJ €TaHOJIa
HEKOJIMKO JaHa. I[lmaBu kpuctanu mnpexacraBbajy komrwieke K[Ni(1,3-pd3a)(H20)]-3H20.

[Mpunoc: 1 g. Tauka Tombema: 227°C.

Ananuza:
3a K[Ni(1,3-pd3a)(H20)] -3H20= CyH,;KN2O;(Ni (Mr=415.06)
C H N
H3pauynamo:. 26,04; 5,10; 6,75;
Haheno: 27,00; 5,03; 6,85%.

2.12. Jlobujame Oapujym-au[(1,3-nponanauamun- N,N'- nuaneraro- N'-3-
nponuonato(aksa)uukenara(ll)] momexkaxuapara,
Ba[Ni(1,3-pd2ap)(H,0)]»"12H,0

9,50 g (40 mmola) NiCl,:6H20 ce pactBopu y 26,66 ml vode (pH=2.84) u mona ce pactBopy
koju canpxku Hz 1,3-pd2ap (40 mmola). /ToOujeHa peakipioHa cMelia ce 3arpeBa y3 Melllame Ha
65°C y Ttpajamy ox | gaca u ogpxkaBamwe pH =7.58 y3 momoh NaOH. 3a Bpeme peakmuje u
HakoH (QUITpallMje pPeakimoHa cMela je miaBe 0oje. Peaknmona cMema ce mporeau, 00ecoan
TexHukoMm ren-puirpanuje Ha Sephadex G-10 koJIOHM y3 elyHpame IECTUIOBAHOM BOJIOM.
OGecosbeH (unTpaT ce 3aTuM HaHece Ha KosoHy (4x40) koja cagpxu Dowex 1-X8 y Cl” o6nuky
(200-400 memra). Konona ce ucnimpa BojioMm, a 3atuMm exyupa 0,05M pactBopom BaCly. Jlooujenu
enyar Ba[Ni(1,3-pd2ap)(H20)]2'12H20 je cBerio-miaBe 0oje, ymapu ce U IMOHOBO OOECOJIH.
O0ecoJbeHU eyaT yImapuMo IMOHOBO JI0 3alpeMuHe o1 2 ml U OCTaBHMO Jja KPUCTAJIHIIE U3HA

eTaHoJa y TOKy Hezesby aana. [Ipunoc: 1,25 g. Tauka torsbema: 275°C.
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Ananuza:

3a Ba[Ni(1,3-deap)(H20)]2‘12H20 = C20H5g BaN4026Ni2 (MI’:102539)

C H N
Hspauynamo: 23,43; 5,70; 5,46
Haheno: 23,20; 5,95; 5,16%.

2.13. Jlob6ujame 1,3-mpomanmuamun- N,N,N’-tpuaneraro N’ -3-mpormoncke
kucenune, Hyl,3-pd3ap

VY 6,25 g (10 mmola) Ba[Cu(1,3-pd3ap)]-6H2O koju cagpxku 1,37 g 6apujyma (10 mmola)
ce noaaje 0.1M H,SO4 kako Ou ce ucranoxuo cas 6apujym kao BaSO,.. Ucranoxenn BaSO4 ce
onsoju uehemem. Jodujenu ¢untpar (pH~1-2) ce 3acutu racoputum HyS. Cycnensuja upHe
00je canpxu CUS koju ce onBoju niehemem, a 100HjeHn GUATPAT CE yIapy Ha MaTy 3allPEMUHY.
pH ¢dwunrpara norepa ce no pH=2-3 nomatkom 6M HCIl. Hakon Tora pacTtBop ce ocTaBu Ja
OJICTOjU HEKOJNMKO NaHa y ¢pmwkuaepy. Popmupanu 06e300jHH KPUCTAIH OJIBOjE C€ BAKYyM

uehemem. [lpunoc: 3,04 g (95%).

2.14. Jlobujame maruesujym[(1,3-nponanguamun- N,N,N’ -tpuarneraro-N’ -3-
nponuonato)uukenara(ll)] nexkaxuapara, Mg[Ni(1,3-pd3ap)]-10H,O

Y 10 ml pactBopa koju caapxu 2,00 g (6.25 mmola) Hy 1,3-pd3ap nomnaje ce pactBop
NaOH (0,56 g; 14 mmola y 5 ml Bone) kako 6u pH pactBopa 6mia ~9. HoBoHacTasiom pacTBOpy
nonaje ce pactBop NiCly6Ho0 (1,48 g; 6,25 mmola y 10 ml Bome) mpu yemy ce mema pH
pactBopa Ha ~5. Jlobujenu pacTBop 1u1aBe 6oje ce 3arpeBa Ha 65°C y3 Memame y Toky | daca.
3anpeMuHa pacTBOpa ce oJpkaBa KOHCTAHTHOM Y3 JI0JIaTak ToIUle Boje. PeakimoHna cmera ce
nporean U nobujeHu GuiatpaTr ce o0ecou Ha KOJOHHM HamymeHo] Sephadex-om G-10 (2,5x40
cm) y3 elyHpame JeCTHIOBaHOM BojioM. O0ecosbeH GuaTpar miaBe 00je ce 3aTUM HaHece Ha

KoJoHY (5x60 cm) koja caapxku Dowex 1-X8 y Cl o6muky (200-400 mema). Konona ce ucniupa
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BozoM, a 3atum emyupa 0,1M pactBopom MgCl,. JloOujena je jemna Tpaka. Emxyar mobujeHe
Tpake ce ymapu no 10 ml m moHoBo obGecomu Ha Sephadex G-10 (2,5x40 cm) koyioHH Y3
eIIyHpame IeCTUIOBaHOM BojoM. O0ecosbeH enyar ce ynapu Ha 3anpeMuHy oA 3 ml u octaBu y
€KCHUKATOpy MU3HAJ €TaHOIa HeKoMuKo aana. [Tynep mnaBe 6oje ce n3Boju iehemeM U oCyIH Ha

Baznyxy. [Ipunoc: 0,80 g (22%). Tauka Tombema: 218 °C.

Amnanusa:
3a Mg[Ni(1,3-pd3ap)]-10H,0 = C;,H3sN20;sMgNi (Mr=579.41)
C H N
H3pauynamo:. 24,87, 6,26; 4,83,
Haheno: 24,61, 6,12; 4,91%.

2.15. Jlobujame Gapujym (1,3-mpomanimaMuHTETpaaeTaTo)uxuapara, Ba, 1,3-
pdtaZHzO

BapujymoBa co 1,3-npomanguaMuHTeTpacupheTHe KHCEIMHE  TNPUIpPEMIbEHA je IO
noctynky Weyh-a i Hamm-a">) y3 mane u3mene. Konaensannonoj cmemu 1,3-mpomananaMuHa
(15 g; 0,20 mola) u xnopcupherne xkucenune (96 g; 0.91 mol) noxaje ce Bonenn pacteop KOH.
Ucranoxenu KCl ce onsoju nehemem. Jlobujerom ¢unrpary noaa ce pacrsop BaCly2H20 (98
0; 0.40 mola y 200 ml Bome) u HOBoHacrama cmemra 3arpeBa Ha 90°C y Toky 2 uyaca.
Ucranoxenn Ba 1,3-pdta-2H>0, koju je mpakTHYHO HEpacTBOpaH y BOAM, MPOIEAH C€, UCTIepe

TOIJIOM BOJIOM M OCyIIH Ha Ba3ayxy (~100 Q).

Ananusza:
3a Bap 1,3-pdta-2H,0 =B&C,1H;3sN200 (Mr=612.93)
C H N Ba H,O
Hspauynamo: 21,55; 2,96; 4,57, 44 81, 5,88;
Haheno: 21,04, 2,63; 4,53; 44.74; 5,90%

BbapujymoBa co nurania IMpeKTHO je HCKopHITheHa 3a CHHTE3Y OJroBapajyhux xekcajaeHTaTHUX

Ni(ll) komruiekca.
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2.16. JloOujame xekcaakBanukai-ouc[(1,3-mponaHinaMUHTETPaAAIICTATO)
nukenara(ll)] muxuapara, [Ni(H,0)e][Ni(1,3-pdta)]-2H,0

8,43 g (30 mmola) NiSO47H20O pactBopeno je y 80 ml Bojge u moOujeHH pacTBOp ce
3arpesa Ha 80°C 10min. OBom pactBopy momaro je 18,39 g (30 mmola) Bay(1,3-pdta)-2H,0 u
noOujeHn CBeTJo-TIaBu pacTBop 3arpeBa ce Ha 80°C jomn 3 daca. 3a Bpeme OBOT Iporieca
3alpeMrHa PeakIMoHe CMeIlle ce OJpXaBa KOHCTAHTHO JI0JIaTKOM TOILIE BOJIE U Y3 OJIpKaBambe
pH=7. Haxon Tora ucranoxxenu BaSO, ce onsoju uehemwem a ¢unrtpar ynapu Ha 60 ml u
HaHece Ha KoJIoHY (5x60 cm) koja cagpxxku Dowex 1-X8 y CI” o6muky (200-400 memma). Koiona
ce HcImpa BogoM, a 3atuM enynpa 0,05M pacrBopom BaCl, (0,5 ml min™). Jlo6ujena je tpaka
HaeNleKTpucama -2, Yiju ce exayaT ynapu 10 150 ml u ocraBu Ha cOOHOj TemMIepaTypy HEKOJIUKO
nana. Mcramoxxenu Ba[Ni(1,3-pdta)]-8H20 ce omsoju nehemem. 1,28 g (2 mmola) Ba[Ni(1,3-
pdta)]-8H,0 ce pactBopu y mano Boge. OBoM pactBopy moxaa ce 0,56 g (2mmola) NiCly-7H,0
pactBopeHor y maio Boje. Mcramoxxenn BaSO,s ce omsoju nehemem, a puiirpar ce ymapu Ha
MaJly 3alpeMUHY M OCTaBM Ha COOHOj TemIepaTypud HEKOJIMKO aaHa. IlnmaBu Kpucramm ce

npolieie, UCrepy eTaHosioM u etpoMm u ocyme. [Ipunoc: 0,93 g (83%). Tauka Torsbema: 181 °C.

Ananusza:
3a = [Nl(HzO)G ][Ni(1,3-pdta)]-2H20 = C11H30N2016 N|2 (MI:56375)

C H N
H3pauynamo:. 23,44; 5,36; 497,
Haheno: 23,70; 5,42; 5,01%.

2.17. EnemeHTapHa MUKpOaHaIu3a

Enemenrapue mukpoananuse 3a C, H u N nmapamerpe paljene cy y MUKpoOaHATUTHYKOM

oJiesbeby XeMujcKor dakynTera, Y HuBep3uTera y beorpany.
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2.18. Tauka TorubEBHA

Tauke Torsbema cy MepeHe nomohy Stuart ypehaja ca Taunomthy +1°C.

2.19. ENeKXTpOHCKH anCOPHLIMOHU CIIEKTPH

[Tomohy Perkin-Elmer Lambda double-beam UV-VIS cnekrpodoTomeTpa CHUMIbEHH CY
€JIIEKTPOHCKHU allCOPIIIMOHM CIIEKTPU. 32 CHUMAame CIEeKTapa cy KOpUIINEHU BOACHH PacTBOPU

KOHIIeHTpanuje 1x 102 mol/dm>.

2.20. Undpanpsenu crektpu

VHppaupBeHn CIEKTpH Cy CHHMJBEGHH y obGmactm ox 400-4000 cm™ momohy

cnekrpodoTomerpa Perkin-Elmer FT-IR 31725K (KBr-texnuka) .

2.21. PeHareHcka CTpyKTypHa aHaiau3a

Penarencka CTpykTypHa aHanm3a Komiuiekca paleHa je Ha audpakrtomerpy Tuma Bruker
SVMIART APEX CCD npumenom rpadpuTHO-MOHOXpoMatcke MoK, pamujarmje (A= 0.71073 A)
Ha 100 K. Metogom HajMamux kBaapara oapehenu cy mapamerpu jenuHuvHe henuje. Mepenu
WHTEH3UTETH Cy KopuroBaHu Lorenzovim mnonapu3anoHUM (GaKTOpoM. ATOMH y MOJIEKYTY
TEeXHU OJl BOJOHMKA Cy ojpeheHrM Ha 0a3W aHM30TPONMHUX CYNCTUTYHMCAHHMX IapaMeTapa.
JlebvHuTHBHA O3HAaYaBama Cy ypalheHa Ha 0a3u SHELXL®? nporpama. O6paaa AudpaKkIIHOHUX
noJlaTaka M peliekhe KPHUCTAHE CTPYKType ypaheHo je Ha YHuBep3uTery y [ poHHHTreHY, y
Xonanauju. 3a OBy CBpXY YHOTPEOJbEHHM Cy MpPOrpamu PLUTO®Y, PLATON®® i ORTEP®®).
Konaune aromcke KOOpAuMHAaTE 32 HEBOJOHMKOBE aTOME HMCIUTHUBAHMX KOMILIEKCa Cy Jare y

[Tpusnory oBor pana.
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2.21. (a) Perareno ctpykrypHa ananuza 3a [Ni(H,O)e][Ni(ed3a)(H,0)],-2H,0

Kpucran mnase 6oje aumensuja 0.41x0.32x0.23 kpucranuiie y o0JIMKY MOHOKIUHHYHOT
KpUCTagHOT cucrteMa y P2,/C mpoctopHoj rpynu. Ilapamerpu jenunuune henuje oapehenu cy
METOJIOM HajMamUX KBaapara. 3a onpehuBame mapamerapa jequHUYHE henuje ynoTpeOsbeHo je
3664 pednekcuja on xojux je 3406 peduexcuja umano F, > 4.0 o(F,) 3a 289 mapamerapa.

Octanu kpuctanorpagcky mojialy 1 eKCepuMeHTAIHU JeTaJbU Cy JaTH y Tabenu 1.

Tab6ena 1. Kpucranorpadeku mogaru 3a [Ni(H,O)s][Ni(ed3a)(H,O)]-2H,0

Emnmpujcka popmyna
Monekyicka TexxuHa

[CsHisNoNiO;] - 0.5[Ni(H,0)¢ > H,0
409.30

IIpocTopHa rpymna P2,/c

Kpucranuu cuctem MOHOKJIHHAYaH

[Mapamerpu henuje:

a(d) 14.5085(6)

b (A) 11.3862(5)

c(A) 9.0971(4)

3, deg 96.196(1)

V (A3 1494.03(11)

z 4

Dx (g-cm™) 1.820

Jumensuje kpucrana (mm) 0.41x0.32x0.23

Bpoj pednexcuja 3a mapamerpe 3664

henuje (26 oblast) (°) 2.28 - 29.61

F(000) 852

t(cm™) 19.7

Temmneparypa (K) 100(1)

Mnpekce oncera h: -19—19; k: -15—15; 1: -11—>12

261ax (°) 2.82, 28.28

Paymjanmja A(MoK,,) (A) 0.71073

Bpoj cakymibenux peduexcuja 13413

Bpoj ynorpedspenux peduiekcuja 3664

Data with criterion: (F, > 4.0 G (F,)) 3406

GooF =S = [>[w(F,? - F)?] / (n-p)] 1.048

Weighting scheme: a, b 0.0360, 0.8960®
0.0241

R(F) = >(IFol - IFd) / >IFol

Csetnana K. Bermomesuh
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2.21. (0) Pernrenoctpykrypha ananu3a 3a K[Ni(1,3-pd3a)(H,0)]-3H,0

Kommieke K[Ni(1,3-pd3a)(H20)]-:3H,O kpucranumie y mnpocTtopHoj rpymu P-1,2
TPUKJIIMHUYHOT KpHCTanHOr cucrteMa. [lapamerpu jenunuune henmuje onpeheHu cy meromom
HajMamUX KBajaparta. 3a onpehuBame mapamerapa jenuHuuHe henuje ymotpebibeHo je 3710
pedaekcuja o kojux je 3596 pednekcuja umano F, > 4.0 o(Fo) 3a 292 mapamerapa. Ocranm

KpuctagorpadCcKu MoIaly Cy AaT y Tadbenu 2.

Tab6ena 2. Kpucranorpadeku moganu 3a K[Ni(1,3-pd3a)(H,0)]-3H,0

Emnmpujcka popmyna

K+[C9H15N2Ni07] : 3Hzo

Monekyicka TexXHHa 415.06
IIpocTopna rpyna P-1,2
Kpucranuu cuctem TPUKITHHAYHH
[Mapamerpu henuje:

a(d) 7.2681(5)

b (A) 7.9578(6)
c(A) 15.377(1)

o, deg 86.982 (1)

. deg 78.640(1)

y, deg 63.532(1)

V (A3 779.93(9)

z 2

Dc (g-em™) 1.767
Jnmvensuje xprucTana (mm) 0.47x0.43x0.39
Bpoj pednexcuja 3a mapamerpe 3710

henuje (26 oblast) (°) 2.70 - 29.70
F(000) 432

w(cm™) 15.64
Temmneparypa (K) 100(1)

260ax () 3.12,28.28
Pajmjanmja A(MoK,,) (A) 0.71073

Bpoj cakymseennx peduekcuja 7144

Bpoj ymorpebspennx pediexcuja 3710

Data with criterion: (Fy > 4.0 © (F)) 3596

GooF =S = [S[W(F.’ - Fe)] / (n-p)] " 1.033
WR(F?)=[ S [w(Fo’ - Fe’)’]/ SIW(Fo)T]" 0.0626
MakcumaiiHa 1 MUHEMaJlHa BUCHHA -0.87, 0.93(6)

V xonaunoj AF marm (e-A%)

Csetnana K. Bermomesuh
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2.21. (B) PenarenoctpykrypHa ananu3a 3a [Ni(H,O)g][Ni(1,3-pdta)]-2H,0

Kpucran mnase 6oje qumensuja 0.51x0.31x0.25 kpucranuiie y 00Ky OpTOPOMOUYHOT
KpuctaHoT cucteMa y Pnna mpoctropuoj rpynu. [lapamerpu jenuauune henuje ompehenu cy
METOZIOM HajMamHuX KBajJpaTa. 3a oapehuBame mapameTrapa jeIMHUYHE henuje ynoTpedspeHo je
9589 pedrekcuja ox kojux je 2608 pediexcuja umano F, > 4.0 o(Fo) 3a 203 mapamerapa.

Ocranu kpucrangorpadcku nofany cy AaTa y Tabenu 3 .

Tabena 3. Kpucramorpadcku noganu 3a: [Ni(H,0)e][Ni(1,3-pdta)]-2H,0O

Emmnupujcka ¢popmyna

Cl 1H30N2016Ni2

Mornexyicka TeXXHUHA 563.75
IIpocTopHa rpyna Pnna, 52
Kpucranuu cucrem opropoMOH4aH
[MapameTpu hennje:

a(A) 13.2024(5)

b (A) 11.6024(4)
c(A) 13.6017(5)
V(A3 2083.50(13)
z 4

Dc (g-cm™) 1.797
Jlumensuje xpucrana (mm) 0.51x0.31x025
Bpoj pedekcuja 3a napamerpe 4657

henuje (26 oblast) (°) 2.31 - 29.70
F(000) 1176

p (em™) 18.9
Temmneparypa (K) 100(1)

2610 (©) 2.31,29.70
Pajmjamuja A(MoK,,) (A) 0.71073

Bpoj cakymybeHux peduiexcuja 2828

Bpoj ynotpebspenux peduexcuja 203
MakcuManaHa 1 MUHUMaJIHa BUCHHA -0.51,0.44(9)
Data with criterion: (F, > 4.0 G (F,)) 2608

Csetnana K. Bermomesuh
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2.22. Komnjyrepcke MeToze

MM+ (Hyperchem7.01(57)) MOJbE CUJIC je YIMOTPeOIhEeHO 3a MPEONTUMHU3ANN]Y KOMIUIEKCa
a 3aTUM Cy OBaKo J00MjeHe CTpPYKType onTuMu3oBaHe ymnorpedom ADF2007.01 CO(bTBepa(SS).
Amsterdam Density Functional (ADF) nporpam pa3Bujen ox crpane Baerends et al., xoju je
nmapajenu3oBaH W JuHeapu3oBaH on cTpaHe Fonseca Guerraet al., xopumheH je 3a cBa
u3pauyHaBama reomerpuja. Kopucrehu npouenypy passujeny oj ctpane Boerrigter, te Velde, u
Baerends-a u3Benena je Hymepuuka wuHTerpanvja. MO-e cy Owmie pa3BHjeHE Yy BEIUKOM
HeKoHTpaxoBaHOM ceTy Slater-tum opourtana (STOs) koje cy canpxkaBane nudy3He GyHKIH]jE:
TZP and TZ2P. TZP 6a3uHu ceT je ceT TPOCTPYKOr KBaJUTETa M Yy OJHOCY Ha CBE aToMe
NPOLIMPEH ca jeaHuM ceroM monapu3ammonux ¢yskmmja: 3d wa C, N, O. TZ2P 6a3nu cer
NPEJCTaB/ba CET TPOCTPYKOr KBAJIUTETa y OJHOCY Ha CBE aTOME IPOLIMPEH ca JBa ceTa
nonapusanuonnx ¢yakmuja: 4p u 4d nva Ni merany. 1 s Jbycka yribeHHKa, a30Ta ¥ KUCEOHHKA
Kao M 2p JpbyCKa MeTaja je Owia TpeThpaHa anmpokcuMmaiiijoM 3amp3nyte kope (frozencore FC
approximation). I'eomeTpuje cy u3pauyHaBaHe KopucTehu ampokcumanujy JOKajlHEe T'yCTHHE
LDA ca He-TOKaJJHOM KOPEKLHjOM H3MEHJBHBO-KOpENanuoHor notenuyjaia PWOI1: Perdew
M3MeHbHBE U Wang kopenauuonn®Y). Kopucrehn ce TexHHKaMa aHAIMTHYKOI IPajMjeHTa
ONTHUMHU30BaHe Ccy reoMerpuje. CBe onTtumm3anuje cy Owmie u3BeneHe y3 ynorpedy COSMO
mozena (Conductor like Screening Model COSMO) conBaranuonor edexra. OBaj Mozaen je
kopumtheH 3a cuMmynanujy epexra BoJe Kao pacTBapaya y3 npuMmeny cBux default mapamerapa
koju canapxke ADF mporpam 3a oBy metony. Single point mpopauyHu cy U3BEACHH Y3 yHoTpeOy
ucre KoMmOuHammje Oa3HOT ceTa W HW3MEHJbMBO-KOPENAMOHOT moTeHnujana. OIcycTBO
HETraTUBHUX (PpEKBEHIMja y pe3y/ITaTUMa U3padyyHaBama YKa3HMBaJo je HAa YHEHCHHUILY Ja CY CBE
CTPYKTYpe y EHEeprerckoM MHHMMYMY Ha TOBPIIMHU NOTEHIMjaJHE eHepruje. Zero-point
BuOpanmone xopekuuje (ZPE) cy Ouie n3BeneHe HakOH U3padyyHaBama (PpEKBEHIIH]A.
Kopucrehun ce Gaussian03 E01®Y nporpamckuMm maketoM DFT enepruje ucnutuBaHUX
MoOJIeKyNia cy u3padyHaBaHe. CTpykType cy Ouje ONTHMH30BaHE y3 HakHaaHe Single-point
mpopadyHe y3 ymnorpeoy B3LYP/TZVP®?  meron/6asuu-cer KoMOWHanmje. Zero-point
BuOpammone enepruje (ZPE) cy Oune kopuroBaHe HAKOH H3padyHaBama (QPEKBEHIIH]a.
OncycTBO HEraTUBHUX (PPEKBEHIMja YKa3WBAJIO HAM j€ Ha YMECHHILY Ja Cy CBE CTPYKTYpE Y

€HepreTCKOM MUHHUMYMY Ha TOBPUIMHH MOTEHIIM]alTHE €HEePIHje.
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Kopucrehu meron ananuse npupoaHux Be3Hux opoutaina (natural bond orbital analysis NBO)(GO)
pasBujeHux o crpane Weinhold-a et al. uspauyHaBaHe cy aTOMCKe MIap)Ke U AeI0KATH3aI[HOHE
erepruje. GenNBO mporpam je xopuiiheH 3a jeTajbHy aHaIW3y NPUPOJHUX BE3HUX OpOHTaia
(natural bond orbital analysis NBO).
3a u3padyHaBame MOJICKYJICKUX HHeTpaknuja m3mely [LNi] u Bome xopuctmim cmo NEDA

amamsy (NEDA = Natural Energy Decomposition Analysis)."¢?
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PE3VITATU U JUCKYCHUIJA

3.1. CUHTE3A 1 MOJIEKVJICKA CTPYKTYPA KOMIIJIEKCA
HUKIIA(Il) CA HECUMETPUYHUM JIMT'AHANUMA EDTA-TUITA

3.1.1. CrpykrypHa u koH(puTrypanroHa ananu3a komriekca aukna(ll) ca
HecuMeTpuuHuUM Juranauma EDTA-Tuma

3.1.1.1. JoOujame HECUMETPUIHHUX TUAMUHOIIOINKAPOOKCHUIIATHUX JTUTaHA1a
EDTA-tuna u onroapajyhux komrmiekca aHukma(Il).

['eomeTpujcka nzomepuja

I'eoMeTpHja cucTeMa cTporo 3aBucH ofl enekrpoHcke (d") KoHduUrypamyje HeHTpaIHOr
jona M, jaumne nurangHor mosba (JJIIT) y paBHM (cTabunu3aryja JTUTaHIHOT 10Jba), BETUINHE

@9y BenmunHe KapOGOKCHIATHHIX MPCTEHOBA Tj. JTelHor ankmixramusackor (T)

IIEHTPATHOT jOHa
npcrena. [log TepMHHOM HECHUMETPHYHU MOAPA3YMEBAjy C€ CBH OHHM JIMTAHAH KOjU HE IMOCENY)y
Hajmame Cy ocy cumerpuje (crmuka 3).

VY 0BOj AMCEpTALUjH, Y CIy4ajy MEHTAJACHTATHUX THAMHHOTPUKAPOOCHIATHUX JIUTaHa
CHHTETHUCAaHU CYy U YNOTpPeOJheHH 3a Jo0Hujame OaroBapajyhux KOMIUJIEKCa HHKJIA JIUTAH]IN:
erunenauamua-N,N,N’ -tpucuphetna  kucenmna (Hszed3a), erunenmuamun-N,N,N’-tpu-3-
nponuoHcka  kucenuna  (Hzed3p), erunenauamun-N-monoarnerat-N,N’ -au-3-nponroHcka
kucenmuna (Hzeda2p), 1,3-mpomanamamun-N,N,N’ -tpucupherna kucenmna (Hszl,3-pd3a), 1,2-
nponanguamu-N,N,N -tpucuphetna xucemuna (Hsl,2-pd3a) u 1,3-mpomananamun-N,N’-

muanerat-N-3-nponroncka kucenuna (Hsl,3-pd2ap).
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Crnuka 12. Zwitter JoHCKH OOJTUIIN TTEHTAEHTATHUX KUCETNHA

OBu nuranam cy O00HMjeHH KOHACH3allMOHOM METOJ0M TMoja3zehun onx HeyTpaducaHe
MoHoxJopcuphetHe kucenune (y ciydajy Hsed3a, Hszeda?p, Hsl,2-pd3a, Hsl,3-pd3a, Hsl,3-
pd2ap) xao u 3-xmopmponuoHcke kucenuHe (y ciaydajy Hsed3p, Hzeda2p, Hsl,3-pd2ap). ¥V
cuHTe3n Cy Kopumihenn erwrenaunamud (y cinydajy Hsed3a, Hsed3p, Hseda2p), 1,2-
nponanguamuH (y ciydajy Hzl,2-pd3a) u 1,3-npomangunamun (y ciydajy Hszl,3-pd3a, Hsl,3-
pd2ap). Peaknmona cmema ca Hzed3a kucenuHoM je HeyTpajmcaHa CYCIIEH3WjOM KalllujyM-
XHIPOKCUAA LITO j€ JOBEJIO JI0 APAaCTUYHOT nobosblama npuHoca (mpudmmxHo 90%). OBo ce
o0jalmaBa YHHEHUAIIOM J1a KaJIIHjyMOB jOH rpaau ca ed3a joHOM cTabuiaH KOMILUICKC U Ha Taj
HauuH ¢aBopusyje rpaheme AuaMUHO TpUKApOOKCHiIaTa y OJHOCY Ha MpeocTayia ABa moryha:

JTMaMUHOIUKApOOKCHIIAT U AUaMUHOTeTpakapOokcuiar (ciuka 13).
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Cnuka 13. Komruteke kanmujyma u ed3a quranga

VY cnyuajy Hzeda2p, Hazed3p, Hsl,2-pd3a, Hsl,3-pd3a u H3l,3-pd2ap kucennna moouiu
CMO KOHJICH3aIlMOHE CMeIle, Kojeé CMO KOopucTwiIn 3a komruiekcupame ca Ni(Il) comuma. CBu
KOMIUIEKCH JoO0ujeHu cy komruiekcupameM Ni(Il) xmopuna ca HeyTpanrcaHuM KUCEIMHAMA MO/
YCJIOBMMA OIUCAHUM Yy €KCIEPUMEHTATHOM Jeiy. [Ipu ToM cMO KOpHUCTHIM XpoMaTorpadcke
Meroae 3a pazaBajambe Ni(Il) xommiekca. Ycmenn cMo Ja CHHTETHUIIEMO: IIJIaBE KPHUCTAIe
[Ni(H20)¢][Ni(ed3a)(H20)]2-2H20, 3enenun kommuieke Na[Ni(eda2p)(H20)]-7H,0, cBeTnomnasu
Mg[Ni(ed3p)(H20)]» 12H,O0 u mmaBo-3enern  Ba[Ni(1,2-pd3a)(H20)]2-4H,O kommuieke. Ha
cium 14 npukazanu ¢y uzonoBanu  u3zomepu  Ni(Il) kommuiekca. Y cimywajy
[Ni(H20)¢][Ni(ed3a)(H20)]2-2H,0 mpomahieno je nma je CiS-equatorial-Ha reomerpuja
HajcTa0uIHMW]a, MTO je W Kpucraiorpadcku notepheno. IllTo ce Thdue ocrama Tpu KoMIiekca
HAj3aCTYIUbCHUjU H30Mep je trans-equatorial (y cuyuajy Na[Ni(eda2p)(H20)]-7H20,
Mg[Ni(ed3p)(H20)]» 12H20 u Ba[Ni(1,2-pd3a)(H20)]2-4H20), mTo u KOMIjyTepcKr MOJIEIUHT

npeasuha.
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Cnuka 14. T'eomerpujcku uzomepu Ni(Il) kommiekca ca ed3a-tunom nuranana

Joun merana, kao mro cy Co(Ill), Cr(Ill) m X MoOHOACHTaTHW JUTAHAW y PEaKIHju ca
ed3a rakohe najy Cis-equatorial-Hy reomeTpujy kKao (paBopu30BaHy, IITO je€ KPHCTAIOTPaCKH
HOTpreH0(22'24). Ocum Ttora, kpuctanorpadeka [M(ed3a)(H20)] jemunuma [M=Ni(Il), Cu(Il)] je
n3oMopdHa ca ycBojeHOM CiS-equatorial-HOM reomerpujoM u HHUje yoOuuajeHa 3a Ni(Il)
KomIuiekce. Y cnydajy Hszed3p kucenmne trans-equatorial-Ha oKTaemapcka TeOMETpHja je
BepudukoBana u y ciaydajy Cr(III) an,

Takobe, y cayuajy K[Ni(1,3-pd3a)(H20)]-3H,O mponalena je u peHAreHOCTPYKTYPHOM
aHanu3oM TmoTBpheHa Cis-polar reomerpuja. Y ciydajy Hsl,3-pd2ap kwucenuHe, HakoH
KOMITJICKCHpama ca METATHUM jOHOM MOYKEMO OYECKHMBATH [(Ba pa3iuuuTa CiS-polar mzomepa
(cmuka 15), u To Cis-polar(A) ca meTodsaHUM aneTaTHUM IMPCTCHOM Y aKCHjaHOM I0JI0XKa]y H
cispolar(B) ca akcujanHum [3-npornnoHcKuM TpcTeHoM. Jla OM CMO HMCTPaXWIIM TEOMETPH]Y
komiuiekca Ba[Ni(1,3-pd2ap)(H20)]2'12H,0 ananmusupanu cMo M ymopehuBanu criekTpaiHe
pesyarare wu pesyarare pauyHapcke meroxae (Gaussian, Firefly u NBO/NEDA). Jlo6ujenu

pe3ynratu oMoryhusnu cy Ham 00Jbe pa3yMeBambe EHEPreTCKUX U CTPYKTYPHUX apaMeTapa.
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Cnuxka 15. Cis-polar uzomepu xekcakoopauHoBauux [M(1,3-pd2ap)(H,0)] kommurekca

Hecumerpuunmu xekcagentatHu aurang EDTA-tuna kao mro je Hal,3-pd3ap narpaben je y
OBOM pajy CTaHIapJAHOM KOHACH3AI[MOHOM TEXHHKOM Tmojazehu o anKuiguamMuHa |

oarosapajyhe xiop-kapooncke kucenune (Crnuka 16).

\ Y

HO OH

N N
N N\ VY,
HO H,1,3-pd3ap OH

Cnuka 16. Hecumerpuunu xekcagenratiu Hal,3-pd3ap nuranng

CUHTETHCAHH JINTAHIHN Cy YIIOTPEeOJHEHH 32 CHHTE3Y OAT0Bapajyhux XeKcaaeHTaTHIX KOMIUIEKCa
nukia (I1). Umajyhu y Buny cacraB u xondurypauujy Hal,3-pd3ap xucenmnne, TEOpHjCKU OBa]
JUTaH] MOX€ HAKOH KOOpJWHAIM]e Ja Harpaau aBa Mmoryha reomerpujcka usomepa trans(Os) u
trans(0s0) (Ciuka 6.). Tlomro ce Hyl,3-pd3ap xucenuna y komruiekcy 6akpa(ll) monara kao

(HeobjaBibeHH pe3ynTatd, MatoBuh U capaJTHHIN)

IIEHTAaJACHTAaT Ca jeI[HI/IM OTKQ4YCHUM IMPCTEHOM , JKCJICIIN CMO Aa
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YCTaHOBMMO IOHAIIamkhe OBOI Jmranga y komiuiekcy Hukma (I1). Meljyrum, oBaj nmurang ce
KOOPJHMHYj€ WITAK Kao XEKCaJeHTaT y MOMEHYTOM KOMIUICKCY, IITO heMo BHUIETH Y Aajboj
TMCKYCH]H.

Ycnenu cMo 1a HarpaauMo HOBH KOMITIEKC cBeTiio iaBe 6oje Mg[Ni(1,3-pd3ap)]-10H,O
u miaBu [Ni(H20)g][Ni(1,3-pdta)]-2H20. T'eomeTpujcka CTpyKTypa Mame HAmeTor H3oMepa
trans(Os) 3a komruieke MQ[Ni(1,3-pd3ap)]-10H20 je npensuheHa Ha 6a3u crieKTpaiHe aHATH3E
(IR, UV/Vis), ka0 u KOMIIjyTepcKOr Monenupama oba Moryha m3omepa y3 ynorpedy DFT
Mozena (BUACTH KacHHje 1eo Koju ce omaHocu Ha Kommjyrepcky xemujy). Y ciydajy
[Ni(H20)6][Ni(1,3-pdta)]-2H,0O mobuam cmMo Kpucrana IIaBe Ooje dHja je TeoMeTpHja

Bepu(dukoBaHa X-ray reoOMeTpHjCKOM aHATHU30M.

3.2. PESVJITATHU XRD AHAJIN3A UCITUTUBAHUX NI(IT) KOMIIUJIEKCA
3.2.1. Monexkyincka ctpykrypa [Ni(H,O)g][Ni(ed3a)(H,0)],-2H,0

Crpykrypuu  aumjarpam Cis-eq [Ni(ed3a)(H2O)]" aHjoHa ca yCBOjeHOM aTOMCKOM
HYMEpAIMOHOM IIEMOM Kao M MPOCTOPHU pacrnopesl AaTu cy Ha ciaunu 17. CBaka acuMeTpruyHa
JEIMHHUIIA CAAPKU jeHYy jeIMHUYHY (OpMYIy KOja ce CacToju O] TpH LeNuHe: aHjoHCKOr Ni-
KOMILJIEKCA, MOJIOBMHE KaTjoHCKOT Ni-KOMIUIEKca M cojiBaTHOT Mousiekyna Boje. Hukanm (II) y
KaTjOHCKOM JIeJly KOMIUIeKCa Halla3u Cce Ha IIEHTPY HHBEpP3Hje, OKPYKEH ca IIECT MOJIeKyya
BoJie. MOHOKJIMHMYHA jeTMHUYHA henrja caapku 1eceT JeIMHUIIA: IBa KaTjoHa, YeTUPHU aHjoHa 1
yetupu Mosekyna Boze. Cis-equatorial-na [Ni(ed3a)(H20 )] jemununa cagpxu Ni (II) atom y
mucroproBaHoM oktaenapckoM NoOs okpyxemwy. ExBaropujanina paBan 3aro oOyxBara jefaH
NETOWIaHW JUAMUHCKH TPCTEH, jeJlaH alleTaTHU MEeTOWIAHU MPCTEH M jeJlaH MOJEKYJ BOJAE JOK
aKCHjaJIHM TI0JIOXKAj 3ay3MMajy JBa amerarHa mpcTeHa. [locToje aBe myke ekBaTOpHjaliHE Be3e
Ni-N12(2.1108(13) A ) m Ni-O12(2.123(1) A). Ocrana pacrojama cy y pacrnony ox 2.0185(10)
A) no 2.0820(12) A) U yHopenuBa Cy ca OHMM JyXXHHaMa Koje Cy MPHUCYTHE y CPOJHUM
KoMIuIekcuMa oBor tuma. Pactojame m3mehy Ni (II) u Boge je 2.123(1) A) (Ni-O12). Cis -
YIJIOBU Cy y pacnoHy on 79.56(4) A 1m0 104.49(5) /f\, a trans- yrinosu kpehy ce y omcery of
160.75(5) A 1o 174.19(4) A, Amnjoncka jemmamna [Ni(ed3a)(H.O)]” caapxu mpyrauwje
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KoH(popManuje mpcreHoBa. Jlok cy JBa akcWjajgHa TE€TOYJIaHA aleTaTHa IPCTEeHAa CKOpO
MJIaHapHa, Tpeh eKBaTOpHjaTHu alleTaTHU uMa KOH(GOpMaIli]y KOBEPTE, a CPEAUIIHH (TITaBHHN)
JIMAMUHCKU TPCTEH TIocenyje KoH(opMalujy yBHjeHe KoBepTe. YmopehuBameMm pesynraTa
kpucrajgorpadpcke ananmuze 3a Ni(ed3a) u Cu(ed3a) naljeno je ma cy oOBe JBE CTPYKType
n3omopdHue. M3nenahyjyhe, mHUXoBa CIMYHOCT j€ TOJWUKO OYHUTJIETHA J1a CKOPO Tpelasu y
uneatnyHoct (RMS=0.0460). I'maBau pasmor 3a OBy OCOOMHY Tpeba TPaKUTH Yy H3Y3ETHO
HETMOBOJPHOM MPUCYCTBY TPU NETOWIAHA NMPCTEHA y €KBATOPHjajHOj paBHM ([Ba aleraTHa |

jeIaH IMaMHUHCKH) Kao MOCIEeANIM MIPUCYCTBA 3HaUajHOT HamoHa y paBHU. Kao mocnenuna Tora

Cis-equatorial m3oMep (Z1Ba MmeTowIaHa MPCTEHA y €KBaTOPHjalIHO] paBHU) JOMHHHpA y CBUM M-
(22-25,63)

ed3a kommrekcuma [M=Co(III), Cr(III), Cu(Il)] mo cama mobujeHUM

Cnuka 17. Kpucranna crpykrypa [Ni(H20)s][Ni(ed3a)(H20)]2-2H20: (a) kpuctaiHo makoBame
ayx ¢ oce; (0) Cis-equatorial [Ni(ed3a)(H20)] anjon

Csetnana K. Bermomesuh 48



PE3VITATU U JUCKYCHUIJA

3.2.2. Monexkyncka ctpykrypa K[Ni(1,3-pd3a)(H,0)]-3H,0

CrpykrypHu aumjarpam Cis-momapror [Ni(1,3-pd3a)(H2O)]” anjona, ca ycBojeHOM
aTOMCKOM HyMepallijoM Kao W TaKoBamke MOJICKYJIa Y jeIMHWYHE henuje mpuka3zaHu Cy Ha
curu 18, CBaka acMMETpHYHA JeIMHMIIA CAIPXKHU JeIHY jeAMHUYIHY (popMyIry, KOja ce cacToju
on net komrnoHeHTu: K katjoHa, aHjoHCKOr Ni-KOMIUIEKCAa U TPU MOJIEKyia Boje. TpukiInHuYHA
jenuHuYHA henuja caapKu JeceT jeAMHMIA: IBa KaTjoHa, ABa aHjOHA U IIECT MOJIEKyna Bojae. Y
kpuctainaoj crpykrypu Ni(Il) jon koopauHHpa meCT TOHOPCKHX aTOMa KOjU MOTUYY OJ: TPH
JETIPOTOHOBaHA aTOMa KMCEOHUKa U3 KapOOKCHIIATHUX TPyIa, jellaH aTOM KHCEOHHKA U3 BOJC U
7IBa aToMa a3oTa U3 nuamuHa. KomIuiekec mmMa TucToproBany okTaenapcky reomerpHjy. Ilomoxaj
KapOOKCHIIaTHUX rpyna neduHuine CiS-mojapHy TeOMETPHjy OBOT KOMILIEKCa, jeaH alleTaTHU
MIPCTEH OKPY)KYje HUKAN y aKCHjaTHOM TIOJIOKajy JOK Apyra JiBa ce Hajlaze y €KBAaTOPUjaTTHO]
pasuu. Tloctoje mBe ayxke Bese Ni-O7 (2.0899(15)A) n Ni-03 (2.0730(12) A). Ocrarne Bese y
aHJOHCKOM KOMIUIEKCY Cy yHyTap mpcreHa u 1o ox 2.0235(11) A o 2.0401(12) A; Ni-N1
2.0576(14) A; Ni-N2 2.1002(12) A; Ni-O1 2.0401(14) A; Ni-03 2.0730(12) A; Ni-O5
2.0401(14) A; Ni-O7 2.0899(15) A.

Cruka 18. ORTEP mema xomriekcuor anjona [Ni(1,3-pd3a)(H20)]” u nakoBame y Kpucrany
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Cis-uglovi ce kpehy o 82.26(5) A 1o 99.14(4) A. Trans yriosu ce kpehy on 173.92(5) A 10
178.07(5) A. Kao mro ce moxe Bumetn (cmumm 18) amjon momapuor [Ni(1,3-pd3a)(H2O0)]
CaJlp’Ku pa3IMyuTe THIOBE KoH(popMmanuje npcreHoBa. ExBaTopujamuu 1,3-nponaHanaMUHCKH
OpCTeH ce Hajmasu y KoHpopmanmju cronuie. JIBa merouwraHa amneraTtHa MpcTeHa Yy
€KBaTOPH]jaJTHO] paBHM HMMajy KOH(oOpMalujy yBpHYTE KOBEPTE, JIOK j€ aKCHjaJHH alleTaTHH

MPCTEH IJIaHaAPaH.

3.2.3. Monekyincka ctpykrypa [Ni(H,O)g][Ni(1,3-pdta)]-2H,0

ORTEP mema KOMIUIEKCHOT aHjoOHA [Ni(1,3-pdta)]2' Y TIAaKOBaWkE y KPUCTATY IpHKa3aHa

je Ha cimuim 19. CBaka acuMeTpUyYHa jeIMHUIIA, CACTOJU CE€ OJ YETHPH MOJIEKYJICKE KOMIIOHEHTE:!
. . . . 2-

nojioBuHe xuzapatucanor katjona Ni(ll), momoBune komrmiekcHor aHjona [Ni(1,3-pdta)]” u aBa

COJIBaTHa MOJICKYJIa BOJE.

Cnuka 19. ORTEP mema koMIuiekKCHOT aHjoHa [Ni(1,3-pdta)]2' Y TIAaKOBamkhE Yy KPUCTATTY
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OptopomOuuHa jeauHWYHA henuja cafpKy IIECHACCT jEeAUHHUIA: YETHPU KaTjoHA, YETHUPH
aHjOHCKE jeIMHUIIe U 0CaM MOJIEKYJa Bojie. MoJIeKylicke KOMITOHEHTE Cy TIOBE3aHe BOJIOHHYHUM
Be3ama (Gopmupajyhu OeckoHauHe jeAHOAMMEH3WOHAJIHE JaHIEe IyX Oa3e Bekropa. Y
KPHUCTAJIHOj CTPYKTYPH jJOH HMKJIA j€é KOOPJMHOBAH ca MIECT aToMa JOHOpa KOju MoTudy oA pdta
JUTaH/Ja: YeTUPH JIEPOTOHOBaHA KMCEOHMKOBA aToMa KapOOKCWIIATHUX Tpyma (CBa YETHPH O
alleTaTHUX T'PYyIa) U JBa aTOMa aMUHCKOT a30Ta. Jly)KuHe Be3a y OBOM KOMIUIEKCHOM aHjOHY Ce
kpehy ox 2.0277 mo 2.0807 (tabena 4). Cis-yrnosu dopmupanu oko Hukai (II) jona kpehy ce y
orcery ox 82.47(4) mo 97.99(3)° mok ce trans yrmoBu Hamaze y omcery ox 175.40(3) no
173.36(4)°. llecrounann muamuucku (T) mpcteH 3ay3uma koH(opMmanujy yBpHyTe jJahe. R
NPCTEHOBH CY CKOpPO TIUIaHapHU JOK cy G-IpCTEHOBH TyCTO TIAKOBAaHU W TOCEIY)y

koH(popmanujy usmely kondopmaije kosepre u twist (yBujeHe) koHpopMarije.

3.3. CTPYKTYPHU ITAPAMETPU KOMIUJIEKCA HUKIJIA(IT) CA
JIMI'AHAVMA EDTA-THUIIA

3.3.1. TI'eomeTpujcka u koHpurypanuona ananusa Hukaa(ll) kommiekca ca
auragauMa ed3a-tuna

Wnpukanuja npucyctBa HanoHa y komriekcuma M(II)-edta-tuna morma 6u ce

pasMoTpuTH y cieaehum wiaHoBuMa:

(1) CiSu trans yrjaoBu JIOIMpPaHH OKO LIEHTPAIHOT jOHA,

(i1) CyMa yIJoBa Be3a pa3jIn4UTHX PCTEHOBA,;

(ii1))  Ni -O-C umm Ni-N-C yrnosu Be3a,

(iv)  VYrmoBu Be3a KoOje KOOPAWHOBAaHM aroOM a30Ta Tpagd ca CBOJUM

KOHCKTOpUMA.

VY oBOM pany U3BpIIIEHA je aHalu3a HamoHa oaroBapajyhux meHtameHtatHux Ni(Il) komriekca

ca nuragauma edta-Tura.
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AHann3a HallOHa | PEe3yJITaTH KPHCTaIHE CTPYKType 3a Cis-equatorial [Ni(ed3a)(H20 )]
natu cy y tabenn 4. Komruieken cis-equatorial [Cu(ed3a)(H-0)] u trans(Os)-[Ni(ed3ap)]® cy
y3eTH 3a nopeheme 100ujeHnX BpeAHOCTH. YKYITHO OJCTymame okraeaapckux yriosa (3 A(Oy))
Bapupa y 3aBUCHOCTH O]l BEIMYHMHE [IEHTPAIHOT jOHA U reoMeTpHuje Komiuiekca. OBe BPEIHOCTH
Bapupajy o1 70° 3a cis-eq [Ni(ed3a)] kommiexc 1o 87° 3a [Cu(edta)]* xomruieke. 36up ox 70° 3a
cis-eq[Ni(ed3a)]” komIutekc mokasyje BelHKy aucropsujy. KoHdopmaiuja eTHICHIHAMHHCKOT
npcreHa (E) mobujenor komiiekca je yBpHyra koBeprta. Etunenauamuncku nperes (E) y Cis-
eq[Ni(ed3a)]” mokasyje HeraTUBHY BPEJHOCT TOTaJHE AeBujanuje ox -13°. [lerowranu aneraTtHu
MPCTEH KOOPJAMHHUPAH Yy €KBAaTOPHjaTHO] PaBHU IIOKa3yje HEraTUBHY JeBUjanujy on -11°.
Hacympot Tome, meTousianu MpCTEHOBU KOOPJAMHOBAHM Y aKCHjATHOM I10JI0%Ka]y TTOKa3yjy BeoMa
Maity HeraTuBHY Aeujanujy (-1°) y cis-eq[Ni(ed3a)]” kommiekcy. CBH KOMIUICKCH TOKa3yjy
no3utuBHy nesujanujy koj Ni-O-C (R,G) yriosa Be3a. Ose aesujanuje y ciyuajy [Ni(ed3a)] cy
HIKe 3a riunuHato npcted (G nmpcrer=+3°) y eKBaTOpHMjaJIHOj paBHM HETO 3a TIUIMHATO
MIPCTEH y akcHjaTHOM 1mojokajy (R mpcTten=+7°). YkynHa neBujaiyja XeIaTHUX a30TOBUX aTOMa

rpy0o m3pauynato u3sHocu 16° 3a [Ni(ed3a)] .

Tab6ena 4. Ananuza Hanona aHukai (I1) kommiekca ca edta-TUmoM JHraHaa KOju caapke MeTOWIaHe U / WiH
HIECTOWIaHEe KapOOKCHIIATHE MPCTECHOBE

Kommrexc TA(Op)? AS(ring)® AM-O-C)°
TAMN)  Ped.
E(T) R G R G

cis-eg-[Ni(ed3a)(H,0)]" 70 -13 -1 -11 +7 +3 16 Ogaj

pan
[Ni(Hzedta)(H,0)] 66 -17 0 -14 +7 0 14 [44]
cis-eq-[Cu(ed3a)(H,0)]" 79 -13 -1 -12 +9 +1 17 [63]
[Ni(edta)]* 77 -12 -1 -15 +5 0 24 [64]
[Cu(Hpedta)(H,0)] 78 -14 +1 -12 +9 -4 20 [45]
[Cu(edta)]* 87 -24 -5 -14 0 -1 35 [65]

¥ A(Op) je cyma ancoslyTHHX BPEIHOCTH J€BHjaluja L-M-L yriosa o uaeante peauoctu (90°). CBe BpeqHOCTH
Jate y Tabenu cy 3a0Kpy)KeHE Ha HajOJIMKy BPEIHOCT.

bAZ(HpCTeH) je cyma yrioBa Be3a TOjeAWHMX TIPCTEHOBA H3pakK€Ha y OMHOCY Ha WACATHY BPETHOCT
onrosapajyhux rnpcreHosa.

*A(M-O-C) (ipcten): Jlato je oacrynamwe M-O-C yriosa y oaHocy Ha ujaeanny BpeaHoct (109.5°).

4TAN) j€ ToTamHa JeBHWjallyja IIecT YIJIOBa Be3a OKO a30Ta MpPEICTaBjba CyMy allCOIYTHHX JI€BHjallMja MIECT
yrioBa y ojHocy Ha uaeanny Bpeanoct (109.5°). Cpenrba BpeAHOCT 3a JBa a30TOBA aTOMa je IpHjaBJbeHa.

Ananm3a HamoHa je u3BpiieHa u 3a Cis-momapau [Ni(1,3-pd3a)(H20)]” 3a koju cmo

OGWIH KpHCTamHy cTpykTypy. Jlobujene Bpeamoctn 3a komimrekce [Ni(pdta)]® u cis-eq
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[Ni(ed3a)(H2O)] cy ynopehusane u nare y tTabenu 5. YKyIHO OACTyMame OKTa¢AapCKUX yriioBa
> A(Oy) 3aBHCH O] BEJIMUYWHE [IEHTAHOT jOHA M reoMeTpuje Komiuiekca. Ymopehyjyhu Y A(Op)
BpenHoctd 3a Cis-momapau [Ni(1,3-pd3a)(H20)], cis-eq [Ni(ed3a)(H20)]" moxe ce BumeTH na
KOMILJIEKCH ca mecTowianuM T nmpcTeHoM mokasyjy Mamy aeBujanujy (59°u 60°) y oqnocy Ha E
npered [Ni(ed3a)(H20 )] (70°). 1,3 npomanguamuncku (T) nperen y cis-momapaom [Ni(1,3-
pd3a) (H.O )] mokasyje MO3UTHBHY BpPEIHOCT YKYIIHOT OJCTyMmama oJ +34° umme ce
npuGmkasa trans(Os)-[Ni(pdta)]® (+33°). CBu ucnuTHBAaHH CTPYKTYpHH mapametpn YA, A(M-
0O-C) u YA(N) yka3yjy Ha HemTo HIKe ontepeheme 3a Cis-polar-[Ni(1,3-pd3a)(H,0)] (Tabena

5) Hero 3a aApyra 1Ba KOMILIEKCA.

Tabena 5. Ananmza Harmona Hukai (I1) komrutekca ca pd3anuranamom u oxrosapajyhnm pdta nurasmnMa

Kowmrmeke TAOL)? AS(nperen)® AM-O-C)°  ZAN)® Peg.
E(T) R G R G
cis-polar-[Ni(1,3pd3a)(H,O)]” 59 +34 +1 -5 +5 +5 +11(+14) OBgaj pax
cis-eg-[Ni(ed3a)(H,0)]" 70 -13 -1 -11 +7 43 16 [66]
[Ni(1,3-pdta)]* 60 +33 +1 11 +6 16 11 [67]

®A(Oy) je cyma amcomyTHHX BpeaHocTH AeBujanuja L-M-L yrioosa ox mneanne speasocti (90°). CBe BpeIHOCTH
nare y Tabenn cy 3a0KpyKeHe Ha HajOInKy BPeJHOCT.

PAY(upcTeH) je cyma yrioBa Besa IOjSAMHMX — IPCTCHOBA M3DAXEHA y OJHOCY HA HICATHY BPEIHOCT
onrosapajyhux npcreHoBa

°A(M-O-C) (ipcten) : Hato je oactyname M-O-C yriosa y oHocy Ha uaeainy speanoct (109.5°)

9SA(N) je ToTanHa ieBMjalMja LIECT YIIOBA Be3a OKO a30Ta NPEACTABIBA CyMy AICONYTHHUX JGBHjallja LIECT
yTJ0Ba y ogHOCY Ha uaeanHy BpegHocT (109.5°). Cpenma BpemHOCT 3a [1Ba a30TOBA aTOMA je IpHjaBJbeHa.

3.3.2. I'eomeTpujcka u koHpurypanuona ananusa Hukaa(ll) kommiekca ca
auragauMa edta-tumna

VY 0BOj AmcepTanMju W3BpIICHA je aHaJIM3a HANOHAa OATOBapajyhmx XeKcaJeHTAaTHUX
nukan(ll) xomriekca koju campxke 1,3-pdta, 1,3-pddadp, 1,3-pd3ap, 1,3-pndta u 1,4-bdta
muranze. [omro DFT uspadynata reometpuja 3a komruieke trans(Os)-Mg[Ni(1,3-pd3ap)]® e
MOKa3yje 3HadajHa OJCTYIama OJ APYIHMX CIMYHHX KOMIUJIEKCAa, MU HE OYEKyjeMO Ja aHaau3a

napameTapa HaloHa IMokake HeyoOuuajeHe pesynrate. CtpykrypHHu nogauu 3a Ni(Il)-edta-Tum
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KomIutekca gatu ¢y y tabenn 6. Ciuka 20 nmokasyje DFT ontumusoBany cTpykTypy trans(Os)-
Mg[Ni(1,3-pd3ap)]®. ToramHa IeBujanmja okracmapckux yriaoBa Y A(On) OBHX KOMILIEKCA
Bapupa onx 56° 3a trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O no 74° y [Mg(H20)s] [Ni(1,4-
bdta)]-3H,0. 36up ox 58° 3a [Ni(H20)e][Ni(1,3-pdta)]-2H,O u 56° 3a trans(Os) Ba[Ni(1,3-
pd3ap)]-6H,O mnokazyje Bemuky mgucrops3ujy. Koudopmarwmja 1,3-nponanguamuackor (T)
npcreHa 3a oba KomIuiekca je yBujeHa naha. 1,3-mponmanaunamuncku npcete (T) y trans(Os)-
[Ni(1,3-pdta)]-2H20O moxa3zyje yKymHO MO3UTHBHO ojacTymname ox +31°. Takolhe, uctu npere y
komiwiekey [Ni(H20)e6][Ni(1,3-pdta)]-2H,0 nokasyje totanny neBujauujy on +30°. Ilerounanu
MPCTEH KOOPJIMHOBAH Yy €KBAaTOPH]jaTHO] PaBHU TOKa3yje HETAaTUBHO OJCTYIAE OF HACATHOT
XeJIaTHOT IpcTeHa 3a -14° y trans(0s)-[Ni(1,3-pd3ap)]® u -10° y [Ni(H20)e][Ni(1,3-pdta)]-2H,O.
CymnpoTHO TOMe, METOYJIaHHW NMPCTEH KOOPIMHOBAH y aKCHjaJHOM IIOJIOKAjy IOKaszyje BeoMa
Mayio To3uTUBHO oxactyname (+1°) y kommiaekcy [Ni(H20)g][Ni(1,3-pdta)]-2H20, mokx y
komiutekcy trans(Os)-[Ni(1,3-pd3ap)]® Hema oxcrymama. lllecrowrann R-alaHMHATO MPCTEH
KOODAMHHUDAH Yy eKBATOPHjaIHOj paBHH y KoMmiuiekcy trans(Os)-[Ni(1,3-pd3ap)]®> uma
MO3UTUBHO OJicTymame o1 +37°. CBU KOMIUIEKCH TMOKa3yjy MO3UTHUBHO ojcTymame 3a Ni-O-C

(R,G) yrnose.

Cimka 20. DFT (ADF) omrrumusoBana crpykrypa trans(Os)-[Ni(1,3-pd3ap)]*
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OBa oxacTymama Cy Mama 3a TIUIUHATO TpcTeHoBe (ox +6° mo +7° m ox +3° mo +5°3a R u G
npcreHoBe) Hero 3a [3-amanmunato mpereHoBe (+19° u +20° 3a G nmperenose). Kana ce cabepy
OJICTyIAama 3a CBAKMU O] IECT YIIIOBa 1001ja ce YKYITHO O/ICTYIAE 32 CBAKH KOMIUIEKC. YKYITHO
oncryname 3a xenatHd N atom m3Hocu 11° 3a [Ni(H20)e][Ni(1,3-pdta)]-2H,0 u  15° (10°) 3a
trans(Os)-[Ni(1,3-pd3ap)]*. ExBaTopujaiHo KOOPAMHOBAHM METOWIAHN [IHULMHATO HPCTCHOBH
Cy BHUIIE HANETH HEro OHM KOJU CYy KOOpPAMHOBAHW akcujainHo. Jlakie, exBaTopujaaHO
OpHjeHTHCaHH [3-alaHWHATO TPCTEHOBM HEMajy YTHIIaja HA HAINETOCT OBHX cucrteMma. Takohe je
OTKpPHBEHO Ja je (aBopu3oBaHa reomerpuja trans(Os) 3a o6a nuranga (1,3-pddadp u 1,3-
pd3ap). Cawuan HamoH je mponahen y Mg[Ni(1,3-pndta)]-10H,O komrutekcy, 0K je MHOTO
oncrymama (Y A(Op) = 74° u T=+70°) 3abenexeno y ciayuajy Mg[Ni(1,4-bdta)]-9H0.

Tab6ena 6 . Ananuza Hamona Hukain (1) koMmmiekca ca edta-THIIOM JMTaHAaA KOjH CajpsKe TIETOWIAHE U / WITH
HIECTOYIaHe KapOOKCUIIATHE NIPCTEHOBE

AS(ring)® A(Ni-O-C)1@

Komrnekc SA(O) TAMN)A Ped.

E,Tor R G R G

B
Ni[Ni(1,3-pdta)]-8H,O

58 +30 +1 -10 +6 +4 11 OBaj pax
[Niy(1,3-pddadp)(H,0),]-4H,0 60 +28 0 +36 +7 420 8 [31]
Mg[Ni(1,3-pd3ap)] -10H,01% 56 +31 0 -l14(#37) +7  +5(+19) 15(10) OBaj paxn
DFT pauyH.

Mg[Ni(1,3-pndta)] -10H,O 57 +31 +1 9 +6 +3 15 [68]
Mg[Ni(1,4-bdta)]-9H,O 74 +70 -2 -13 +6 +5 23 [69]

®A(Oy) je cyma ancomyTrux BpeasocTH aesujanuja L-Ni-L yroosa ox mueanne speasoct (90°). Cae
BPEIHOCTH JaTe y Tabenn cy 3a0KpyKeHe Ha HajONKy BPEJHOCT.

PAS(pcTen) je cyma yIiioBa Be3a MOjeMHUX IPCTEHOBA H3PAKEHA y OJHOCY Ha HACAIHY BPSIHOCT
onrosapajyhux npcrenoBa. Vneanxne BpenHocTr: 528° n 637.5° 3a meTo4IaHu M MIECTOWIAHA
JMMaMUHCKH TipcTeH U 538.5° m 648.0° 3a meTodwIaHH W MIeCTOWIaHN KapOOKCHIIATHU TIPCTEH.
°A(Ni-O-C) (pcren): Jlato je omcrynmame Ni-O-C yrioosa y oJHoCy Ha uaeanty Bpeasoct (109.5°)
dEA(N) j€ ToTainHa JieBujalyja mecT yIiioBa Be3a OKO a30Ta MPE/CTaBJba CyMy allCOJNyTHHUX JeBHjallHja
IIeCT YTJIOBa y OHOCY Ha uaeanny BpexHocT (109.5°). Cpenma BpeaHOCT 3a IBa a30TOBA aTOMa je
TpYjaBJbeHA.

“3a 0Baj KOMIUIEKC,KOju MMa Cy MOJIEKYJICKY CUMETPH]Y, IIPHjaB/beHE Cy JBE BPEAHOCTU. Bpennoctu

y 3arpajiama are ¢y 3a [3-alaHMHATO TPCTEHOBE M A30TOBE aTOME KOjH MOBE3Yjy [3-aaHMHATO NPCTEHOBE.
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3.4. KOMIIJYTEPCKA UCTPAXKMIBABA

3.4.1. VaunwujaiHa n3padyHaBama reOMeTprja KOMITIEKCa

Jlanac mocToje Ha JECeTHHE EeNEKTPOHCKMX KBaHTHO-MexaHmuykux (QM) makera koju
HyJle KOPUCHHKY Te€HepalHO HcTe Merone (pemumo Hajuenthe mpumemuBana DFT meronma y
n3pavyHaBamuMma je xuobpuana B3LYP metona) kao u motmyHo ucte 6a3ne ceroBe BS (jeman ox
BeoMa KopuiiheHnx 0a3HMX ceToBa 3aamux neceT roauHa je LANL2DZ 6a3nu cer). Y Hamem
pany ompexenunu cMo ce 3a aBa QM makera: ADF (Amsterdam Density Functional)®® u
Gaussian®”). ADF eJIEKTPOHCKU TakeT kopuctd uucty DFT meromonorujy y3 ymorpely
CrnarepoBux opOUTaIa M KOPUCTH ce caMo 3a motpede DFT m3pauynaBama. ['aycuanos codtep
JecTe eJIEKTPOHCKH IMaKeT KOJUM CE€ MOTY M3BECTH KaKO M3pauyHaBama MPBOT MPHHIUIA TaKO U
DFT pauyn. Moxe ce pehu 1a cy 0BO J1Ba mporpama BUCOKOT pejTHHTa rie je ['aycuan cacBum
CUT'YpHO €JIEKTPOHCKH TaKeT Opoj jeaaH 3a komijyrepcky QM.

Kako cMo mMu y Hamem paay OWJIM OTpaHMYCHHM HAa KOMILUIEKCE HUKIA KOPUCTHIH CMO
TZP 6a3uu cet y komOuHanuju ca PW91 dynkuuonamom. (PWI1 jecre XC koju ce cactoju ox
Perdew-oBor m3mensbuBor u Wang-oBOTr KOpeIamMoOHOT HOTCHLII/IjaJIa(SS)). OBa koMOuHaiyja
nana je HajooJbe pe3ynTaTe Kaua Cy y NMUTamy H3padyHaBama reOMETpPHje KOMIUIEKCa HUKJIA.
Merannu joH je pauyHaT y3 ynotpedy TZ2P+ Ga3Hor ceTta (0Baj CEeT je HAPOUUTO HAMPABIHEH 3a
pajJ Ha MPBOj CEpHUjU MpeNa3HUX MeTana o Sc-Zn) 3aapxkaBajyhul mpu TOME UCTH W3MEHIbUBO-
KOpenanuoHu noTeHijan. M30op cpeanne y Kojoj ce BpIIK ONTUMHU3AIM]a je jOoIl jeaHa Beoma
outHa ctBap. Hamme, ontumuzanuja ce Hajuemhe BpIIM TOJpa3yMeBajyhul 1a ce jenumemne
HaJIa3W y TaCOBHTOM arperaTHoM cramky. OBO WMa 3a MOCJIEIUIly OJCYCTBO, BEOMa YeCTO
moTpeOHOT, pacTBapaya Kao MeIHWjyMa IMa C€ W PE3YJNTaTH NpopadyyHa y BEIUKOM Opojy
ciydajeBa HE MOTY KOPEJIHMPATH ca eKCIIEPUMEHTATHUM MoJalliMa BeTuKoM TadHomhy. [la Ou
ce HEeyTpajlMCajli HETaTHBHU €(QEeKTH ONTHMHU3AIMje Yy TacHOM CTalkby MU CMO y BehuHH
cilyyajeBa BpIIwiIM u3pauyHaBama y3 ynorpedy COSMO (Conductor like Screening Model)

monena ™

Koju je moryhe NMpUMEHHWTH Ha TOTOBO CBa H3padyHaBama. M30opom moromHe
COSMO ommumje Moryhe je UMUTHpaATH OWJIO KOjU COJBATHU MeAWjyM (BOjAa, aJIKOXOJH, €Tap,
YIJbeHIUCYN(PU, aleTOHUTPWI UTH.). Jla CMO TMOCTHIIM JOKATHA MHUHUMYM YyKa3zyje Ham

OJICYCTBO HETaTMBHUX (PpeKBEHIIMja y pe3ynTaruMa (ppeKBEeHIIMOHE aHau3e (He Mopa Jia 3Ha4YH
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y cBUM ciydajeBuma). CBa M3padyHaBama y OBOM paay Cy npatuie (ppekBEeHIIMOHE aHATIN3E U Y

CBUM Clly4ajeBHMa PEe3yJITaTu Cy yKa3UBaJM Ha OJCYCTBO HETaTUBHUX (PpEKBEHIIN]aA.

3.4.2. OntuMm3anyja  reoMeTpuja  KOMIUIEKCA  HHUKJIAa  ca  TEHTAJCHTATHUM
auragauMa ed3a-tuna

CBakM TCHTAJCHTATHH KOMIUIEKC j& ONTHMH30BaH y OJHOCY Ha CBE XUIIOTETHYKE
reomMeTpHjcke m3omepe (Cis-equatorial, Cis-polar u trans-equatorial - ciuka 2). Pesyararu DFT
mpopadyHa Mmokasyjy jaa je Cis-equatorial uzomep [Ni(ed3a)(H2O] eneprercku Hajctadbuaauju: 9.6
kcal/mol 3a cis-polar-un u 0.6 kcal/mol 3a trans-equatorial-uu u3omep, IITO je y CKJIagy ca
reoMeTpujoM nponaheHoM (MOTBph)eHOM) KPUCTATHOM CTPYKTYPHOM aHaIu30M (Tabena 7).

Tabena 7. [Topeheme excriepumenTanuux (X-ray) u Gaussian (B3LYP/TZVP) nonaraka 3a [Ni(ed3a-type)(H20]
KOMILIEKC

Topeheme excriepumentanaux (X-ray) u ontumuzoBanux [Ni(ed3a)(H,O] crpykrypa

Ni-N (A) ypaean  Ni-O (A) y paan Ni -0 (A) Ni -O-C (°) (av.) cis-yrmnos (°) trans-yrmou(®)
Exp: Gauss Exp: Gauss AKCHjaJTHO Exp: Gauss (av.) (av.)
Exp: Gauss Exp: Gauss Exp: Gauss
2.082:2.156 2.123:2.075 2.018:2.062 114.9:115.51 90.17:90.16 167.4:169.1
2.110:2.107 2.051:2.1532 2.062:2.047

Eneprercke pasmike obpadynate y kcal/mol

T'eomerpujcku

H30Mep [Ni(ed3 a)(HZO)]> [Ni(eda2p)(H,0)]" [Ni(ed3p)(H0)]" [Ni(1,2pd3a)(H,0)]
Cis-equatorial o° 3.5 2.9 1.4
Cis-Polar 9.6 8.4 8.0 113
Trans-equatorial 0.6 0 0 0

4MonekyJu Bojie
bI/I:-sOMep ca HajHW)KOM €HEprujoM je o3HaueH ca Bpeanouthy ox 0 kcal/mol.

VYnopehuBanmu cmo nyxuHe Be3a 3a: Ni-N y paBau, Ni-O y paBuu, Ni —O akcujaiHO U

npoceune Ni-O-C, Cis- u trans- yriose. M3 Tabene ce Moxe 3aK/by4HTH Ja Cy H3padyHare
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BPEIHOCTH y BeoMa JO0OpPOM cliaramy ca eKCIEepPUMEHTATHO JTOOMjeHUM BpenHocTuMa. Takole,
Moxe ce mpuMetutd U Aa je Ni(I)-Ow Beza He3HaTHO ayka KOJI ONTUMH30BaHE CTPYKType (3a
oko 0.102 A ), mro je mocnenuna nmpumene COSMO coNBaTalMOHOT MOJENAa HA YBPCTY
crpyktypy Ni-ed3a kommuiekca. Pesynratm w3 Tabene TOKasyjy yIpaBO OHO INTO CMO
ouekuBanu. Y ciydajy [Ni(ed3a)(H20)]" xommiekca, jacHO je Ja je HEroB HajCTAOMIHH]H

u3zomep Cis-equatorial (Buau ciauxy 21).

@y
@v:"
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\,@@
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&Z

Cnuka 21. Ipexnombene X-ray u Gaussian ontuMu3oBaHa ed3a ctpykrypa iz [Ni(ed3a)(H20)]
u [Cu(ed3a)(H20)]" xommiekca

[Tocroju mana paznuka u3mely trans-equatorial-Hor u CiS-equatorial-Hor m3omepa (OKo
0.6 kcal/mol) mok 3a Cispolar onma usHocu uak 9.6 kcal/mol. Y npyrum cinydajeBuma
([Ni(eda2p)(H20)]", [Ni(ed3p)(H20)]2 u [Ni(1,2-pd3a)(H20)]2) wuspauynaru trans-equatorial
M30Mep je HajImoBOJbHUJHU (BpeaHOCTH 3a Cis-polar cy y oncery ox 8.4 mo 11.3 kcal/mol u 3a Cis-
equatorial om 3.5 mo 1.4 kcal/mol). Haxamoct, 3a oBa jequmema HHCMO YCIEIH TOOUTH
KPUCTAJIHY CTPYKTYpPY KOja OM MOTBpAMIIA KOMIJYTEpCKY MpeTnocTaBKy. OCUM Tora, ypaauiu

©®D) y3 Firefly-oBux m3masHux (bajjm(ez). Kenenu cmo na casHamo

cmo NEDA mpopauyne
eHeprercky LNi.....OH2 wuHTepakiujy jep oOHa OOWYHO TIOKa3zyje Kako ce JIaKo
MEHTAKOOPIMHOBAaHN KOMILJIEKC Bpaha Ha XEKCaKOOpAMHOBaHHU. JpyruMm peunma, OMIM CMO Yy

MOI‘thOCTI/I Aa BUIUMO JOHOPCKO-aKHOCHTOPCKHU MCXAaHHU3aM IMCHTAKOOPAMHOBAHOI KOMIIJICKCA
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npeMa JojJa3HOM MoJiekyny Boae (tabena §). MHTepMoneKkymnapHe CHIE W €HEpruje yHTap

MoJieKyna cy r1aBHe kapakrepuctuke NEDA pesynrara.

Tabena 8. lonpunoc NEDA (kcal/mol) u3pauyHaTux KOMIIOHCHTH

CT ES POL XC DEF(SE) DEF(SE) AE
H,0O Nied3a
[Ni(ed3a)(HzO)]- -70.30 -49.10 -43.45 -22.28 115.68 49.40 -20.06
[Ni(eda2p)(H,O)]" -73.47 -55.50 -50.92 -24.82 121.67 61.61 -21.43
[Ni(ed3p)(H,0)]" -73.67 -57.51 -53.85 -26.07 123.67 65.17 -22.26
[Ni(1,2pd3a)(H,0)]" -953.38  -48.52 -44.03 863.48 113.11 50.73 -18.61

Kontponom NEDA kxommnoHeHTH mokymiaheMo Ja OATOHETHEMO KOJIMKO BEJIHKE MOJIEKYIapHe
MHTepakiyje noctoje u3mely jenunuina Bone ca jenqHe crpane u [Ni(ed3a-type)]” KOMITJIEKCHUX
jenuHuIIa ca Apyre cTpaHe. Y Tabenmu 8 matu cy mapameTpu Hamer uHTepecoBama: CT ce
onHOCH Ha mapxHu Tpancdep; ES Ha enexkrpocrarnuke xommoneHnte; POL Ha momapuzanuony
komrnoHeHTy; XC Ha m3MmemHnBauky kommnoHeHTy; DEF Ha nedopmarnmony xommoneHTy u AE
MIPEACTaBJba YKYITHY €HePrHjy UHTEpPaKIIHje:

AE =CT + ES + DEF + BSSE,

rae ce ckpahennma BSSE ogHocu Ha 6a3Hu cynepno3uninonu cet rpemaka. [lapxau tpancdep
(CT) u Enexrpocrarnuka kommoneHnta (ES) nmajy Hajpehm mgompuHOC YKYITHO] €HEPreTcKoj
unTepakiju. Ca oBe Tauke mieauinta komiuieke [Ni(ed3a)]......BOJA je Besan ca -20.6
kcal/mol, rme NEDA otkpuBa cHaxkan ponpunoc CT u ES (-70.30 u -49.10 kcal/mol). DEF
napameTap y OBOM ciy4ajy je MHOro Behu 3a JOHOpCKHU aToM (MoJieKynu Boze, 115.68 kcal/mol)
HETO 3a aKIEeNTOPCKY jenuHuIly (KoMruiekcHa jenununa, 49.40 kcal/mol). V cnenehem npumepy
3a [Ni(eda2p)]---- OH;, mponamn cMo BeoMa ciuuHy cutyanujy. lllapxau tpanchep wu
eJIEKTPOCTATUYKH 4iaH cy oko -73.47 u -55.50 kcal/mol, ca DEF pmompunocuma 3a Bomy u
KOMITJIEKCHU aHjoH o7 121.67 u 61.61 kcal/mol. Paznuka y eHepruju je 3aHeMapbuBa U U3HOCH -
21.43 kcal/mol miro je Ha Kpajy ctaBmio oBaj komiuiekce ucnpen [Ni(ed3a)(H20)]. Kommaekce

[Ni(ed3p)]----- OH; nokazao je Behu CT Hero nperxoana asa komiuiekca (-73.67 kcal/mol), ES
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(-57.51 kcal/mol) u nepopmanmona komronenrta 3a ooe jenunuine (123.67, 65.17 kcal/mol) cy
takohe no6pu. [Iponahena ykymHa enepruja uatepakuuje o -22.26 kcal/mol, craBiba koMIuIekc
[Ni(ed3p)(H20)]” Ha npBo mecto mo LNi-OH, crabunnoctu. Kox 3anmer jenumerma [Ni(1,2-
pd3a)(H20)] mpumehyje ce unrepecantan nogarak. Hajseha Bpennoct CT (-953.38 kcal/mol)
je CBakako TPEBHUIIIE HUCKA y OBOM KOMIUIEKCY, JIOK Cy OCTalH TapaMeTpH HIDKH HEro KO
IpYTUX jequmbea npukazanux y tabemu 8. (ES = -48.52 kcal/mol, DEF 3a Bogy u KOMIUIEKCHY
jemunauiy = 113.11 u 50.73 kcal/mol). CT (-953.38 kcal/mol) je nonumrena Bpeauomthy XC ox
863.48 kcal/mol. daxme, [Ni(1,2-pd3a)]:--- OH; je noBe3an ca -18.61 kcal/mol mro ra unHu

HAjIIOJIECHUJUM JIa OTITYCTH MOJIEKYJI BOJIe Yy MOTYhuM peakiirjama u3MeHe.

3.4.3. OnTuMu3aija  reoMeTpuja  KOMIUIEKCa ~ HHUKJIA  ca  TCHTaJCHTATHUM
nuranauMa pd3a-tuna

Kox meHTameHTaTHMX KOMILJIEKCAa ONTHMM30BAd CMO CBE XHUIIOTETHYKE I'€OMETpH]jCKe
uzomepe (Cis-equatorial, cis-polar (A u B y cinydajy (2)) u trans-equatorial). Hama mamepa je
Ouna na ce m1o0ujy eHepruje ONTHMH30BaHUX M30MEpa 3a CBAKy KOMIUIEKCHY BPCTY Kako OM CMO
OWIM y CHUTYallUjH J1a lbUXOBOM KOPEJaIlMjoM OJIPEAMMO Koja OJf TeOMETpHja je HajcTaOwmIHH]a,
Tj. ¢daBopu3zoBaHa. ['eHepanmHO, TeopHWja je TMpaTWia EKCIepUMEHTAIHE pe3yJiTare. 3a CBe
KOMILIEKCE 3a KOjé CMO TMocenoBaiu cTpykTypHe mnonatke ADF u3pauyHaBama cy TadHO
npeaByUiesa HajcTaOWIHUjU u3oMep (Tabdemna 9).

Kao mTo ce moxxe Buaetu u3 tabene 9, pasnuke y Be3ama M YIjoBHMa Cy MOCIEAMIIA
yrunaja okonmHe. DFT  wm3paduyHaBama ykasyjy na je Cispolar wu3omep €HEPreTcKu
Hajcrabwnuju: 4,7 kcal/mol y ogHocy Ha Cis-equatorial u 0.1 kcal/mol y omHocy Ha trans-
equatorial m3omep. Kao najcradmmauju uzomep [Ni(1,3-pd2ap)(H20)]” xommuiekca nponahen je
cis-polar (B) (cnuka 22). Haxkamoct, y 0BOM Clly4ajy, HHje HaM IOIIO 32 PyKOM J1a M30J1yjeMO
KpUCTAJI IOTO/IaH 3a PEHATeHO-CTPYKTYPHY aHAIM3y Koja Ou Morja aa BepuuKyje MPeIIoKEHY

reoMeTpHjy.
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Tabena 9. Ilopeheme ekcriepumentanaux (X-ray) u Gaussian (B3LYP/TZVP/PCM) nobujennx nomaraka 3a
[Ni(1,3-pd3a-tum)(H,0)] komIiekce

Topeheme excriepumenranne (X-ray) u ontumuzosane [Ni(1,3-pd3a)(H,0)]” crpykrype

Ni-N (A) y pasan  Ni-O (A) y papuu Ni -0 (A) Ni -O-C (°) (av.) cis-yrmnos (°) trans-yrmosu(®)
Exp: Gauss Exp: Gauss aKCHjaTHO Exp: Gauss (av.) (av.)
Exp: Gauss Exp: Gauss Exp: Gauss
2.058:2.105 2.024:2.066 2.040:2.054
114.6:115.8 90.02:89.98 175.5:177.4
2.100:2.135 2.073:2.061 2.090:2.265%

Eneprercke pasnuke obpagynare y kcal/mol

T'eomeTpujcku Cispolar-[Ni(1,3-pd3a)(H,O)] Cis-polar- [Ni(1,3-pd2ap)(H,0)]"
u3omep

Cis-equatorial 4.7 1.6

Cis-Polar 0 0
Trans-equatorial 0.1 0.16

*MoJIeKyIi BOJIE
bI/ISOMCp ca HajHIDKOM €HEepPIHjoM je o3HadeH ca Bpexgnomhy oz 0 kcal/mol.

Ocum Tora, u y oBoM ciyuajy ypahenn cy NEDA npopauynu kopumhewem Firefly EES.
XKenenn cmMo 1a yrBpauMo eHeprujy LNi----- OH; unrepakuuja ([Ni(ed3a)(H.O)] je yzer 3a
ynopehuBame) jep oHa OOMYHO OJpa’kaBa KOJMKO JIAKO C€ TEHTAKOOPJAMHOBAHHM KOMILJIEKC
MpeTBapa y XeKCaKoOpANHOBaHU. [Ipyrum pednma, Ominm cMo y MOTyhHOCTH Ja BUAMMO KaKo ce
€JIEKTPOH CHUPOMAIIHM TEHTAKOOPAMHOBAHM KOMILJIEKC TOHAIIA MpeMa MOJIEKYITy Boje (Tabena
10). HHTepMonexkymapHe cWie M €HEprujeé HWHTEpaklHje YHyTap MOJIEKyJla Cy TJIaBHE

kapaktepuctuke NEDA pesynrara.
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Cnuka 22. DFT wuspauynara crpykrypa Cis-polar(B)-[Ni(1,3-pd2ap)(H20)] jona

VY tabenu 10 naru cy mapamerpu Hamer uHtepecoBama: CT, ES, POL, XC, DEF. Ca oBe Tauke

mequmTa Komruieke [Ni(ed3a)]....... BOJIA je Besan ca -20.6 kcal/mol, nokasyje HajBuiry AE

BpenHoctT. Hajumxa Bpennoct AE (-15.14 kcal/mol) 3a [Ni(1,3-pd2ap)(H20)]” roBopu Ham na

OBaj KOMILIEKC Hajiiakiie ociodalha MOJIEKyYI BOJE Y peakiiijaMa CyICTUTYIIH]e.

Ta6ena 10. Jonpunoc NEDA (kcal/mol) nzpauyHaTHX KOMIIOHEHTH

CT ES POL XC DEF(SE) DEF(SE) AE
H.O Nipd3a-tun
[Ni(ed3a)(H20)]_ -70.30 -49.10 -43.45 -22.28 115.68 49.40 -20.06
[Ni(1,3-pd3a)(H,O)] -820.82 -48.95 -39.67 739.82 97.35 55.65 -16.62
[Ni(1,3-pd2ap)(H,0)]  -710.78  -36.90 -42.96 645.70 88.10 41.70 -15.14
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3.4.4. DFT ontumusanuja komruiekca Hukiia(Il) ca xekcageHTaTHUM TUTaHIIMA
pdta-Tuna

Opnmyuynnu cMo J1a ynopeauMo: enepruje, ayxune Beza Ni-N y pasau, Ni-O y paBau, Ni-
O akcujanao u npoceure Ni-O-C u Ni-O-C-O, cis- u trans-yriose. 3a cBe KOMITJIEKCE 3a KOje
nMamo cTpyktypHe momatke ADF Teopuja nmana je HajHWKY €HEpPrujy Kaua Ccy H30MEpH Yy
nutamy (tabera 11). ¥V ciayuajy [Ni(1,3-pd3ap)]® DFT teopmja je mokasama ma trans(Os)
u3oMep je craGumanju 3a 4.45 keal mol” ox trans(0sOs) (Tabema 11). Kao mro ce Buau u3
tabene 11 cBe Be3e Cy MoHeKa 3Ha4ajHO, a MOHEKal He3HATHO JIy>Ke OJ] OHMX Koje cy mpoHalheHe
y KpUCTATHUM cTpykTypama. OBo 0u ce morno nmpunmcatd DFT mpopauynuma 3a Monexyie y

YBPCTOM CTamYy, aJli Takohe U u300py U3MEHE U MOTEHIUjAIHUX KOPEITallMOHUX T'PajiijeHaTa.

Tab6ena 11. TTopeheme excnepumentanmaux 1 DFT monmataka 3a edta-Tum
aukai(Il) kommnexca

Jlurann [Ni(1,3-pdta)]* [Ni(1,3-pddadp)]* [Ni(1,3-pd3ap)]*

Peg. OsBaj pan [31] OsBaj pan
Trans(050¢) 0 Trang(Os) 0

T'eomerpujckn m3omepn Hewma uzomepa Trans(02) 05 Trang(0:05) 4.45

Trang(Og) 386

IMopeheme exciepumenTantux (x-ray) 1 DFT- oNTHMH30BaHHX CTPYKTYypa ca HajHHKOM SHEPIUjoM

Ni-N (A) y-pasnn 2.079:2.112 2.090:2.148 :2.145
Exp: DFT 2.079:2.112 2.109:2.145 :2.138
Ni-O(A) y-pasun 2.028:2.085 2.089:2.107 :2.105
Exp: DFT 2.028:2.085 2.074:2.097 :2.055
Ni-O(A) akcujanno 2.081:2.087 2.060:2.082 :2.087
Exp: DFT 2.081:2.087 2.060:2.078 :2.080
Ni-O-C (o) (av.) 114.6:113.9 123.13:123.5 :118.7
Exp: DFT

Ni-O-C-O(o) (av.) 173.94:177.7 168.3:169.7 :174.3
Exp: DFT

cis-yrmnosu (°) (av.) 90.1:90.0 90.1:90.1 :90.1
Exp: DFT

trans-yriosus (°) (av.) 174.0:175.4 172.2:172.5 :171.3
Exp: DFT

“M30Mep ca HajHIDKOM EHEPrujoM o3HaueH je ca Bpeasomhy ox 0 kcal mol”
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3.5. CIIEKTPAJIHA AHAJIM3A

Kommiekcn Hukna ca suraguma edta-tuma cy J0JaTHO aHATU3WPAHU NPUMEHOM

nHppanpsene IR u enexrponcke-ancopmmuone UV crieKTpocKomwje.

3.5.1. UHdpaupBeHn CekTpr KOMILICKCA HUKJIA ca JTurananma ed3a-tuna

IR cnektpu (kapbokcuiaTHa 0071acT) Cy y CarjJacHOCTH ca CTPYKTypaMa M MOJIEKYJICKOM
CHMETPHjoM KOMILIeKca™ . ACHMETpHUHE BaJCHIHOHE BUOPAIMje OJABHO CIIy)Ke Kao OCHOBA 3a
PasINKOBamE MPOTOHOBAHHX KapOokcmmartHux rpyma (1700-1750 cm™') ox xoopmuHOBaHHX

1N(71-73
)( )_

kapOokcmiatHux rpyna (1600-1650 cm’ [Tocroju ommre npuxBaheHo mpaBwio 1a

74

(bpekBeHIIMje Koje TMOTHYYy O]l METOWJIaHMX MPCTEHOBA ~ JIEKE HA BHIIO] EHEPTHjU O]l

onrosapajyhux ¢pexkBeHIja MIECTOWIAHNX HpCTeHOBa(75).

VYV Tabenmu 12 gate cy acuMeTpuyHE BaJICHIIMOHE BHOpallMje 3a KOMIUIEKCE HHUKIA ca
edta-tummom nuranaga. Y ciaydajy oarosapajyhux muamuHOTpuKapOokcuimatHux Hukan (I1)
KOMILIEKCa M3IIe] MH(PALpPBEHUX CIEKTapa y KapOOKCHIIaTHO] OOJIACTH y CarjiacHOCTH je ca
rope HaBeIeHHM KpuTepujymuMma. Tako dpeksenumje Ha 1568 cm™ u 1562 cm’' oxrosapajy
LIECTOWIAHNM aleTaTHAM mpcTeHoBuMa 3a Ni-ed3p u Ni-eda2p. ®pexsenumje Ha 1593 cm™! u
1602 cm’! npunazajy nerownanum aneraranM npereoBuma Ni-1,2pd3a u Ni-ed3a. Oxcycrso
npyrux a6eopmmja Ha 1700-1750 cm™ ykasyje na cy kopaMHOBaHe cBe KapOOKCHIATHE IPYIIeE.
IlIto ce Thae Ni-pd3a m Ni-pd2ap ¢pexsenumje Ha 1602 cm’ u 1598 cm’ mpumanajy
MEeTOYWIAaHUM alleTaTHUM TMpcTeHoBuMa. Tpaka Ha 1571 cm’ OJITOBapa ACUMETPUYHUM

BJICHIIMOHUM BHOpanujamMa [3-TIPOMMOHCKUM IMIECTOWIAHUM TPCTEHOBUMA INTO TOKa3yje na

cMo u3osoBaiu Ni-pd2ap komruieke (civka 23).

Csemnana K. benomesuh 64



PE3VITATU U JUCKYCHUIJA

Tabena 12. AcumeTpuuse BaneHiuoHe Bubpauuje 3a [Ni(edta-type)] kommiexca®

Komrmnexc Vasym (COOM) Benuuuna Pedepenie
HpcTeHa

[Ni(H,0)g]-[Ni(1,3-pdta)] -2H,O 1587 5 OBaj pan
trans(Os)-[Niy(1,3-pddadp)(H,0),]-4H,O 1640sh 5 [31]

1591 6
trans(Os0g)-Na [Ni(1,3-pddadp)] -3H,0 1635sh 5 [31]

1610

1588 6
trans(Os)-Mg[Ni(1,3-pd3ap)]- 10H,O 1595 5ub OsBaj pan
Mg[Ni(1,3-pndta)] -10H,O 1597 5 [68]
[Ni(pd2ap)(HO)]" 1571 6 OBaj pan
[Ni(1,2pd3a)(H,O)]" 1593 5 Ogaj pan
[Ni(pd3a)(H,0)]" 1602 5 OsBaj pan
[Ni(ed3a)(H,O)]" 1602 5 Osaj pan
[Ni(ed3p)(H0)]" 1568 6 OBaj pan
[Ni(eda2p)(H,0)]" 1562 6 Osaj pan

®BpennocTu cy nate y cm’!

Y cayuajy trans(Os)-[Ni(1,3-pd3ap)]> xommiekca C; cumerpuje, IR crekrap mocenyje
caMo jeHy IIHPOKY TPaKy Koja ce Hanasu Ha 1595 cm’'. HapaBHo, ouekuBaHe Cy [BE Tpake Koje
MOTUYY OJ] aCHMETPUYHUX BAJICHIIMOHUX BUOpaIlHja 3a MeTowIiaHe TIANLIUHATHE U [IecTowIiaHe f3-
allaHMHAaTHE TpcTeHoBe. Melhytum, 300or uHTepdepeHunje ca BuOpammjamMa BojJ€e HE MOXKEMO
mocMaTpaTH cBe u3pasurte BuOparmje. Y caydajy [Ni(H20)g]-[Ni(1,3-pdta)]-2H,0 xommiaekca C;
MOJICKYJICKE CHUMETpPHje JOOMIN CMO BeoMa 00ap KOPENAMOHH CIIEKTap KOjU Tocenyje jeaHy
MHTEH3MBHY WMy Tpaky Ha 1587 cm’'. OxcyctBo apyrux aGeopmmmja ma 1700-1750 cm'

yKa3zyje J1a Cy KOpIIMHOBaHE CBEe KapOOKCUIIaTHE IpyTIE.
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159&\ ‘/1571

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
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Cnuka 23. Tlpumep undpaupsenor cnekrpa komruiekca Hukia (1) ca 1,3-pd2ap

3.5.2. EnekTpoHCKH ariCOPIIIMOHU CIIEKTPU KOMILIEKCa

3.5.2.1. EnexTpoHCKH ancopniMoOHu CIEKTPU KOMIUIEKCA HUKIIA ca JIUTaHuMa
ed3a-Tumna

CBu pasmarpanu komiuiekcu (Ni-ed3a, Ni-eda2p u Ni-ed3p) rpame nerounanu
JTMAMUHCKU TIPCTEH U HE TOKa3yjy TeHICHIM]y LIMpEHa IpPBE arcoOpHIMOHE TPaKe Ha CTpaHH
HW)KE CHEpruje, MITO je TOCIequlla Mame H3PaKEHOT MPHCYCTBAa TETPArOHAIHOT JIMTaHIHOT
nosba (Da4y, Mogmen). Enextponcke amncopmnimone crnektpe Ni(Il) TpeGa mHTEepnpeTnpatu mpeko
okTaemapckor (On) Mojena: 3Azg—> 3ng,(F) (Tpaka I); 3Azg - 3Tlg(F) (tpaka III) u 3Azg -

3T1g(P) (tpaka IV) (Cnuka 24).
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Wavenumbers [1000/cm]
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Crnuka 24. Enextponcku ancoprnunonu cnektpu Ni(Il) kommnekca: Nied3a_ ; Nieda2p
Nied3p _ ; Nil,2pd3a __.

VY cBakoM O] crieKTapa pa3MaTpaHuUX KOMIUIEKCa yodeH je mpeBoj Ha oko 13000 cm’
(Tpaxa II, TabGena 13) Ha cTpaHM BUILE €HEPruje CIMHCKHU-I03BOJbEHE Tpake. OBa Tpaka MmoTuye
ol cnuH-opoutanHor kymioBama. Crnektpu Ni(Il) xommiekca decTo peduiekTyjy HpocedHy
KOOPJIMHAIIMOHY T'€OMETpHjy. JauMHa JIMTaHIHOT MOJbA CBUX ETHJICHIMAMUHCKHX KOMILIEKCa
pacte cienehum pemom: Nied3a > Nil,2pd3a > Nieda2p > Nied3p a mTo je y AMPEKTHO]

CarJacHOCTH ca olajameM Opoja NeTOWIAaHUX XEeJIaTHUX IMPCTEHOBA Y IIEJIOM CHCTEMY.
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Tab6ena 13. Excnepumentanan UV/Vis cnekrpannu nogany 3a Ni edta-Tunm koMIiekca

Kommeke Excn.Bpennoctu y Osznaxka (Oy) Ped.
v(10*cm™) € (I/mol-cm)
[Ni(ed3a)(HO)|" 10.00 26 l Aoy — *Tog(F)
13.03 5 I — 'Ey(D) Osaj pax
16.77 11 1 = Ti(F)
- 3Tlg(P)
26.24 20 v
[Ni(eda2p)(H0)] 1033 22 [
13.17 12 Il Osaj paz
16.80 16 I
26.73 26 v
[Ni(ed3p)(H20)] 10.19 26 [
13.14 5 1] Ogaj pan
16.58 9 1
26.81 17 v
[Ni(1,2pd3a)(H;0)] 10.04 10 '
13.02 4 I Osaj pax
16.75 12 i
26.59 24 v

3.5.2.2. EneKTpOHCKH arlCOPIIIMOHHU CIIEKTPH KOMIUIEKCA HUKIIA Ca JINTaHanMa
1,3-pd3a-tumna

EnexTpoHCKHU arcopnioHy CIEKTPHU UCTIUTUBAHUX KOMITJIEKCA MPHUKAa3aHU Cy Ha CIHIN
25. Anamusupanu cy komruiekcd Ni-1,3-pd3a, Ni-1,3-pd2ap u Ni-ed3a umum cis-polar-[Ni(1,3-
pnd3a)] (76) (1,3-pnd3a ckpahenuna 3a 1,3-menrtagmamun-N,N,N -Tpuaneratau jon) pamu
nopehewma. Y cmydajy Ni-1,3-pd3a, Ni-1,3-pd2ap u Ni-1,3-pnd3a komrmiekca Koju caapike

miectowianu 1,3-nmpomnaHimaMUHCKU MIPCTEH, OYEKYje ce MIMPEHEe MPBE arncopIIMOHEe Tpake Ha
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cTpanu Hmwke eHepruje. OBO je Tocienulla Mame H3PAXKEHOI MPHCYCTBA TETParoHaJIHOT
nuranaHor noska (Day Mmogein). Kao mTo je moka3zano Ha mpuMepuMa KoMmIuiekca edta-Tuma Kao u
Ha MHOTUM JpyruMm npumepuma Ni(Il) komrmekca eleKTpOHCKE arcopIIUOHE CIEKTpe Tpeda
WHTEPIPETUPATH TIPEKO OKTaemapckor (Op) Mojaena: 3Azg—> 3ng(F) (Tpaka I); 3Azg - 3Tlg(F)
(Tpaka III) u 3Azg - 3Tlg(P) (tpaka IV) (tabena 14). YV cBakoM 0o CHeKTapa pa3MaTpaHUX
KOMIUIEKCa YoueH je mpeBoj Ha oko 13000 cm’! (Tpaka II) Ha cTpaHM BHIIIE €HEPTHje CIIUHCKHU-

103BOJbeHE Tpake. OBa Tpaka MoTHYE 01 CHUH-OPOUTATHOT KYIJIOBambA.

Wavenmmnbers [1000 cm]

16 14 12 10
L 1

323028 26 24 2
L

1 ! | L

[
[
—
—
=

€ (IVmol-cm)x 100

T T T T T T T
300 400 500 600 700 800 200 1000 1100

Wavelenoth [nml
Cnuxka 25. Enextponcku ancoprnimonu criekrapu Ni(Il) kommuiekca: Nied3a ; Nipd3a__;
Nipd2ap _.

lenepanno, Tpake Koje TpHIANAjy KOMIUIEKCMMa ca  1,3-mpornaHaIuaMiUHCKUM
MIPCTEHOBHMMA IOMEpEHEe Cy Ka BUIIMM €Heprujama IITO 3HAYM Jla OHH MOCEYjy jadye JUTaHIHO
nosbe. Ymopehyjyhu kommtekce Ni-1,3-pd3a u Ni-ed3a, JJIIT (opact jaurHe JTUTaHIHOT 0Jba)
HACTaje Kao Mocjienuiia MPHUCYCTBa JBa KapOOKCUIIATHA NIPCTEHA Y €KBATOPHU]ATHO] paBHHU, IITO
he w3BpmuT Behu yruiaj Ha d-opOurtane qyx X U y oce. Mama MojapHa arcopiiyja 3a Cis

polar-[Ni(pd3a)(H,O)] u cis-polar-[Ni(1,3-pd2ap)(H2O)] (Bumu tabeny 14 ) y oanocy Ha Ni-
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ed3a KOMIUIeKC je Mocequila MPUCYCTBA Mambe KPYTOT MIeCTOWwIaHor |,3-mpormaHanaMHHCKOT

npcTeHa.

Tab6ena 14. Enextponcku ancoprionn nonaiy 3a Ni(Il) kommnekce ca mentaaenratiuM Hil,3-pd3au Hsl,3-
pd2ap u ymopeanBu Hized3a u Hil,3-pnd3a muranamma

Kommieke Arncopnimja Ipenasu (Oy) Ped.
A(cm™) €
cis-equatorial-[Ni(ed3a)(H,0)]" [ 10.00 26 Aoy — SToy(F)
I 13.03 5 — 'E,(D) [66]
1 16.77 11 — T 1(F)
v 26.24 20 — *T(P)
cis-polar-[Ni(pd3a)(H,O)] I 9.36 (sh) 9.5
I 11.04 11.8 Osaj
i 13.12 4.8 pan
v 16.67 6.0
27.85 7.9
cispolar-[Ni(1,3-pnd3a)] I 9.80 (sh) 17.9
10.63 18.7
I 13.14 6.6 [76]
Il 16.84 11.5
v 27.32 16.0
cis-polar-[Ni(1,3-pd2ap)(H,0)] I 10.23 30.9
I 13.00 6.5 Ogaj
i 16.65 9.5 pan
v 27.06 13.2

3.5.2.3. ENeKTpOoHCKH arcopIIMOHU CIIEKTPH KOMIUIEKCA HUKIIA Ca JIMTaHINMa

edta-Tumna

Enextponcku ancoprnuuonn crektpu 3a [Ni(H20)g][Ni(1,3-pdta)]-2H20 u trans(Os)-

Mg[Ni(1,3-pd3ap)]- 10H,0 komruiekce Kao U apyre cpojaHe KoMmiuiekce edta-Tuma maTu Ccy Ha

ciunu 26. CBU OBM KOMIUIEKCH T'pajie mectowiane nuamuHcke npereHose (T), u 3a paznuky on

OHUX CpOJHHUX KOMIUIeKca Koju (opmupajy merouwrnane nuamuHcke npcreHose (E), mokasyjy

TEHJICHIIN]Y IIUPEeHha MPBE allCOPMIMOHE Tpake (HUXKE EHEePreTCKo CTame, cimka 29) mTo je

MOCJIeIUIIa YTHUIAja TETPArOHAITHOCTH Ha CIIEKTPOXEMH]JCKO TOHamame oBUX Komruiekca (Dap
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Mozen). Mehyrtum, enektponcku arncoprimonu cnektpu Ni(Il) komrmiekca Hajoosbe ce mMory

TymMauuTu momohy okxraemapckor (Oy) Mozena: 3A29—> 3ng(F) (Tpaka I); 3Azg - 3T1g(F) (Tpaka

1) 1 *Azg — °T1(P) (tpaxa IV) (tabena 15).

Wavenumbers [1000/em]
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Cnuka 26. Enexrponcku ancoprnuonu cuektpu Ni(Il) kommmekca: pdta ~ ; pd3ap ; pddadp.....

Kao mrro ce ouekuBaino, Bomenu crektpu [Ni(H20)g][Ni(1,3-pdta)]-2H,0 u trans(Os)-
Mg[Ni(1,3-pd3ap)]- 10H,O mokasyjy mpesoj Ha oxo 13000 cm™ (rpaxa II, Tabena 15) Ha crpanu
BUIIIE €HEpTuje CIHMHCKH-03BOJbeHe Tpake. OBa Tpaka je BEpOBAaTHO MOCIEIMIA CIHHCKA
3a0pameHOr TMpejia3a ca TpPUIUIeTa Ha CHHIVIET. AICOPHIIMOHM MAaKCHUMyMH KOMILICKCa
[Ni(H20)g][Ni(1,3-pdta)]-2H,0 u trans(Os)-Mg[Ni(1,3-pd3ap)]-10H20 ( tpake I u III, Tabena
15) Hanase ce Ha HIDKUM eHeprujama Hero one nmpoHalhene 3a kommiexke Mg[Ni(1,3-pdta)]-8H.0

) Jaunma smramgHOr TOIBA (JJIIT) 3a oBe KoOMILIEKCE pacTe cleaehuM pemoMm:
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pddadp<pd3ap<pdta mTo je y IHMPEKTHO] CarlaCHOCTH ca OmaJameM Opoja MIECTOUTIAHUX

npcreHoBa y G paBHH.

Ta6ena 15. Ancopnuuonn (AB) nozamu 3a neke [Ni(edta-tumn]) xommiekce®

Kommneke AB 10° € IIpenaszu Ped.
v(cm') O
Mg[Ni(1,3-pdta)] -8H,O [ 10.50 166 A,y — °Ty(F)  [67]
I 12.98 3.9 — 'E4D)
" 17.54 6.8 — T (F)
I\% 26.37- 7.6 — T (P)
28.57sh
[Ni(H,0)g] [Ni(1,3-pdta)] -2H,O | 10.35 17.31 Osaj
I 12.87 6.18 pan
1 17.48 8.51
v 25.77 13.43
trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,0 | 10.22 15.2 Osaj
I 12.99 6.8 pan
1 16.86 11.5
A% 26.39 19.9
trans(Os)- [Niy(1,3- | 10.18 11.3 [31]
pddadp)(H,0),]-4H,0 Il 13.00 23
1 16.55 6.5
v 26.88 10.0
Mg[Ni(1,3-pndta)] -10H,O | 10.59 14.7 [68]
I 12.88 4.0
1 17.52 6.8
A% 26.69 (sh) 7.3
Mg[Ni(1,4-bdta)]-9H,0 | 9.63 11.7 [69]
I 12.97 35
1 17.21 9.9
v 25.73sh 11.9

aBpeLlHOCTI/I € Cy IaTe y jeAMHUIIaMa mol™ dm® cm
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3AKJbYUAK

Harpahenn xekcaakBanukai(Il)-bis[ (etunenauamuna-N,N,N'-rpuaneraro)(aksa)aukenat(1l)]
muxuapar, [Ni(H20)g][Ni(ed3a)(H20)]2:2H20 (3a koju je mpujaB/beHa KpPHCTalIHAa CTPYKTYpa),
narpujym[ (erunerauamua-N-monoarerato-N,N - 1u-3-nponronaro)(aksa)aukeaar(1l) ]
XenTaxuapar, Na[Ni(eda2p)(H20)]-7H20, marHe3ujym-bis[(errnenanamua-N-N,N’
-tpu-3-iportnonaro(aksa))uukenar(Il)]  momexaxwmmpar,  Mg[Ni(ed3p)(H20)]> 12H,O  wu
6apujym bis[(1,2-npomanauamun-N,N-N"-tpuarieraro)(aksa)uukenar(Il)] rerpaxumpar,
BaNi(1,2-pd3a)(H20)],-4H,0 3a0KPYKUIIH  CY jemuHcTBeHy cepujy Hukan(Il)
eTHJICHINAMIH TeTPakapOOKCHIATHUX Xejlara ca aleTraro W MpomuoHaTo rpynama. Ha ocHoBy
eKcrepuMeHTanHuX nmoaaraka 1 DFT mpopauyna, ycTaHOBHIM CMO CiS-equatorial-Hy reoMeTpHjy
3a [Ni(H20)¢][Ni(ed3a)(H20)]2-2H.0 u trans-equatorial-ny TEOMETPH]Y 3a
Na[Ni(eda2p)(H20)]-7H20, Mg[Ni(ed3p)(H20)]2:12H,0 u  Ba[Ni(1,2-pd3a)(H20)]2-4H-0.
Kpucranorpapcku oxapehernom cis-equatorial uszomepy [Ni(ed3a)(H2O)]” takohe oxarosapa
€HEepPreTCKu  HajHWkKa CcTpykTtypa. llpemnmokene trans-equatorial-He reomerpuje 3a
Na[Ni(eda2p)(H20)]-7H20, Mg[Ni(ed3p)(H20)]>'12H,0 u Ba[Ni(1,2-pd3a)(H20)]2-4H,O cy
takohe y cKimamy ca pesynTaTHMa CIEKTPAHUX aHalk3a. 3a HWHTEPAKIMOHE jEIHMHHIES
NiL--eeee Bopna ypahenu cy NEDA mpopauynu.

VY oBom pany, takohe je Harpahen HoBu Hs3l,3-pd2ap nuran;g kao u JBa HOBa KOMILICKCa
auka(Il): kaaujym-[(1,3-nmponanauamun-N,N,N'-tpruarieraro(aksa))uukenar(Il) ] rpuxuapar,
K[Ni(1,3-pd3a)(H20)]-3H,0 u 6apujym-big(1,3-npomanauamun-N,N'-1narneraro-N'-
nponuoHarto)(akBa)Hukenat(Il)] momexaxumpar, Ba[Ni(1,3-pd2ap)(H20)],-12H20, koju caapxe
MeTOYWIaHe W IIeCTOWIaHE TMPCTEHOBE. Y CKIAAy ca CIEKTPATHUM pe3ylTaTuMa Kao
(daBopr3oBaHa reoMeTpHja 3a 00a KOMIUIEKCa IpeIoKeHa je CiS-polar-uHa reomerpuja. lapxuau
tpanchep (CT) m enextpocrarnuka kommoHeHTa (ES) medunumy pasnuky msmely ykymHuxX
eHeprerckux wuHTepakuuja. Jakme, [Ni(ed3a)]:- OH; Besa mokasyje Hajpehu eHepreTcKu
nonpunoc AE = -20.06 kcal/mol. [Ni(1,3-pd2ap)] - OH; je Be3an ca 15.14 kcal/mol mTo ra
YMHUA HAjIPUCTYNAuYHUjUM 3a ociio0ahame MoJeKyna BOAE Yy MOTEHIHUjaIHUM peaklujama
cyncrutrynuje. Ilopen Tora, 1,3-mponmangmamMuHcku T TIPCTEH YWHHU €HEPTH]y WHTEPAKIIH]jE

LNi---eeee OH> koMIIIeKca HIPKOM HETo IITO je TO CiIydaj KOoJ KoMIUIeKca Koju caapke E mpcTeH.
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OBnme je Takohe omumcaH mocTynak jAoOWjama, Xxpomartorpaduja W KapakTepHu3aluja
xekcaneHtarHor Hukan (1) kommiekca, Mg[Ni(1,3-pd3ap)]-10H,O koju campku HECUMETpHYaH
nuranj edta-Turma, 1,3-pd3ap2'. On nBa Mmoryha reomeTpujcka H30Mepa U30JI0BaH j€ caMo jeIaH U
To [trans(Os)]. Y oBoMm u3oMmepy aBa meTowIaHa rMiuHATO npcteHa (R mpcreH) 3ay3umajy
trans-akcujaHu TOJI0KAj, TOK jelaH TIIMIUHATO MPCTEH M jeAaH [3-allaHMHATO MPCTEH JIeKE Y
eKBaTOpHjaHOj paBHM ca aBa a3ota (G mpcrenosn). [Ipema UV-vis crieKTpalHUM pe3ysiTaTuMa
3a Halle KOMIUJIEKCE M HEKOJIMKO KOMIUIEKCa Ca CIMYHOM CTPYKTYPOM YCTaHOBHJIM CMO Ja
jaunHa nurangHor nosba (JJIIT) pactre y wu3y pddadp<pd3ap<pdta ca omnamamem Opoja
mecrowianux npcreHosa y G pasuu. [lakie, Ha ocHoBy NBO u NPA Mosnekyncko-opOuTamHe
aHanu3e kKomruiekca Hukiaa ca EDTA-tun nuranamMa MokeMo 3aKJbyYWTH J1a TIOCTOJU TOTOBO
JMHEeapHa 3aBHCHOCT Opoja METOYJIaHWX XeNaTHUX TPCTEHOBAa ca EHeprujoM TpaHcdepa
HaenekTpucama. Lllto je Behu Opoj mecTowaHMX IPOMHMOHCKUX XEJIaTHUX MPCTEHOBA TO je Behu
TpaHncgep eHepruje. CiydajeBu ca €KCTPEMHHM OpojeM OMIIO METOWIAHMX HIIM IIECTOYJIaHUX
XENaTHUX TPCTEHOBa MMajy 3a mocienauity yBehame Ect enepruje. Ha ocHOByY cBera nmo cama
M3PEUYCHOT MOKE C€ 3aKJbYUUTH J1a Ha CTAa0MIIHOCT XEKCaJEHTAaTHOT CHCTEMa BUILIE YyTUYY CTEPHU

CTPYKTYpHU €PEKTH, a MAbe EICKTPOHCKH.
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ITPUu’ior



IHPUJIOT

Konaune aromMcke KoOpauHaTe 3a HEBOJOHMKOBE AaroMe€ U CKBUBAJICHTHH IapaMeTpH
u3oTpornckor npememrama Ueq ca craHmapJHMM JeBUjalMjaMa |y 3arpajaMa  3a

[Ni(H,0)¢][Ni (ed3a) (H,0)],-2H,0 rommexc:

Atom X y z Ueq (A7)

Monekyncka KoMnoHeHTa 1:

Nil 0.32454(1) 0.01233(2) 0.48259(2) 0.00877(6)
O11 0.05391(7) 0.11968(9) 0.43604(12) 0.0145(3)
012 0.19731(7) 0.08151(9) 0.38149(11) 0.0120(3)
013 0.40890(8) 0.33914(9) 0.60045(12) 0.0157(3)
014 0.39708(7) 0.16388(9) 0.49031(11) 0.0121(3)
015 0.27356(8) -0.32889(9) 0.58865(13) 0.0164(3)
016 0.26026(7) -0.14864(9) 0.49143(12) 0.0125(3)
017 0.37135(8) -0.01991(10) 0.28157(13) 0.0120(3)
NI11 0.26947(8) 0.08055(10) 0.66667(14) 0.0108(3)
N12 0.42167(9) -0.07211(11) 0.63697(14) 0.0119(3)
Cl1 0.30771(11) 0.00746(13) 0.79385(17) 0.0134(4)
Cl12 0.40995(11) -0.01527(14) 0.78101(18) 0.0146(4)
Cl13 0.16806(10) 0.07262(13) 0.63532(16) 0.0124(4)
Cl4 0.13822(10) 0.09401(12) 0.47214(16) 0.0117(4)
Cl15 0.29997(11) 0.20499(13) 0.68140(18) 0.0143(4)
Cl6 0.3751(1) 0.23886(13) 0.58423(16) 0.0117(4)
C17 0.40259(10) -0.19919(13) 0.63528(18) 0.0137(4)
C18 0.30422(10) -0.22869(13) 0.56820(16) 0.0121(4)
Monekyicka KOMIIOHEHTA 2:

Ni2 0.00000(-) 0.00000(-) 0.00000(-) 0.01158(8)
021 -0.04211(8) 0.09967(10) 0.16823(13) 0.0145(3)
022 0.01409(8) 0.14651(10) -0.12653(13) 0.0160(3)
023 0.14058(8) 0.01112(11) 0.09013(14) 0.0159(3)
Monekyicka KOMIOHEHTa 3:

031 0.08360(9) 0.82599(10) 0.38754(13) 0.0141(3)
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Vraosu Besa y monekyity [Ni(H20)g][Ni(ed3a)(H,0)],-2H,0 (°)

012 Nil 014 97.10(4) Cll1 N11 -C13 113.51(11)
012 -Nil -016 88.33(4) Cl1 N11 -Cl15 112.45(12)
012 -Nil -017 92.08(4) C13 N11 -C15 110.97(11)
012 -Nil N11 79.56(4) Nil NI2  -CI2 104.85(9)
012 -Nil NI2 160.75(5) Nil NI2  -C17 109.23(9)
014 -Nil -016 174.19(4) CI2 NI2  -Cl7 113.41(12)
014 -Nil -017 87.85(4) N11 -Cl11 -C12 108.72(12)
014 -Nil N11 84.09(4) N12 -C12 Cl11 110.27(13)
014 -Nil NI2 93.33(5) N11 -C13 -Cl4 110.67(12)
016 -Nil -017 94.03(4) o11 -Cl4 -012 124.25(13)
016 -Nil N11 94.92(4) 011 -Cl4 -C13 117.10(13)
016 -Nil NI2 80.88(5) 012 -Cl4 -C13 118.60(13)
017 -Nil N11 167.55(5) N11 -C15 -C16 114.41(12)
017 -Nil NI2 104.49(5) 013 -C16 -014 124.80(14)
N11 -Nil -N12 85.49(5) 013 -C16 -C15 117.40(13)
Nil 012 -Cl4 112.31(9) 014 -C16 -C15 117.78(13)
Nil 014  Cl6 115.43(9) NI2 -C17 -C18 112.74(12)
Nil 016  -Cl18 117.05(9) 015 -C18 -016 124.77(14)
Nil N11 Cl11 105.92(9) 015 -C18 -C17 118.35(13)
Nil N11 -C13 106.49(9) 016 -C18 -C17 116.85(13)
Nil N11 -C15 106.97(9) 022 -Ni2 -022_a 180.00(-)

021 -Ni2 -022 91.40(5) 022 -Ni2 -023 a 88.94(5)
021 -Ni2 -023 91.72(5) 023 -Ni2 -021 a 88.28(5)
021 -Ni2 -021 a 180.00(-) 023 -Ni2 -022_a 88.94(5)
021 -Ni2 -022_a 88.60(5) 023 -Ni2 -023 a 180.00(-)

021 -Ni2 -023 a 88.28(5) 021 a  -Ni2 -022_ a 91.40(5)
022 -Ni2 -023 91.06(5) 021 a  -Ni2 -023 a 91.72(5)
022 -Ni2 -021 a 88.60(5) 022 a  -Ni2 -023 a 91.06(5)

Jlyxune Besa y mosekyiy [Ni(H20)g][Ni(ed3a)(H,0)].-2H,0 (A)

Nil -012 2.123(1) 016 -C18 1.2764(18)
Nil -014 2.0185(10) N11 -C11 1.483(2)
Nil -016 2.0620(11) N11 -C13 1.4709(19)
Nil -017 2.0514(12) N11 -C15 1.4861(19)
Ni1 -N11 2.0820(12) N12 -C12 1.488(2)
Nil -N12 2.1108(13) N12 -C17 1.4730(19)
011 -Cl14 1.2660(18) c11 -C12 1.523(2)
012 -Cl14 1.2601(18) C13 -C14 1.520(2)
013 -C16 1.2451(18) C15 -C16 1.525(2)
014 -C16 1.2726(18) C17 -C18 1.528(2)
015  -C18 1.2458(18) Ni2 021 a 2.0507(12)
Ni2 -021 2.0507(12) Ni2 -022_a 2.0495(12)
Ni2 -022 2.0495(12) Ni2 -023 a 2.1183(12)
Ni2 -023 2.1183(12) 031  -H31' 0.76(3)
031  -H31 0.79(3)
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Konaune aToMCKe KOOpJMHATE 3a HEBOJIOHMKOBE aTOME U CEKBHBAJICHTHH IapaMeTpu
u3oTporckor npemerntamba Ueq ca cTaHmapaHuM JAeBHjanujama y 3arpagama 3a K[Ni(1,3-

pd3a)(H,0)]-3H,0 kommiexkc:

Atom X y z Ueq (A%
Ni 0.19917(3) 0.93072(3) 0.27876(1) 0.00957(6)
K 0.20837(5) 1.15419(5) 0.46380(2) 0.01471(9)
o1 0.15244(17) 0.85632(16) 0.40609(7) 0.0145(3)
o2 0.2366(2) 0.61175(18) 0.49234(8) 0.0233(3)
03 0.07415(17) 1.21897(16) 0.29991(7) 0.0138(3)
o4 0.03682(18) 1.47997(16) 0.22809(8) 0.0159(3)
05 -0.09027(17) 0.96585(16) 0.26670(8) 0.0157(3)
06 -0.3043(3) 1.0440(3) 0.17116(14) 0.0650(8)
o7 0.47932(18) 0.92047(18) 0.29987(8) 0.0162(3)
ol11 0.2283(2) 1.34113(18) 0.61075(9) 0.0171(3)
012 0.61678(19) 1.14065(19) 0.42793(9) 0.0178(3)
013 0.9727(2) 0.6415(2) 0.06208(10) 0.0244(4)
N1 0.3272(2) 0.64562(19) 0.25339(9) 0.0129(3)
N2 0.2231(2) 1.00353(18) 0.14515(8) 0.0117(3)
Cl 0.2447(2) 0.6814(2) 0.41789(11) 0.0152(4)
c2 0.3770(3) 0.5513(2) 0.33686(11) 0.0157(4)
c3 0.5075(3) 0.5687(2) 0.17806(11) 0.0169(4)
c4 0.4491(3) 0.6623(2) 0.09203(11) 0.0183(4)
C5 0.4136(3) 0.8660(2) 0.08494(11) 0.0171(4)
c6 0.2265(2) 1.1882(2) 0.14529(10) 0.0128(4)
C7 0.0999(2) 1.3052(2) 0.23092(10) 0.0125(4)
C8 0.0299(3) 1.0247(2) 0.11702(11) 0.0167(4)
C9 20.1348(3) 1.0124(3) 0.19121(12) 0.0214(5)
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Vruosu Be3za y monexyiny K[Ni(1,3-pd3a)(H,0)]-3H,0 (°)

IHPUJIOT

0l -Ni -03 99.14(4) Ola K Cl a 23.66(3)
0ol -Ni -05 90.91(5) Ola K -012_ b 74.09(4)
ol -Ni -07 87.12(5) 02a K Cl a 23.34(4)
01 -Ni N1 82.76(5) 02a K 012 b 117.94(4)
01 -Ni -N2 174.48(6) Cla K 012 b 95.11(4)
03 -Ni -05 88.52(5) Ni -0l K 90.45(4)
03 -Ni -07 86.12(5) Ni -0l -C1 114.95(10)
03 -Ni N1 178.07(5) Ni -01 K a 135.72(6)
03 -Ni N2 82.26(5) K -0l -C1 130.93(11)
05 -Ni -07 173.92(5) K -0l K_a 106.13(4)
05 -Ni N1 91.81(6) Cl -01 K a 84.78(9)
05 -Ni -N2 83.78(6) Cl -02 K a 90.57(10)
07 -Ni N1 93.65(6) Ni -03 -K 88.67(4)
07 -Ni -N2 98.32(6) Ni -03 -C7 113.87(9)
N1 -Ni -N2 95.89(5) K -03 -C7 136.51(11)
01 K -03 67.51(3) Ni -05 -C9 114.97(14)
0ol K -07 58.56(4) Ni -07 -K 83.78(4)
01 K -0l11 146.24(4) K 012 Kb 96.05(4)
01 K 012 119.84(4) Ni ‘N1 -C2 107.85(9)
0ol K -0l a 73.87(3) Ni ‘N1 -C3 115.64(10)
01 K -02_a 91.99(4) C2 N1 -C3 112.49(14)
01 K Cl a 89.96(4) Ni -N2 -C5 114.12(10)
01 K 012 b 73.48(4) Ni -N2 -C6 104.96(9)
03 K -07 58.44(4) Ni -N2 -C8 107.04(10)
03 K -0l11 142.40(4) Cs -N2 -C6 110.05(13)
03 K -012 105.81(4) Cs -N2 -C8 110.74(13)
03 K -0l a 104.45(4) c6 -N2 -C8 109.71(12)
03 K -02_a 74.94(4) 01 -C1 -02 123.36(15)
03 K -Cl a 95.58(4) 0ol -C1 -C2 117.89(14)
03 K -012_ b 139.43(4) 0ol -C1 K_a 71.56(9)
07 K -011 141.20(4) 02 -C1 -C2 118.72(13)
07 K -012 67.65(4) 02 -C1 K a 66.09(10)
07 K -0l a 132.42(4) C2 C1 K a 141.15(12)
07 K -02_ a 131.08(4) N1 -C2 Cl 111.61(12)
07 K Cl a 144.10(4) N1 -C3 -C4 111.40(15)
07 K -012_ b 91.94(4) C3 -C4 -C5 116.26(15)
011 K 012 74.01(4) N2 -C5 -C4 114.96(16)
o11 K -0l a 81.13(4) N2 -C6 -C7 112.44(12)
o11 K -02_a 85.38(4) 03 -C7 -04 124.83(14)
011 K Cl a 74.61(4) 03 -C7 -C6 117.75(13)
011 K 012 b 78.13(4) 04 -C7 -C6 117.34(13)
012 K -0l a 149.70(4) N2 -C8 -C9 114.69(15)
012 K -02_a 146.37(4) 05 -C9 -06 124.7(2)
012 K Cl a 148.10(4) 05 -C9 -C8 119.1(2)
012 K 012 b 83.95(4) 06 -C9 -C8 116.18(18)
Ola K -02 a 44.22(3)
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IHPUJIOT

Hyxune Besa y monekyny K[Ni(1,3-pd3a)(H,0)]-3H,0 (A)

Ni -0l 2.0235(11) 02 Cl 1.248(2)
Ni -03 2.0730(12) 03 -C7 1.2613(19)
Ni -05 2.0401(14) 04 -C7 1.2568(18)
Ni -07 2.0899(15) 05 -C9 1.259(2)
Ni N1 2.0576(14) 06 -C9 1.242(3)
Ni -N2 2.1002(12) N1 -C2 1.477(2)
K -01 2.7918(13) N1 -C3 1.482(2)
K -03 2.8199(12) N2 -C5 1.491(2)
K -07 2.9941(13) N2 -C6 1.481(2)
K 011 2.8311(15) N2 -C8 1.486(3)
K 012 2.8641(16) Cl -C2 1.525(2)
K -0l a 2.9996(13) C3 -C4 1.523(2)
K -02_a 2.8787(16) C4 -C5 1.525(2)
K Cl a 3.1488(17) c6 -C7 1.528(2)
K 012 b 2.7670(14) C8 -C9 1.516(3)
01 -C1 1.2687(18)

Konaune aromcke KoOpAMHATE 3a HEBOJOHUMKOBE AaTOME€ U EKBUBAJEHTHU MapaMeTpHu
U30TpoNCKOr mpeMemTamba Ue ca cTaHAapJHUM JeBUjalldjamMa Yy 3arpajama 3a

[Ni(H-O)g][Ni(1,3-pdta)]-2H,0 xommuekc:

Atom X y z Ueq (A7)
Monekyncka KoMnoHeHTa 1:

Nil 0.50699(1) 0.25000(-) 0.25000(-) 0.00823(7)
01 0.51332(6) 0.41689(7) 0.30565(6) 0.0127(2)
02 0.59820(7) 0.52717(7) 0.41308(7) 0.0198(2)
03 0.40622(6) 0.20037(7) 0.35423(6) 0.01193(19)
04 0.39970(6) 0.13112(7) 0.50702(6) 0.0138(2)
N1 0.61193(7) 0.21923(9) 0.36095(7) 0.0102(2)
Cl 0.57647(8) 0.43221(10) 0.37486(8) 0.0125(3)
c2 0.63174(9) 0.32747(10) 0.41572(8) 0.0133(3)
C3 0.56063(8) 0.13446(10) 0.42565(8) 0.0117(3)
C4 0.44696(8) 0.15834(9) 0.43127(7) 0.0105(3)
C5 0.70665(8) 0.16976(11) 0.31966(8) 0.0144(3)
C6 0.76497(13) 0.25000(-) 0.25000(-) 0.0207(5)
Monekysicka KOMIIOHEHTa 2:

Ni2 0.10520(1) 0.25000(-) 0.25000(-) 0.00879(6)
05 -0.00095(6) 0.28189(9) 0.35708(7) 0.0147(2)
06 0.09817(6) 0.08140(7) 0.29214(6) 0.0146(2)
o7 0.21496(7) 0.21756(8) 0.14680(6) 0.0139(2)
Monekyncka KOMIOHEHTa 3:

08 0.25000(-) 0.00000(-) 0.41345(8) 0.0129(3)
Momnekyscka KOMIIOHEHTA 4:

09 0.25000(-) 0.00000(-) 0.06211(9) 0.0155(3)
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Vraosu Besa y monekyay [Ni(H,0)g][Ni(1,3-pdta)]-2H,0 (°)

IHPUJIOT

0] -Nil -0O3 92.08(3) Nil -N1 -C2 109.67(7)
ol Nil N1 82.47(4) Nil N1 -C3 103.90(6)
0l Nil Ol a 175.40(3) Nil N1 -C5 110.65(7)
0Ol -Nil -03 a 90.94(3) C2 -N1 -C3 110.11(9)
0l Nil NI a 94.44(4) 2 N1 -C5 111.62(9)
03 Nil N1 83.17(3) C3 N1 -C5 110.63(9)
03 -Nil -0l a 90.94(3) 0Ol -Cl -02 125.56(11)
03 -Nil -03 a 97.99(3) 0] -Cl -C2 118.26(10)
03 Nil NI a 173.36(4) 02 Cl C2 116.18(10)
N1 -Nil -0l a 94.44(4) N1 -C2 -Cl 114.07(9)
N1 -Nil -03 a 173.36(4) N1 -C3 -C4 110.97(9)
N1 Nil NI a 96.44(4) 03 C4 -04 124.45(10)
Ol a  -Nil 03 a 92.08(3) 03 c4 -C3 116.27(9)
Ol a  -Nil N1 a 82.47(4) 04 -c4 -C3 119.18(9)
03a  -Nil N1 a 83.17(3) N1 -C5 -C6 114.9(1)
Nil 01 Cl 115.23(7) C5 -C6 C5.a 119.80(12)
Nil -0O3 -C4 113.99(7) 07 -Ni2 -O7 b 90.17(3)
05 Ni2  -06 86.70(4) 06 Ni2  -07b 90.91(3)
05 Ni2 07 178.01(3) 07 Ni2  -05b 87.92(3)
05 Ni2  -05.b 94.00(3) 07 Ni2  -06_b 90.91(3)
05 -Ni2 -06 b 89.74(4) 06 -Ni2 -06 b 174.79(3)
05 Ni2  -O7b 87.92(3) 05b  -Ni2  -06b 86.70(4)
06 Ni2 07 92.78(3) 05b -Ni2  -O7b 178.01(3)
06 Ni2  -05b 89.74(4) 06b -Ni2  -O7b 92.78(3)
Jlyxune Beza y mosekyiy [Ni(H,0)g][Ni(1,3-pdta)]-2H,0 (A)

Nil 01 2.0807(8) 03 Ca 1.2748(13)

Nil .03 2.0277(8) 04 C4 1.2452(13)

Nil N1 2.0795(10) N1 2 1.4834(15)

Nil 0l a 2.0807(8) N1 -C3 1.4834(15)

Nil 03 a 2.0277(8) N1 C5 1.4862(14)

Nil -N1 a 2.0795(10) Cl -C2 1.5225(16)

ol Cl 1.2700(13) C3 C4 1.5280(15)

02 -Cl 1.2516(14) C5 -C6 1.5354(14)

Ni2 -05 2.0548(9) Ni2 -O5 b 2.0548(9)

Ni2 -06 2.0405(8) Ni2 -06_b 2.0405(8)

Ni2 -07 2.0523(9) Ni2 07 b 2.0523(9)

08 "HIS 0.7867(-) 08 "HIS ¢ 0.7867(-)

09 _H19 0.7979(-) 09 "H19 d 0.7979(-)
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Mumposuya, 00 oya Kpcma u majxe Munuye. OcHo8Hy u cpeory wWKONY 3a8puiuila je y
Kocosckoj Mumposuyu. [lxoncke 1989/90. 2cooune ynucyje ce na Pyoapcko-memanypwiku gpaxyimem
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je ounnome ,,Mcmaxnymu cmyoenm ’Kojy 0odemyje Yuusepzumem y Ilpuwimunu 3a usysemue pesyaimame
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Pyoapcro-memanypwroe @axyrmema y Kocoeckoj Mumposuyu. Haxon — unmecpucara ucmoe y
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The O-O-N-N-O-type pentadentate ligands Hsed3a, H31,2-pd3a, Hzeda2p and Hsed3p (Hsed3a stands
for ethylenediamine-N,N,N'-triacetic acid; Hs1,2-pd3a stands for 1,2-propanediamine-N,N,N'-triacetic
acid; Hseda2p stands for ethylenediamine-N-acetato-N,N'-di-3-propionic acid and Hsed3p stands for eth-
ylenediamine-N,N,N'-tri-3-propionic acid) and the corresponding novel octahedral nickel(Il) complexes
have been prepared and characterized. Hsed3a, H31,2-pd3a, Hzeda2p and Hzed3p ligands coordinate to
nickel(II) ion via five donor atoms (three deprotonated carboxylate atoms and two amine nitrogens)
affording octahedral geometry in case of all investigated Ni(Il) complexes. A sixth place within octahedra
has been occupied by the molecule of water. A six coordinate, octahedral geometry has been established
crystallographicaly for the [Ni(H,0)g][Ni(ed3a)(H,0)]»-2H,0 complex. Structural data correlating similar
chelate Ni(II) complexes have been used to carry out an extensive configuration analysis. This is discussed
in relation to information obtained for similar complexes. The infra-red and electronic absorption spectra
of the complexes are discussed in comparison with related complexes of known geometries. Molecular
mechanics and density functional theory (DFT) have been used to model the most stable geometric iso-
mer yielding, at the same time, significant structural data. The results from density functional studies
have been compared with X-ray data. Natural Energetic Decomposition Analysis (NEDA) has been done

for the LNi- - -OH, unit.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A lot of metal ions can be removed from soil and water by the
edta-type ligands [1]. Human health can be affected by toxicity
of many metals where some of them, such as nickel, are essential
[2,3]. Bioinspired nickel coordination chemistry has flourished in
recent years and the resulting synthetic models for the active sites
of nickel-containing enzymes are reviewed [4]. It is shown that
nickel may also be a serious enemy in an organism and a threat
to oxidative stress [5]. Therefore, aminopolycarboxylates with
great affinity for metal coordination showed significant role in
their treatment. Different isomerism is possible due to the chelate
nature (hexadentate, pentadentate or tetradentate type) [6-9]. In
case of pentadentate ed3a-type ligand (ed3a stands for ethylenedi-
amine-N,N,N'-triacetate ion) we may differentiate three [M(ed3a)X]
(X = monodentate ligand) geometrical isomers (Fig. 1). The isomers
are denoted as cis-equatorial, trans-equatorial and cis-polar. In case
of [M(ed3a)X] complexes where M = Co(IIl) and Cr(III) cis-equatorial
was found as a favorable configuration [10-13].

When geometry of complexes is in question, d-electron configu-
ration and size of the central metal ion can be taken into account as

* Corresponding author. Tel.: +381 34336223; fax: +381 34335040.
E-mail address: zmatovic@kg.ac.rs (Z.D. Matovic).

0277-5387/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.poly.2012.11.029

well [14-16]. It is already known that some analogs of ed3a-type
ligand upon coordination favor square-pyramidal (SPy) geometry
but octahedral surrounding is also possible [17]. For multidentate
ed3p ligand (ed3p stands for ethylenediamine-N,N,N'-tri-3-propio-
nate ion) octahedral complexes, as in case of Cr(Ill), are found
[18,19].

One of the aims of this paper was to prepare new pentadentate
ed3a-type ligands and corresponding nickel(Il) complexes:
[Ni(H,0)g][Ni(ed3a)],-2H,0 (crystal structure reported), Na[Ni(e-
da2p) (H,0)]-7H,0, Mg[Ni(ed3p)(H,0)]»-12H,0 and Ba[Ni(1,
2-pd3a)(H,0)],-4H,0. The IR and UV-Vis spectra of compounds
prepared were discussed in relation to their geometry. For better
understanding of new structures we enrolled molecular mechanics
and DFT (DFT stands for density functional theory) methods in or-
der to determine the most stable isomer and actual energetic rela-
tion. Computational calculations are compared with X-ray results
in case where they were present. Natural Energetic Decomposition
Analysis (NEDA) [20], which originated from Natural Bonding Orbi-
tal theory, has been done for the LNi- - -OH, unit.

2. Materials and methods

Chemicals were of reagent grade, commercially available and
used without further purification. Ethylenediamine, 1,2-propane-
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Fig. 1. Geometrical isomerism of six-coordinate [M(ed3a-type)X,] complexes: n=1.

diamine, 3-chloropropionic and chloroacetic acids were purchased
from Fluka and used as supplied. Preparation of calcium salt of
ethylenediamine-N,N,N'-triacetic acid, Cas(ed3a),-12H,0 and ethy-
lenediamine-N-acetic acid dihydrochloride dihydrate, H-
edma-2HCI-2H,0 was reported previously [17,21].

3. Experimental

3.1. Preparation of the hexaaquonickel(ll)-bis{(ethylenediamine-
N,N,N'-triacetato )aquo nickelate(1l}) dihydrate,
[Ni(H20)][Ni(ed3a)(H20)]>-2H20 (1)

Cas(ed3a),-12H,0 (5.99 g, 7.5 mmol) was dissolved in 40 ml of
water and solution of 1.80 g (45 mmol) NaOH was added in 5 ml
of water. The deposited Ca(OH), was separated by filtration under
vacuum and the solution of 3.56 g (15 mmol) NiCl,-6H,0 in 15 ml
of water was added into the filtrate. The resulting mixture was stir-
red at 65 °C for 1 h. The blue suspension was then filtered and de-
salted by passage through a G-10 Sephadex column, with distilled
water as the eluent. The resulting light green solution was poured
into a 4 x 40 cm column containing Dowex 1-X8 (200-400 mesh)
anion exchange resin in the ClI~ form. The column was then washed
with water and eluted with 0.1 M NiCl,. The second band was
evaporated to 10 ml and desalted by passage through a G-10
Sephadex column, with distilled water as the eluent. After that
the eluate was concentrated to a volume of 3 ml and left to crystal-
lize during several days. Blue colored crystals were obtained by
recrystallisation from water. Yield: 0.9 g. Melting point: 245 °C.
Anal. Calc. for C;gH43N4Niz0,,; Mw =818.59: C, 23.48; H, 5.17; N,
6.84. Found: C, 23.50; H, 5.20; N, 6.80%.

3.2. Preparation of the condensation mixture containing
ethylenediamine-N-monoacetic-N,N'-di-3-propionic acid, Hzeda2p

Synthesis consisted of two steps: Solution I: Hedma-2HCI-2H,0
(40.0 g, 170 mmol) was neutralized by the addition of a NaOH solu-
tion 20.4 g, 510 mmol). Solution II: 3-chloropropionic acid (36.89 g,
340 mmol) was cooled down in a water bath. After that the mix-
ture was neutralized by the addition of a cold NaOH solution
(13.6 g, 340 mmol), taking care that the temperature does not cross
15°C.

Solutions I and Il were mixed and refluxed during 6 h at 57 °C,
with slow addition of a NaOH solution (20.4 g, 510 mmol) and con-
stant control of pH value (between 7 and 8). The reaction mixture
was evaporated and precipitated NaCl was separated by filtration.
Final volume of the resulting solution with honey color was
100 ml.

3.3. Preparation of the sodium(ethylenediamine-N-monoacetato-N,N'-
di-3-propionato(aquo)) nickelate(Il) heptahydrate,
Na[Ni(eda2p)(H,0)]-7H>0 (2)

The solution of NiCl,-6H,0 (9.5 g, 40 mmol) was added to the
prepared condensation mixture containing Hseda2p acid
(40 mmol, 25 ml). The mixture was stirred at 65 °C during 1h
and the solution of NaOH was added in drops to keep the pH range
from 7 to 8. The obtained mixture was then filtered and desalted
by passage through a G-10 Sephadex column, with distilled water
as the eluent. Desalted solution was poured into a 4 x 40 cm col-
umn containing Dowex 1-X8 (200-400 mesh) anion exchange re-
sin in the CI~ form. The column was then washed with water
and eluted with 0.1 M NaCl. The green band was evaporated to a
small volume and again desalted by passage through a G-10 Sepha-
dex column, with distilled water as the eluent. Yield: 0.5 g. Melting
point: 210 °C. Anal. Calc. for CioH3;N;NaNiO4; Mw =485.04: C,
24.76; H, 6.44; N, 5.78. Found: C, 24.27; H, 5.92; N, 5.28%.

3.4. Preparation of the condensation mixture containing
ethylenediamine-N,N,N'-tri-3-propionic acid, Hsed3p

3-chloropropionic acid (1.51 g, 140 mmol) was dissolved into
25 ml of water and then neutralized with a solution of NaOH
(5.6 g, 140 mmol), while being cooled. Ethylenediamine (2.4 g,
40 mmol) was added to the above solution at room temperature.
After that, the mixture was stirred without heating during 1 h,
and was then heated at 70 °C with the subsequent addition of
the NaOH solution (0.56 g, 140 mmol).

3.5. Preparation of the magnesium-bis{(ethylenediamine-N-N,N'-tri-
3-propionato(aquo)) nickelate(ll)} dodecahydrate,
Mg[Ni(ed3p)(H20)]>-12H0 (3)

The NiCl,-6H,0 (9.51 g 40 mmol) was added to the prepared
condensation mixture containing Hsed3p acid. pH value of the
mixture was regulated with the addition of NaOH (pH 11). The
solution was then heated and stirred at 65 °C 1 h. The resulting
mixture was then desalted by the gel-filtration technique by pas-
sage through a G-10 Sephadex column, with distilled water as
the eluent. The desalted solution was poured into a 4 x 40 cm col-
umn containing Dowex 1-X8 (200-400 mesh) anion exchange re-
sin in the CI~ form. The column was then washed with water
and eluted with 0.05 M MgCl,. Two bands were obtained. The first
one corresponded to the Mg[Ni(ed3p)(H,0)],-12H,0 complex and
was desalted by passage through a G-10 Sephadex column, with
distilled water as the eluent. After the eluate was evaporated to a
small volume we obtained light blue powder. Yield: 0.35 g. Melting
point: 265 °C. Anal. Calc. for CopHgzMgNy4Niz026; Mw = 940.43: C,
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28.10; H, 6.65; N, 5.96. Found: C, 28.28; H, 6.34; N, 6.00%. To obtain
a crystal suitable for X-ray we used Ba%*, Li* and Na* contra-ions
and solvents like acetone, ethanol, methanol but without any
results.

3.6. Preparation of the condensation mixture containing two acids:
1,2-propanediamine-N,N'-diacetic acid, 1,2-H,pdda and 1,2-
propanediamine-N,N,N'-triacetic acid, 1,2-Hspd3a

Monochloric acid (9.45 g, 100 mmol) was dissolved into 20 ml
of water, and neutralized by adding a cold NaOH solution (4 g,
100 mmol) in drops. Temperature was maintained below 15 °C.
After that, 1,2-propanediamine (3.7 g, 50 mmol) was added to the
mixture and was heated during 3-4 h at 80-90 °C. Stirring and reg-
ulation of pH with NaOH solution was continued until pH reached
11. The honey colored solution was filtered from NaCl and evapo-
rated to the volume of 20 ml.

3.7. Preparation of the barium-bis[(1,2-propanediamine-N,N-N'-
triacetato)(aquo )nickelate(Il)] tetrahydrate, Ba[Ni(1,2-
pd3a)(H20)]>4H0 (4)

The solution of NiCl,-6H,0 (5.94 g, 25 mmol) was added to the
prepared condensation mixture containing Hypdda and Hspd3a
acids (25 mmol). The solution was then heated and stirred at
60 °C for half an hour with a maintained pH range from 7 to 8
(by adding solution of NaOH). The color of the solution during
the reaction was dark green and blue after filtration. The resulting
mixture was then desalted by the gel-filtration technique by pas-
sage through a G-10 Sephadex column, with distilled water as
the eluent. The desalted solution was poured into a 4 x 40 cm col-
umn containing Dowex 1-X8 (200-400 mesh) anion exchange re-
sin in the CI~ form. The column was then washed with water
and eluted with 0.05M BaCl,. The resulting mixture contained
one main band representing the complex of Ba[Ni(1,2-pd3a)(H,.
0)]>-4H,0. The blue-green band was evaporated to a small volume
and again desalted by passage through a G-10 Sephadex column,
with distilled water as the eluent. Yield: 0.9 g. Melting point:
220 °C. Anal. Calc. for C;gH3gBaN4Ni»Oq5; Mw =853.22: C, 25.34;
H, 4.49; N, 6.57. Found: C, 25.48; H, 4.77; N, 6.70%.

3.8. Physical measurements

C, H, N analyses were performed at the Micro-analytical labora-
tory, Faculty of Chemistry, University of Belgrade, Serbia. IR spectra
in the 400-4000 cm™! region were recorded on a Perkin-Elmer
FTIR spectrophotometer Spectrumone, using the KBr pellets tech-
nique. Electronic absorption spectra were recorded on a Perkin-
Elmer Lambda 35 spectrophotometer. The concentration of
1.0 x 1072 M for all Ni(Il) complexes (aqua solutions) have been
used for these measurements. Melting points were measured via
the Stuart melting device with accuracy #1 °C.

3.9. X-ray crystallography

Suitable blue-colored block-shaped crystals were obtained by
recrystallization from water. A crystal with the dimensions of
0.41 x 0.32 x 0.23 mm was mounted on top of a glass fiber and
aligned on a Bruker [22] SMART APEX CCD diffractometer (Plat-
form with full three-circle goniometer). Intensity measurements
were performed using graphite monochromated Mo Ko radiation
from a sealed ceramic diffraction tube (SIEMENS). The crystal
was cooled to 100(1) K using the Bruker KRYOFLEX low-tempera-
ture device. The final unit cell was obtained from the xyz centroids
of 8422 reflections after integration. Intensity data were corrected
for Lorentz and polarization effects, scale variation, for decay and

absorption: a multi-scan absorption correction was applied, based
on the intensities of symmetry-related reflections measured at dif-
ferent angular settings (sapass) [23], and reduced to F,2. The pro-
gram suite sHeLxtL was used for space group determination (XPREP)
[22]. The unit cell [24] was identified as monoclinic; reduced cell
calculations did not indicate any higher metric lattice symmetry
[25]. The space group P24/c, was derived from the systematic
extinctions. Examination of the final atomic coordinates of the
structure did not yield extra crystallographic or metric symmetry
elements [26,27]. The structure was solved by direct methods with
sir-97 [28]. Final refinement on F?> was carried out by full-matrix
least-squares techniques. The relevant crystal data and details of
the structure determination are listed in Table 1 [29]. Selected
bond distances and angles are reported in Table 2. CCDC 900433
contain the cif file for this manuscript. All data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_requests/cif.

4. Computational details

Ni(Il) complexes were optimized using the Becke Perdew
(BP86) functional in a spin-unrestricted formalism with no sym-
metry constraints on the structure. Starting geometries were taken
either from experimental X-ray structures or were pre-optimized
using the MM+ implemented in Hyperchem 7.01 [30]. For C, H, N
and O atoms, Slater-type orbital (STO) basis sets of triple-£ quality
with polarization functions (TZP) have been used. The triple-£ with
two polarization functions TZ2P+ basis set was used for the Ni
atom. This basis set is available for the transition metals Sc-Zn only
(Z=21-30) and is nearly identical to TZ2P except for a better
description of the d-space (four radial functions for the d orbitals
instead of three). Condensed phase effects were treated using the

Table 1
Crystal data and details of the structure determination (1).

Moiety formula [CsH13N,NiO5] -
0.5[Ni(H,0)s]*"-H,0

Formula weight (g mol~) 409.30

Crystal system monoclinic

Space group, No. P24/c, 14

a(A) 14.5085(6)

b (A) 11.3862(5)

c(A) 9.0971(4)

B(°) 96.196(1)

v (A%) 1494.03(11)

© Range unit cell: minimum-maximum (°); 2.28-29.61; 8422

reflections

V4 4

pcalc (g cm 3) 1.820

F(000), electrons 852

u(Mo Ko) (cm™1) 19.7

Color, habit blue, block

Approximately crystal dimension (mm) 0.41 x 0.32 x 0.23

(Mo Ka) (A) 0.71073

Monochromator graphite

Temperature (K) 100(1)

Measurement method @- and m-scans

0 Range; minimum-maximum (°) 2.82,28.28

Index ranges h: -19 - 19; k: —15 -
15,1 11 -» 12

Total data 13413

Unique data 3664

Data with criterion: (F, > 4.00(F,)) 3406

Number of reflections 3664

Number of refined parameters 289

WR(F) = [Z[w(F,” — FZP)/Z[w(F* 11" 0.0648

Weighting scheme: a, b 0.0360, 0.8960*

R(F) = (Sl|Fo| - |F)/ZIFo| 0.0241

Difference Fourier map (e/A%) —0.59, 0.45(7)

3 w=1/[c*(F,%) + (aP)? + bP] and P = [max(F,2,0) + 2F.2]/3.
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Table 2
Structural data for [Ni(H,0)g][Ni(ed3a)(H20)]»-2H,0 (1).

M-L bond lengths (A) M-0-C angles (°)

Bond angles (°)

cis angles trans angles
Ni1-012 2.123(1) Ni1-012-C14 112.31(9) 012-Ni1-014 97.10(4) 014-Ni1-N16 174.19(4)
Ni1-014 2.0185(10) Ni1-014-C16 115.43(9) 014-Ni1-N17 87.85(4) 012-Ni1-N12 160.75(5)
Ni1-016 2.0620(11) Ni1-016-C18 117.05(9) 014-Ni1-N12 93.33(5) 017-Ni1-N11 167.55(5)
Ni1-017 2.0514(12) 014-Ni1-011 84.09(4)
Ni1-N11 2.0820(12) 012-Ni1-017 92.08(4)
Ni1-N12 2.1108(13) 016-Ni1-017 94.03(4)

013-Ni1-N12 80.88(5)

N11-Ni1-N12 85.49(5)

016-Ni1-N11 94.92(4)

012-Ni1-016 88.33(4)

012-Ni1-N11 79.56(4)

017-Ni1-N12 104.49(5)

conductor-like screening model of solvation (COSMO - vide infra)
as the obtained geometries are far more realistic than those from in
vacuum optimization.

A dielectric constant of ¢=78.4 (water like) was chosen to-
gether with a solvent radius of 1.4 A. The division level was in-
creased to ND =4. ADF default parameters were used for all the
COSMO solvation parameters, together with a non-optimized nick-
el radius of 1.85 A. As nickel is surrounded by six ligands, it is not
expected to contribute significantly to the solvent-accessible sur-
face. The inner shells were represented by the frozen core approx-
imation (1s for C, N, O and 1s-2p for Ni). Subsequent frequency
calculations at the same level of theory verified that the optimized
structures were true local minima on the potential energy surface
- i.e. there were no imaginary frequencies. For calculating accurate
energies we optimized the most stable isomers employing GAussiAN
09 AO1 program [31]. For these calculations, we used the unre-
stricted B3LYP hybrid functional and the Ahlrichs TZVP basis set
[32]. For calculating molecular interactions between [LNi]~ and
water we used NEDA (NEDA stands for = Natural Energy Decompo-
sition Analysis) analyses [20,33].

5. Results and discussion

5.1. Preparation of unsymmetrical aminocarboxylate ligands and
corresponding Ni(ll) complexes and their characterization

This paper deals with the series of nickel(Il) complexes with
pentadentate ed3a-type ligands containing 5- and/or 6-membered
carboxylate arms: ethylenediamine-N,N,N'-triacetate (ed3a),
ethylenediamine-N-N,N'-tri-3-propionate (ed3p), ethylenedia-
mine-N-monoacetate-N,N'-di-3-propionate (eda2p) and 1,2-pro-
panediamine-N,N,N'-acetate (1,2-pd3a).

Chelates of ed3a-type ligands can be prepared in several ways:
by the condensation method starting from neutralized o- or
B-monohalogencarboxylic acid and corresponding diamine; by
condensation of acrylic acid and diamine (in case of chelates with
propionic arms); by condensation of dihalogen derivatives of dia-
mine with diverse amino-acids. We obtained 0-O-N-N-O0 ligands
using neutralized monochloracetic acid (in case of Hsed3a, Hs1,
2-pd3a), 3-chloropropionic acid (in case of Hsed3p, Hseda2p),
ethanediamine (in case of Hsed3a, Hsed3p, Hseda2p) and 1,2-pro-
panediamine (in case of Hs1,2-pd3a). It is already reported that
only in case of Hsed3a, being isolated as calcium salt, the yield
was over 80% [17]. On the other hand, for Hseda2p, Hsed3p,
Hs1,2-pd3a acids we were able to provide only condensation mix-
tures, as such have been used for complexation with Ni(II) salt. All
the complexes have been prepared by complexing chloride salt of
Ni(II) with neutralized acids under conditions given in experimen-
tal. In these circumstances we used chromatographic methods to
separate Ni(Il) bands of interest. We were able to synthesize: Blue

colored crystals of [Ni(H,0)g][Ni(ed3a)(H,0)]»-2H,0 (1), green col-
ored Na[Ni(eda2p)(H,0)]-7H,0 (2), light blue colored Mg[Ni(ed3p)
(H20)]2-12H,0 (3) and blue-green colored Ba[Ni(1,2-pd3a)(H,0)]>-
4H,0 (4) complexes. Characterization included: microanalysis, IR,
UV-Vis spectroscopic techniques and computational experiments.
Fig. 2 shows isolated isomers of prepared Ni(Il) complexes. In case
of (1) cis-equatorial geometry has been found as the most stable
one and for other three complexes (2)-(4) the most favored isomer
was trans-equatorial.

Metal ions such as Co(III), Cr(Ill) and X monodentate ligand also
gave in reaction with ed3a dominant cis-equatorial configuration
that were crystallographically verified [10-13]. The cis-equatorial
geometric configuration for ed3a ligand was found in case of Cu(lI)
as well [17]. Furthermore, the crystallographic [M(ed3a)(H,0)]~
units [M = Cu(Il), Ni(Il)] appeared to be isomorphous adopting
cis-equatorial geometry in both cases which is not usual for Ni(II)
and Cu(Il) (see Fig. 3). In case of Hzed3p acid the trans-equatorial
octahedral environment has been verified in case of Cr(IIl) [18,19].

Here we reported four new nickel(Il) complexes. Only in case of
[Ni(H,0)g][Ni(ed3a)(H20)]»-2H,0 the structure was verified by an
X-ray analysis. In other three compounds, computational modeling
predicts trans-equatorial as the most stable isomer.

5.2. Description of the crystal structure of cis-equatorial-
[Ni(H20)s][Ni(ed3a)(H20)]>-2H:0 (1)

A structural diagram of the cis-equatorial [Ni(ed3a)(H,0)]™ an-
ion, with the adopted atom-numbering scheme and the packing of
the molecules in the unit cell are shown in Fig. 3. Each asymmetric
unit contains one formula unit, consisting of three moieties: anio-
nic Ni-complex, a half cationic Ni-complex and a solvent water
molecule; the Ni of the cationic complex is located in the inversion
center and surrounded by six molecules of H,0. The monoclinic
unit cell contains 10 units, two cations, four anions and four water
molecules. A search for the distances yielded intermolecular and

trans-Equatorial
[Nifed2ap)(H20)], [Nifed3p)(H20)], [Ni(1,2-pd3a)(H20)]

cis-Equatorial
[Ni(ed3a)(H20)]

Fig. 2. Geometrical isomers of Ni(Il) complexes prepared with ed3a-type ligands.
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Fig. 3. Ortep view of (1): Crystal packing view along c axis and cis-equatorial[Ni(ed3a)(H,0)] ™ anion.

intramolecular contacts shorter than the sum of the van der Waals
radii [34] for the atoms. The cis-equatorial [Ni(ed3a)(H,0)]™ entity
contains a Ni(Il) atom in a distorted octahedral N,O4 environment.
The equatorial plane therefore includes one five-membered dia-
mine ring, one acetate five-membered ring and one water molecule
while the axial positions occupy two acetate rings. There are two
longer equatorial bonds Ni-N12 (2.1108(13)A) and Ni-012
(2.123(1)A). The other distances are within the range from
2.0185(10) to 2.0820(12) A and comparable to those obtained for
related ed3a-type complexes [19]. Bond distance between Ni(Il)
and water molecule is 2.123(1) A (Ni-012). The cis angles are in
range from 79.56(4) to 104.49(5) A and trans angles in range from
160.75(5) to 174.19(4) A. Anion unit [Ni(ed3a)(H,0)]~ contains a
different type of conformation rings. While two axial five-mem-
bered acetate rings are nearly planar, the third equatorial acetate
adopts an envelope conformation; backbone diamine ring has been
found in twisted-envelope conformation.

The results of Ni(ed3a) and Cu(ed3a) [17] X-ray analysis were
compared and show two structures being isomorphous. Surpris-
ingly, their similarity is so evident that it approaches an almost
identity (RMS = 0.0460), as shown [17]. The major reason for this
feature we should seek in the extremely unfavorable presence of
three five-membered rings in the equatorial plane (two acetate
and one diamine ring) due to a considerable strain effect. As a con-
sequence, the cis-equatorial isomer (two five-membered rings in
the equatorial plane) dominates in all the metal M-ed3a complexes
prepared so far [M = Co(III), Cr(III), Cu(Il)] [19,17,35].

5.3. Structural parameters and strain analysis of nickel(Il) ed3a-type
complexes in relation to their geometry

The strain [35,36] present in M(II) or M(III)-edta-type com-
plexes can be discussed through the following issues: (a) cis and
trans angles located around the central metal ion; (b) bond angles
sum from different rings; (c) Ni-O-C or Ni-N-C bond angles and
(d) bond angles which coordinated nitrogen build with other atom
connectors. Structural data related to stereochemistry of Ni(ll)
complexes are given in Table 3.

The strain analysis has been carried out for (1). Complexes (5)-
(9) were taken for comparison of obtained values (see Table 3). We

compared XA(Oy,) (the sum of the absolute values of the deviations
from 90° of the L-M-L' bite angles), AX (the deviation from the
ideal of the corresponding chelate rings’ bond angle sum), A(M-
0-C) (the mean value of the deviation of the corresponding rings’
M-0O-C bond angle from the 109.5°) and XA(N) (the sum of the
absolute values of the deviations from 109.5° of the six bond angles
made by nitrogen atoms). Total deviation of octahedral angles
(ZA(0p)) varies according to the size of the central ion [41] and
the geometry of the complex (change of chelate system in equato-
rial plane). These values oscillate from 66° for (5) to 87° for (9).
Minimal distortions have been observed for pentadentate nickel(II)
complexes Ni-ed3a-water (1) and Ni-H,edta-water (5). Greater
values were recorded for the more strained hexadenate Ni-edta
(6) and Cu-edta (9). The conformation of the ethylenediamine (E)
ring of the obtained complex is a twisted-envelope. The ethylene-
diamine (E ring) in (1) shows a negative value of the total deviation
by —13°. The five-membered acetate ring coordinated in the equa-
torial plane display a negative deviation from the ideal bond angles
sum by —11°. In contrast to this, five-membered rings coordinated
in axial position shows very small negative deviation (—1°) in cis-
equatorial [Ni(ed3a)]~ complex. All complexes show positive devi-
ation of the M-0O-C(R, G) bond angles except Cu-edta (9). Positive
deviations in case of (1) are lower for the glycinato ring (G
ring = +3°) in equatorial plane than for glycinato rings in axial posi-
tions (R ring = +7°). Total deviations about the chelating N atoms
sum up to roughly 14° for (5), 16° for (1) and 17° for (7), which rep-
resent lower values (less strained open pentadentates) than those
recorded for hexadentates Ni-edta (6) 24° and Cu-edta (9) 35°.
More stable chelate structures of M(II) complexes [7,8] involve
6-membered rings. Here the equatorially coordinated five-
membered glycinato rings are more strained than those coordi-
nated axially.

5.4. Computational chemistry

Having prepared nickel(Il) complexes with pentadentate ed3a-
type ligands with 5- and 6-membered carboxylate chelates, one
can compare their experimental spectroscopic and geometric prop-
erties against the results of computational calculations. At first
glance, we optimized the geometries of each of the potential
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Table 3

Strain analysis of nickel complexes with edta-type ligands with five- and/or six-membered carboxylate rings.
Complex SA(Op)? AX(ring)® A(M-0-C)° SA(N)? Ref.

E(T) R G R G

cis-eq-[Ni(ed3a)(H,0)]™ (1) 70 -13 -1 -11 +7 +3 16 This work
[Ni(Hzedta)(H,0)] (5) 66 -17 0 -14 +7 0 14 [37]
[Ni(edta)]*~ (6) 77 12 -1 ~15 +5 0 24 [38]
cis-eq-[Cu(ed3a)(H»0)]" (7) 79 -13 -1 12 +9 +1 17 [17]
[Cu(H,edta)(H,0)] (8) 78 -14 +1 -12 +9 -4 20 [39]
[Cu(edta)]?~ (9) 87 24 -5 ~14 0 -1 35 [40]

a
b

°(
4

Table 4

(Oy) is the sum of the absolute values of the deviations from 90° of the L-M-L’ bite angles. All values rounded off to the nearest degree.

(ring) is the deviation from the ideal of the corresponding chelate rings’ bond angle sum.

M-0-C) (ring) is the mean value of the deviation of the corresponding rings’ M-O-C bond angle from the 109.5°.

N) is the sum of the absolute values of the deviations from 109.5° of the six bond angles made by nitrogen atoms. A mean value for the two nitrogens is reported.

Comparison of experimental (X-ray) and DFT (B3LYP/TZVP) obtained data for [Ni(ed3a)(H,0]  complex.

Comparison of experimental and DFT data

Ni-N (A) in-plane Ni-O (A) in-plane Ni-O (A) axial Ni-0-C (°) (av.) cis-angles (°) (av.) trans-angles (°) (av.)
Exp: Gauss Exp: Gauss Exp: Gauss Exp: Gauss Exp: Gauss Exp: Gauss
2.082:2.156 2.123:2.075 2.018:2.062 114.9:115.51 90.17: 90.16 167.4: 169.1
2.110:2.107 2.051:2.153* 2.062:2.047

Energy differences calculated in kcal/mol

Geometrical isomer [Ni(ed3a)(H,0)]~ [Ni(eda2p)(H,0)]~ [Ni(ed3p)(H,0)]~ [Ni(1,2pd3a)(H,0)]~

cis-equatorial ob 35 29 14

cis-polar 9.6 8.4 8.0 113

trans-equatorial 0.6 0 0 0

¢ Water molecule.
b The isomer with the lowest energy has been indicated with 0 kcal/mol.

geometric isomer (Fig. 1) using DFT method implemented in cAuss-
1aN09 [30]. We have modeled all three possible geometrical isomers
(cis-equatorial, cis-polar and trans-equatorial). The results obtained
for (1) verified cis-equatorial isomer being the most energetically
stable one: by 9.6 kcal/mol related to cis-polar and 0.6 kcal/mol re-
lated to trans-equatorial isomer (Table 4).

As can be seen (see Table 4), observed bond lengths of the exper-
imental structure (1) and DFT calculations are in very good agree-
ment (see Fig. 4). The Ni(Il)-Ow bond is slightly longer in case of
the optimized structure (for about 0.102 A) as a result of solid state
environment influence. In other complexes (2)-(4) the calculated
trans-equatorial isomer is the most favorable (values for

Fig. 4. Overlay of X-ray and DFT optimized structures of the [Ni(ed3a)(H,0)]~
complex.

cis-polar are in range from 8.4 to 11.3 kcal/mol and for cis-equatorial
from 3.5 to 1.4 kcal/mol). Unfortunately, in the last three com-
pounds, we failed to isolate a suitable crystal for the X-ray which
could have verified the proposed geometry.

In addition, we did NEDA calculations [20] using Firefly [33]
EES. We were interested to find out the energetic of LNi---OH,
interaction as these usually reflect how easy the pentacoordinated
complex turns on the hexacoordinated one. In other words we
were able to see how electron-rich or electron-poor the pentacoor-
dinated complex is toward the incoming molecule of water (Ta-
ble 5). Intermolecular forces and energy interactions inside the
molecule are the main characteristics of NEDA results.

By inspection of contributions of NEDA components we will try
to puzzle out how large the molecular interactions between the
water unit on the one side and [Ni(ed3a-type)]~ on the other side
actualy are. In Table 5 the parameters of our interest are listed as
follows: CT stands for Charge Transfer; ES stands for Electrostatic
component; POL stands for Polarization component; XC stands
for exchange-correlation component; DEF stands for deformation
component and AE stands for Total energy interaction:

AE = CT + ES + DEF + BSSE,

where BSSE stands for basis set superposition error. Charge transfer
(CT) and electrostatic component (ES) terms provide a bigger con-
tribution to total energy interaction than the others. At this point
of view [Ni(ed3a)]- - -water complex is bound by —20.6 kcal/mol,
where NEDA reveals strong contribution from CT and ES (-70.30
and —49.10 kcal/mol). DEF parameter in this case is much larger
for the donor atom (water molecule, 115.68 kcal/mol) than for the
acceptor unit (complex unit, 49.40 kcal/mol). In the following
example of the [Ni(eda2p)]---OH, we found a similar situation.
Charge transfer and electrostatic terms are about —73.47 and
—55.50 kcal/mol, with DEF contributions of water and complex
anion about 121.67 and 61.61 kcal/mol. The difference in energy
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Table 5
Contribution of NEDA (kcal/mol) calculated components.
CT ES POL XC DEF(SE)H,0 DEF(SE)Nied3a AE
[Ni(ed3a)(H,0)]~ —-70.30 —49.10 —43.45 -22.28 115.68 49.40 —20.06
[Ni(eda2p)(H,0)]~ -73.47 —55.50 -50.92 —24.82 121.67 61.61 -21.43
[Ni(ed3p)(H,0)]~ ~73.67 —57.51 —53.85 —-26.07 123.67 65.17 -22.26
[Ni(1,2pd3a)(H,0)]~ -953.38 —48.52 —44.03 863.48 113.11 50.73 —-18.61
Wavenumbers [1000/cm] 5.5. Sp eCtral analy S1S
20 14 10

N h

0.4

0.3

€ (/mol'em)x 100

800

Wavelength [nm]

Fig. 5. Electronic absorption spectra of Ni(Il) complexes: Nied3a
; Nied3p — —; Nil,2pd3a ——.

; Nieda2p

is negligible and is —21.43 kcal/mol which ultimately put this com-
plex in front of the [Ni(ed3a)(H,0)]~ compound. [Ni(ed3p)]- - -OH,
complex shows a bigger CT contribution than previous two com-
plexes (—73.67 kcal/mol), ES term (—57.51 kcal/mol) and deforma-
tion component for both units (123.67, 65.17 kcal/mol) as well.
Total energy interaction is found to be —22.26 kcal/mol, which puts
the complex of [Ni(ed3p)(H,0)] ™ at first position according to LNi-
OH, stability. In the last compound of [Ni(1,2-pd3a)(H,0)]~ we ob-
served some difficulties during SCF fragment iterations reflecting to
the absolute values of CT and XC being almost 10 times higher than
in the case of others (see Table 5). Apart from these difficulties, the
NEDA was completed run successfully, with AE for [Ni(1,2-
pd3a)]- - -OH, complex being —18.61 kcal/mol. This makes [Ni(1,2-
pd3a)(H,0)] the most affordable to release the water molecule in
a potential substitution reaction.

5.5.1. IR spectra of Ni(ll) complexes with ed3a-type ligands
Asymmetric carboxylate stretching frequencies between pro-
tonated (1700-1750cm™!) and coordinated (1600-1650cm™!)
carboxylate groups have long been established as a criterion for
their differentiation [42-44]. There is a generally accepted rule that
the frequency assigned to five-membered rings [45] lies at a higher
energy level than the corresponding frequency of six-membered
chelate rings [46]. The IR data reported here for diaminotricarboxy-
late nickel(II) complexes correlate with the above trend regarding
the asymmetric frequencies of carboxylate groups. The frequencies
at 1568 and 1562 cm~! were assigned to the moieties of the
six-membered B-propionato arms of Ni-ed3p and Ni-eda2p. The
frequencies at 1593 and 1602 cm~! were assigned to the moieties
of the five-membered acetato arms of Ni-1,2-pd3a and Ni-ed3a,
respectively. The absence of other absorptions at 1700-
1750 cm~! shows that all carboxylate groups are coordinated.

5.5.2. Electronic absorption spectra of Ni(Il) complexes with ed3a-type
ligands

The complexes Ni-ed3a, Ni-eda2p and Ni-ed3p with a five-
membered backbone diamine ring show no expectation to expand
the first absorption band on the lower energy side. This occurs as a
result of a less pronounced presence of a tetragonal ligand field
(D4, model). If the equatorial N0, ligand field is bigger than the
one imposed by two axially coordinated oxygen atoms, the noncu-
bic field components are small compared to the approximately cu-
bic field. Accordingly, the spectra of these complexes, as
established for edta-type Ni(Il) complexes [7,8], can best be inter-
preted by using an octahedral model: Ay, — *To(F) (band I),
3Azg — 3T1g(F) (band III) and 3A,g — 3T14(P) (band IV) (Fig. 5). All
four octahedral Ni(Il) complexes exhibited four bands. All spectra
contain shoulder at about 13000 cm~! (band II) on a higher energy
side of spin-allowed transition (Table 6). This value occurs as a re-
sult of spin-orbital coupling. Spectra of Ni(Il) complexes often

Table 6
Experimental and TDDFT UV-Vis spectral data of Ni-edta-type complexes.

Complex Exp. value in TDDFT: scaled by 0.8 Assignments (Op) Ref.
v(10° cm™) ¢ (1/mol cm) vy (10°cm™")

[Ni(ed3a)(H,0)]~ 10.00 26 10.06 [ 3Asg — *Tag(F) This work
13.03 5 1 —'Eg (D)
16.77 11 16.90 11 —3T14(F)
26.24 20 I\ —3T14(P)

[Ni(eda2p)(H,0)]~ 10.33 22 10.35 [ This work
13.17 12 11
16.80 16 16.31 11
26.73 26 v

[Ni(ed3p)(H,0)]~ 10.19 26 10.17 I This work
13.14 5 1
16.58 9 16.06 11
26.81 17 v

[Ni(1,2pd3a)(H20)]~ 10.04 10 10.49 I This work
13.02 4 1
16.75 12 16.05 11
26.59 24 \%
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show average geometry. The spectrochemical behavior of Ni(Il)
complexes often reflects the average coordination geometry. As
can be seen in all Ni(Il) complexes, the ligand field strength (LFS)
increases with the decreasing number of five-membered rings.
Accordingly, the following sequence may be deduced:
Nied3a < Ni1,2pd3a ~ Nieda2p ~ Nied3p. One of the reasons for
such spectral behavior may be found in different isomerism: cis-
polar of (1) and trans-equatorial of (2)-(4). In other words LFS in-
creases with the decreasing number of six-membered rings in
the G plane [8].

TDDFT data for Ni(Il) complexes obtained by gaussian09 (for 10
lowest transitions) may also be found in Table 6. Generally, the
bands I and III (usually reflecting average LFS) are, after scaling
computed signals by the value of 0.8 and making bands broaden
into two envelopes, in accordance with the experimental value.

6. Conclusion

The preparation of hexaaquonickel(Il)-bis{(ethylenediamine-
N,N,N'-triacetato)(aquo) nickelate(Il)}dihydrate, [Ni(H,0)s][Ni(ed3a)
(H20)]2-2H,0 (verified by the X-ray analysis), sodium(ethylenedia-
mine-N-monoacetato-N,N'-di-3-propionato(aquo))nickelate(II)
heptahydrate, Na[Ni(eda2p)(H,0)]-7H,0, magnesium-bis {(ethy-
lenediamine-N-N,N'-tri-3-propionato)(aquo))nickelate(Il)}dodeca-
hydrate, Mg[Ni(ed3p)(H;0)]>-12H,O0 and  barium-bis{(1,2-
propanediamine-N,N-N'-triacetato)(aquo)nickelate(Il)}  tetrahy-
drate, Ba[Ni(1,2pd3a)(H,0)],-4H,0 completes the simple series of
nickel(Il) ethylenediaminetricarboxylate chelates with acetate
and propionate groups. Based on experimental data and DFT calcu-
lations, we find cis-equatorial geometry solely for (1) and a trans-
equatorial geometry for (2)-(4). The crystallographically verified
isomer for (1) also corresponds to the lowest energy structure
computed using DFT. The proposed trans-equatorial geometry for
(2)-(4) is also consistent with the spectral results. NEDA analysis
of [NiL]---[water] adducts has been done. Charge transfer (CT)
and electrostatic component (ES) terms generally define the differ-
ence between total energy interactions. Therefore,
[Ni(ed3p)]---OH, adduct show the biggest AE contribution (Ta-
ble 5). The [Ni(1,2-pd3a)]---OH, adduct is bound by 18.61 kcal/
mol which makes it the most affordable to release the water mol-
ecule in potential substitution reaction. Generally, the more propi-
onate rings the stronger LNi- - -OH, interaction.
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Appendix A. Supplementary material

Supplementary data Crystallographic data for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications No.
CCDC 900433. Copies of available materials can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44) 1223-336-033; e-mail: data_request@ccdc.
cam.ac.uk or http//www.ccdc.cam.ac.uk/data_request/cif). Supple-
mentary data to this article, such as hydrogen-bonding tables,
views of molecular packing in crystals as well the other Supple
Supplementary data such as spectral files can be found online at
doi: or 567 sent upon request.
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The 0-O-N-N-O-type pentadentate ligands Hs1,3-pd3a and Hs1,3-pd2ap (Hs1,3-pd3a stands for 1,3-
propanediamine-N,N,N'-triacetic acid; H31,3-pd2ap stands for 1,3-propanediamine-N,N'-diacetic-N-3-
propionic acid) and the corresponding novel octahedral nickel(II) complexes have been prepared and
characterized. H31,3-pd3a and Hs1,3-pd2ap ligands coordinate to nickel(Il) ion via five donor atoms
(three deprotonated carboxylate atoms and two amine nitrogens) affording octahedral geometry in case
of all investigated Ni(Il) complexes. A sixth place within octahedra has been occupied by the molecule of
water. A six coordinate, octahedral geometry has been established crystallographically for the K[Ni(1,3-
pd3a)(H,0)]-3H,0 complex. Structural data correlating similar chelate Ni(Il) complexes have been used
for an extensive strain analysis. This is discussed in relation to information obtained for similar com-
plexes. The infra-red and electronic absorption spectra of the complexes are interpreted and compared
with related complexes of known geometries. Density functional theory (DFT) has been used to model
the most stable geometry isomer and Natural Energy Decomposition Analysis (NEDA) to reveal the ener-
getic relationship of these compounds. The results from density functional studies have been compared
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with X-ray data. NEDA has been done for the [LNi]~ and [H,O] units.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nickel and its compounds are released into the atmosphere
from natural and anthropogenic sources [1]. Nickel is present in
the environment and also it is an important element in modern
industry. For many years there has been much more concern about
the toxicity of Ni, because Ni is an essential element to plants and
many other biota. Human health can be threatened by toxicity of
many metals and among other by nickel. Because of the signifi-
cance of nickel in human health and the environment our research
group studied the nature of Ni(Il) compounds for many years [2-5].
We also took a survey of polyaminopolycarboxylate which are eas-
ily coordinated to ions of metal. A number of edta-type ligands
were synthesized in our research group [3,6,7]. Two new edta-type
acids, Hz1,3-pd3a and Hs;1,3-pd2ap were prepared and reported
here. The 1,3-pd3a-type chelates can surround metal forming 5-
and 6-membered rings. Depending on the size of the ring, different
isomers can be formed: cis-equatorial, trans-equatorial and cis-
polar (Fig. 1.). The previous paper described the [Cu(pd3a-type)X]~
complex found in cis-equatorial configuration which has been
crystallographically verified [7]. From a structural point of view,

* Corresponding author. Tel.: +381 34336223; fax: +381 34335040.
E-mail address: zmatovic@kg.ac.rs (Z.D. Matovic).

0020-1693/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ica.2013.01.014

the d-electron configuration and size of the central metal ion are
important issues [8-10].

Hs1,3-pd3a and Hs1,3-pd2ap acids are unsymmetrical ligands
of 1,3-pd3a-type which contains one 6-membered 1,3-propanedi-
amine ring, 5-membered acetate rings and one B-propionic ring
in case of the Hs1,3-pd2ap ligand. Here we reported two new syn-
thesized complexes of Ni(ll): K|Ni(1,3-pd3a)(H,0)]-3H,0 and
Ba[Ni(1,3-pd2ap)(H,0)],-12H,0. The IR and electronic spectra are
discussed in relation to their geometry.

To confirm the geometry of the isomers we undertook DFT com-
putational experiments [11]. Also, for better understanding of new
structures we used DFT (DFT stands for density functional theory)
theory in order to determine the actual energetic relationship.
Computational calculations are compared with X-ray results in
case where they were present. Natural Energetic Decomposition
Analysis (NEDA) [12] has been done for the LNi- - -OH, unit.

2. Experimental
2.1. Materials

Reagent grade, commercially available, chemicals were used
without further purification. 1,3-Propanediamine-N,N'-diacetic
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cis-Equatorial

trans-Equatorial

cis-Polar

Fig. 1. Geometrical isomerism of six-coordinate [M(pd3a-type)X,] complexes: n=1.

acid dihydrochloride, H,1,3-pdda-2HCI, was prepared by the meth-
od of Igi and Douglas [13]. 3-chloropropionic and chloroacetic
acids were purchased from Fluka and used as supplied.

2.2. Physical measurements

Elemental microanalyses for C, H, N were performed at the
Microanalytical laboratory, Faculty of Chemistry, University of Bel-
grade, Serbia. IR spectra in the 400-4000 cm™' region were re-
corded on a Perkin-Elmer FT-IR spectrophotometer Spectrum
One, using the KBr pellets technique. Electronic absorption spectra
were recorded on a Perkin-Elmer Lambda 35 spectrophotometer.
Melting points were measured by Stuart melting device with accu-
racy =1 °C.

2.3. Preparation of compounds

2.3.1. Preparation of condensation mixture containing 1,3-
propanediamine-N,N,N'-triacetic acid, H31,3-pd3a

The 1,3-propanediamine-N,N,N'-triacetic acid, H31,3-pd3a was
prepared by the method described elsewhere [7]. Monochloroace-
tic acid (11.5 g, 120 mmol) was dissolved in 42 ml of demineralized
water and 4.7 g (84 mmol) calcium oxide was added to the solu-
tion. The pH rose from 1.0 to 11.2. Subsequently, 3.11 g (42 mmol)
of 1,3-propanediamine was added in 10 min. The temperature was
kept at about 50 °C without additional heating. After 1 h the tem-
perature was increased to 70 °C and the resulting mixture was left
for additional 5.5 h. During the entire reaction, the pH was kept
constant at 7.5-8.0 by the addition of calcium oxide. At the end
of the reaction, a total of 1.9 g (34 mmol) of calcium oxide was
added. The reaction mixture was filtered warm over a glass filter
to remove the excess of calcium hydroxide. The reaction mixture
(volume 50 ml) contains 1,3-pd3a (50%), 1,3-pdta (18%) i 1,3-pdda
(23%) ligands. This was checked by means of chromatography of
copper(Il) complexes with above mixture.

2.3.2. Preparation of condensation mixture containing 1,3-
propanediamine-N,N'-diacetic-N'-3-propionic acid, H31,3-pd2ap

Solution 1. H1,3-pdda-2HCI (10.52 g, 40 mmol) was dissolved in
15 ml of water and solution of 6.40 g (160 mmol) NaOH in 16 ml of
water was added (pH 5).

Solution 2. 3-Chloropropionic acid (4.34 g, 40 mmol) was dis-
solved in 8.8 ml of water and solution of 1.6 g (40 mmol) NaOH
in 4 ml of water was added (pH 11).

Solutions 1 and 2 were mixed (pH 9-10) and the mixture was
stirred and heated at 50 °C for 2 h. After that, the mixture was
heated at 70 °C for 32 h. During the entire reaction, the pH was
kept constant at 7.0-8.0 by the addition of sodium hydroxide.
The reaction mixture was filtered warm over a glass filter to re-
move the excess of sodium hydroxide and the solution slowly
evaporated in the water-bath at 40 °C until it reached small vol-

ume (i.e.,, 20 ml). The reaction mixture (volume 20 ml) was of a
light yellow color.

2.3.3. Preparation of the potassium(1,3-propanediamine-N,N,N'-
triacetato(aquo)) nickelate(Il) trihydrate, K[Ni(1,3-pd3a)(H,0)]-3H>0
(1)

The solution of NaOH (2.52 g, 63 mmol) in 5 ml H,O was added
to the prepared solution containing Hs1,3-pd3a (25 ml). That solu-
tion was then filtered to remove the excess of calcium hydroxide.
The filtrate was then added to the solution of NiCl,-6H,0 (4.99 g,
21 mmol) in 8 ml H,0. The resulting mixture was stirred at 65 °C
for an hour and was then desalted with the gel-filtration technique
by a passage through a G-10 Sephadex column, with distilled water
as the eluent. The desalted solution was poured into a 5 x 60 cm
column containing Dowex 1-X8 (200-400 mesh) anion exchange
resin in the CI~ form. The column was then washed with water
(eluting zero charged cis-polar-[Ni(1,3pdda)(H,0),] complex) and
eluted with 0.1 M KCI. Two bands appeared on the column. The ob-
tained eluate of each band was reduced to a small volume and then
desalted. The second pale-blue eluate presents K>[Ni(1,3-pdta)] of
known structure. The eluate of the first band (cis-polar isomer) was
reduced to a volume of 3 ml and stored in a desiccator over ethanol
for several days. The blue crystals of cis-polar-K[Ni(1,3-pd3a)
(H20)]-3H,0 were collected, washed with ethanol and then
ether, and air-dried (1 g). Melting point: 227 °C. Anal. Calc. for
CoH,1KN;,NiO{o; Mw =415.06: C, 26.04; H, 5.10; N, 6.75. Found:
C, 27.00; H, 5.03; N, 6.85%.

2.3.4. Preparation of the barium-bis{(1,3-propanediamine-N,N’-
diacetato-N'-propionato)(aquo) nickelate(1l)} dodecahydrate,
Ba[Ni(1,3-pd2ap)(H,0)]»-12H50 (2)

The solution of NiCl,-6H,0 (9.50 g, 40 mmol) in 26.66 ml H,0
(pH 2.84) was added to the prepared solution containing Hs1,3-
pd2ap (40 mmol) acid. The solution was then heated and stirred
at 65 °C for an hour with maintained pH at 7.58 (by adding the
solution of NaOH). The color of the solution during the reaction
and after filtration was blue. The resulting filtrate was then
desalted with the gel-filtration technique by passage through a
G-10 Sephadex column, with distilled water as the eluent. The
desalted solution was poured into a 4 x 40 cm column containing
Dowex 1-X8 (200-400 mesh) anion exchange resin in the Cl~ form.
The column was then washed with water (eluting again zero
charged cis-polar-[Ni(1,3pdda)(H,0),] complex) and eluted with
0.05 M BaCl,. Two bands appeared on the column. The obtained
eluate of each band was reduced to a small volume and then de-
salted. The second blue eluate presents trans(Os)-Ba[Ni(1,3-
pddadp)] isomer of known structure. The eluate of the first band
(cis-polar Ni-1,3-pda2p isomer) was reduced to a volume of 2 ml
and stored in a desiccator over ethanol for a week. The light blue
crystals of cis-polar-Ba[Ni(1,3-pd2ap)(H,0)],-12H,0 were col-
lected, washed with ethanol and then ether, and air-dried
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(1.25 g). Melting point: 275 °C. Anal. Calc. for CogHsgBaN4NiyOy6;
Mw =1025.39: C, 23.43; H, 5.70; N, 5.46. Found: C, 23.20; H,
5.95; N, 5.16%.

2.4. Crystal structure analysis

Suitable blue-colored, block-shaped crystals were obtained by
recrystallisation from a mixture of H,0 and ethanol. A crystal with
the dimensions of 0.47 x 0.43 x 0.39 mm was mounted on top of a
glass fiber and aligned on a Bruker [14] SMART APEX CCD diffrac-
tometer (Platform with full three-circle goniometer). The crystal
was cooled to 100(1) K using the Bruker KRYOFLEX low-tempera-
ture device. Intensity measurements were performed using graph-
ite monochromated Mo Ko radiation from a sealed ceramic
diffraction tube (SIEMENS). The final unit cell was obtained from
the xyz centroids of 5929 reflections after integration. Intensity
data were corrected for Lorentz and polarization effects, scale var-
iation, for decay and absorption: a multi-scan absorption correc-
tion was applied, based on the intensities of symmetry-related
reflections measured at different angular settings (sabass) [15],
and reduced to F,2. The program suite saintpLus was used for space
group determination (xprep) [14]. The unit cell [16] was identified
as triclinic. Reduced cell calculations did not indicate any higher
metric lattice symmetry [17]. Space group, P1, was determined
from considerations of the unit cell parameters, statistical analyses
of intensity distributions: the E-statistics [18] were indicative of a
centrosymmetric space group. Examination of the final atomic
coordinates of the structure did not yield extra crystallographic
or metric symmetry elements [19,20]. The structure was solved
by direct methods using the program sik2004 [21]. Final refinement
on F? was carried out by full-matrix least-squares techniques. Crys-
tal data and numerical details on data collection and refinement
are given in Table 1. Molecular geometry data are collected in
Table 2.

Table 1
Crystal data and details of the structure determination for K[Ni(pd3a)(H,0)]-3H,0.

Formula K*-[CoH15N,NiO5]-3(H,0)
Formula weight (g mol~) 415.06
Crystal system triclinic
Space group, No.[22] P1,2

a (A) 7.2681(5)
b (A) 7.9578(6)
¢ (A) 15.377(1)
o (°) 86.982(1)
B(°) 78.640(1)
7 (©) 63.532(1)
V(A% 779.93(9)

® range unit cell: minimum-maximum (°);
reflections

2.70-29.70; 5929

Formula Z 2
SpaceGroup Z 2

Z' (=Formula_Z/SpaceGroup_Z) 1

Peale (g cm ™) 1.767
F(000), electrons 432

1 (Mo K&) (cm™) 15.64
Color, habit blue, block

Approx. crystal dimension (mm)
Radiation type; 4 (A)

0 range; minimum-maximum (°)
Index ranges

Minimum-maximum absorption
transmission factor

0.47 x 0.43 x 0.39
Mo Ka, 0.71073
3.12,28.28

h: -9 -9; k: =10 > 10; I:

-20-20
0.4894-0.5406

X-ray exposure time (h) 8.0
Total data 7144
Unique data 3710
Data with criterion: (F, > 4.00(F,)) 3596
Rine = Z[|Fo? — Fo2(mean)|]/Z[Fo?] 0.0122
Rsig = 20 (Fo?)[Z[F*] 0.0195

Table 2
Structural data for K[Ni(pd3a)(H,0)]-3H,0 (1).

M-L bond lengths (A) M-0-C angles (°)

Ni-01 2.0235(1) Ni-01-C1 114.95(1)
Ni-03 2.0730(1) Ni-03-C7 113.87(9)
Ni-05 2.0401(1) Ni-05-C9 114.97(1)
Ni-07 2.0899(1)

Ni-N1 2.0576(1)

Ni-N2 2.1002(1)

cis angles (°)

01-Ni-03 99.14(4) 03-Ni-N2 82.26(5)
01-Ni-05 90.91(5) 05-Ni-N1 91.81(6)
01-Ni-07 87.12(5) 05-Ni-N2 83.78(6)
01-Ni-N1 82.76(5) 07-Ni-N1 93.65(6)
03-Ni-05 88.52(5) 07-Ni-N2 98.32(6)
03-Ni-07 86.12(5) N1-Ni-N2 95.89(5)
trans angles (°)

01-Ni-N2 174.48(6) 05-Ni-07 173.92(5)
03-Ni-N1 178.07(5)

2.5. Computational details

After testing various combinations of functional and basis sets,
geometries for Ni(Il) complexes were optimized using caussiaNn 09
AO01 program [12]. Starting geometries were taken either from
experimental X-ray structures or were pre-optimized using the
MM+ implemented in HyPercHEM 7.01 [23]. For these calculations,
we used the unrestricted (triplet) B3LYP hybrid functional and
the Ahlrichs TZVP basis set [24]. The Polarizable Continuum Model
(PCM) using the integral equation formalism variant (IEFPCM) with
water as a solvent has been employed for all complexes [12]. Sub-
sequent frequency calculations at the same level of theory verified
that the optimized structures were true local minima on the poten-
tial energy surface i.e. there were no imaginary frequencies. For
calculating molecular interactions we used NEDA (NEDA stands
for Natural Energy Decomposition Analysis) analyses [12,25].

3. Results and discussion

3.1. Preparation of unsymmetrical diaminotricarboxylate ligands and
corresponding Ni(ll) complexes and their characterization

This paper deals with the two nickel(Il) complexes with penta-
dentate edta-type ligands containing 5- and/or 6-membered car-
boxylate arms: 1,3-propanediamine-N,N,N'-triacetate (1,3-pd3a)
and 1,3-propanediamine-N'-diacetate-N-3-propionate (1,3-pd2ap).
Chelates of edta-type ligands can be prepared in several
ways: with the condensation method starting from neutralized
o~ or B-monohalogencarboxylic acid and corresponding diamine;
by condensation of acrylic acid and diamine (in case you wish to
obtain chelates with propionic arms); by condensation of dihalo-
gen derivatives of diamine with diverse amino-acids. In this paper
we deal with chelate pentadentate O-O-N-N-O ligands: Hs1,3-
pd3a and Hs1,3-pd2ap. We prepared them using 1,3-propanedi-
amine, neutralized monochloracetic acid or 3-chloropropionic acid
(in case of Hzpd2ap). The calcium salt of Hsed3a acid was success-
fully isolated with the yield over 80% [7]. On the other hand, in case
of H31,3-pd3a and Hs1,3-pd2ap acids we were able to provide only
condensation mixtures, and used them for complexation with the
Ni(II) ion. Reaction has been done by using the nickel(Il) chloride
hexahydrate (NiCl,-6H,0) salt and neutralized chelate acids as gi-
ven in the experimental part of work. The chromatography column
separation (dowex resin in an anionic Cl~ form) was used. Apart
from the isomerism given in Fig. 1., the H31,3-pd2ap acid upon
complexation with the metal ion may actually yield two different
cis-polar isomers (Fig. 2), that is cis-polar(A) with a five-membered
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Fig. 2. cis-polar isomers of six-coordinate [M(1,3-pd2ap)(H,0)] complex.

acetate ring in an axial position and cis-polar(B) with switched ace-
tate and B-propionate rings.

Finally, we isolated: blue crystals of cis-polar K[Ni(pd3a)
(H20)]-3H,0 and a light blue powder of cis-polar(B)-Ba[Ni(1,3-
pd2ap)(H,0)]»-12H,0. The complexes were characterized by
microanalysis and spectroscopic techniques (IR, UV-Vis). The
structural and spectral data of similar complexes are compared
and discussed in relation to their geometry. In case of
K[Ni(pd3a)(H,0)]-3H,0 the cis-polar geometry was found and con-
firmed by an X-ray analysis. To explore the geometry of the
Ba[Ni(1,3-pd2ap)(H,0)],-12H,0 complex we analyzed and com-
pared spectral results (IR and UV-Vis) and computational methods.
Results from computational calculations that we used (Gaussian,
Firefly and NBO [26]/NEDA) serve for better understanding of ener-
getic and structural properties.

3.2. Description of the crystal structure of K[Ni(1,3-pd3a)(H>0)]-3H>0
(1)

A structural diagram of the cis-polar [Ni(1,3-pd3a)(H,0)]™ an-
ion, with the adopted atom-numbering scheme and the packing
of the molecules in the unit cell are shown in Fig. 3. Each asymmet-
ric unit contains one formula unit, consisting of five moieties: a K
cation, an anionic Ni-complex and three H,O molecules. The tri-
clinic unit cell contains ten discrete units: two cations, two anions
and six water molecules. A search of the distances yielded intermo-

lecular and intramolecular contacts shorter than the sum of the
van der Waals radii [27] for the atoms.

In the crystal structure the Ni(Il) ion is coordinated by six donor
atoms originating from: three deprotonated oxygen atoms of car-
boxylate groups, one oxygen atom from water and two nitrogen
atoms of diamine. The complex has distorted octahedral geometry.
Positions of carboxylate groups define the cis-polar geometry of
this complex, as one acetate ring occupy nickel in an axial position,
while the other two are in the equatorial plane. There are two long-
er bonds: Ni-O7 (2.0899(15)A) and Ni-03 (2.0730(12) A). The
other distances in anionic complex are within the range: from
2.0235(11)A to 2.0401(14)A: Ni-N1 2.0576(14)A; Ni-N2
2.1002(12) A; Ni-O1 2.0235(11)A; Ni-03 2.0730(12) A; Ni-05
2.0401(14) A; Ni-07 2.0899(15) A. The cis angles are in range from
82.26(5) A t0 99.14(4) A and trans angles in range from 173.92(5) A
to 178.07(5) A. As can be seen (Fig. 3), the anion unit of [Ni(1,3-
pd3a)(H,0)]~ contains different types of conformation rings. The
equatorial 1,3-propanediamine ring is found in a chair conforma-
tion. The two five-membered acetate rings in the equatorial plane
has a twisted-envelope conformation while the axial acetate ring is
planar.

3.3. Structural parameters and strain analysis of nickel(Il)-1,3-pd3a-
type complexes in relation to their geometry

The strain in complexes of the M(II)edta-type can be considered
from [28-30]:

(a) cis and trans angles located around the central metal ion;
(b) bond angles sum from different rings;

(c) Ni-O-C or Ni-N-C bond angles;

(d) bond angles which coordinated nitrogen build with others.

Structural data related to stereochemistry of Ni(Il) complexes
are given in Table 3.

The strain analysis has been carried out for cis-polar-
[Ni(pd3a)(H,0)]~ for which we obtained crystal structure. Com-
plexes [Ni(pdta)]*~ and cis-eq-[Ni(ed3a)(H,0)]~ were taken for
the comparison of obtained values (See Table 3). We compared
> A(Op) (the sum of the absolute values of the deviations from
90° of the L-M-L’ bite angles), AX (the deviation from the ideal
of the corresponding chelate rings’ bond angle sum), A(M-0-C)

Fig. 3. X-ray crystal structure of the K[Ni(1,3-pd3a)(H,0)]-3H,0: Ortep diagram of the [Ni(1,3-pd3a)(H,0)]" anion; Crystal packing view along c axis.
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Table 3
Strain analysis of nickel complexes with pd3a and comparable pdta ligands.
Complex SA(OR)? AX(ring)® A(M-0-C)° SANY Ref.
E(T) R G R G
cis-polar-[Ni(1,3-pd3a)(H,0)]~ 59 +34 +1 -5 +5 +5 +11 This work
+14
cis-eq-[Ni(ed3a)(H,0)]~ 70 -13 -1 -11 +7 +3 16 [31]
[Ni(1,3-pdta)]*~ 60 +33 +1 -11 +6 +6 11 [32]
2 ZA(Op) is the sum of the absolute values of the deviations from 90° of the L-M-L’ bite angles. All values rounded off to the nearest degree.
b AX(ring) is the deviation from the ideal of the corresponding chelate rings’ bond angle sum.
¢ A(M-0-C) (ring) is the mean value of the deviation of the corresponding rings’ M-O-C bond angle from the 109.5°.
d

S A(N) is the sum of the absolute values of the deviations from 109.5° of the six bond angles made by nitrogen atoms. A mean value for the two nitrogens is reported.

(the mean value of the deviation of the corresponding rings’ M—-O-
C bond angle from the 109.5°) and £A(N) (the sum of the absolute
values of the deviations from 109.5° of the six bond angles made by
nitrogen atoms). The total deviation of octahedral angles (XA(Op))
depends on the size of the central ion [33] and the complex geom-
etry. Comparing XA(Oy,) values for cis-polar [Ni(pd3a)(H,0)]~, cis-
equatorial-[Ni(ed3a)(H,0)]~ and trans(Os)-[Ni(pdta)]*~, one can
see that complexes with the six-membered T backbone ring show
lower deviation (59° and 60°) with respect to the E ring of
[Ni(ed3a)(H,0)] (70°). The 1,3-propanediamine (T ring) in cis-po-
lar-[Ni(1,3-pd3a)(H,0)]~ shows a positive value of total deviation
by +34° again being quite close to trans(0s)-[Ni(pdta)]*~ (+33°).
According to Table 3 all the examined structural strain parameters,
AX(ring), A(M-0-C) and XA(N) indicate a slightly lower strain
(deviation) of (1) than was found for the other two complexes
due to a less rigid pentadentate system with the 1,3-propanedi-
amine ring.

3.4. Computational chemistry

Having prepared nickel(Il) complexes with pentadentate 1,3-
pd3a-type ligands with 5- and 6-membered carboxylate chelates,
one can compare their experimental spectroscopic and geometry
properties against the results of computational calculations. At
the first glance, we optimized the geometries of each of the poten-
tial geometric isomers (Figs. 1 and 2.) using DFT method imple-
mented in Gaussian09 [12]. We have modeled all three possible
geometrical isomers (cis-equatorial, cis-polar (A and B in case of
(2)) and trans-equatorial). The results obtained for (1) verified
the cis-polar isomer as the most energetically stable one: by
4.7 kcal/mol related to the cis-equatorial and just 0.1 kcal/mol re-
lated to the trans-equatorial isomer (Table 4).

As can be seen (see Table 4), observed bond lengths of the
experimental structure (1) and DFT calculations are in very good
agreement. The bond and angle differences were derived as a result
of solid state environment influence. In complex (2) the calculated

Table 4

Fig. 4. DFT optimized structure of the cis-polar(B)-[Ni(1,3-pd2ap)(H,0)]" anion.

cis-polar(B) isomer (Fig. 4) has been found as the most favorable.
Unfortunately, in the last compound, we failed to isolate a crystal
suitable for the X-ray to verify the proposed geometry.

In addition, we did NEDA calculations [12] using Firefly [25]
EES. We were interested to find out the energetics of LNi---OH,
interaction ([Ni(ed3a)(H,0)]™ has been taken for comparison) as
these usually reflect how easy the pentacoordinated complex turns
on the hexacoordinated one. In other words, we were able to see
how electron-rich or electron-poor the pentacoordinated complex
behave toward the incoming molecule of water (Table 5). Intermo-
lecular forces and energy interactions inside the molecule are the
main characteristics of NEDA results.

Comparison of experimental (X-ray) and Gaussian (B3LYP/TZVP/PCM) obtained data for [Ni(1,3-pd3a-type)(H,0)] complex.

Ni-N (A) in-plane Exp: Ni-O (A) in-plane Exp: Ni-O (A) axial Exp:

Ni-O-C (°) (av.) Exp:

cis-angles (°) (av.) Exp: trans-angles (°) (av.) Exp:

Gauss Gauss Gauss Gauss Gauss Gauss

Comparison of experimental (X-ray) and optimized [Ni(1,3-pd3a)(H>0)]~ structure

2.058:2.105 2.024:2.066 2.040:2.054 114.6:115.8 90.02:89.98 175.5:177.4
2.100:2.135 2.073:2.061 2.090:2.265*

Geometrical isomer

cis-polar-[Ni(1,3-pd3a)(H,0)]~

Cis-polar-[Ni(1,3-pd2ap)(H,0)]~

Energy differences calculated in kcal/mol®

cis-equatorial 4.7
cis-polar 0
trans-equatorial 0.1

1.6
0
0.16

2 Water molecule.
b The isomer with the lowest energy has been indicated with 0 kcal/mol.
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Table 5
Contribution of NEDA (kcal/mol) calculated components.
CT ES POL XC DEF(SE) H,0 DEF(SE) Nipd3a-type AE
[Ni(ed3a)(H,0)]~ ~70.30 ~49.10 —43.45 -22.28 115.68 49.40 ~20.06
[Ni(1,3-pd3a)(H,0)]~ ~820.82 —48.95 ~39.67 739.82 97.35 55.65 ~16.62
[Ni(1,3-pd2ap)(H,0)]~ -710.78 —-36.90 —42.96 645.70 88.10 41.70 -15.14

In Table 5 the parameters of our interest are listed as follows:
CT stands for Charge Transfer; ES stands for Electrostatic compo-
nent; POL stands for Polarization component; XC stands for Ex-
change-correlation component; DEF stands for deformation
component and AE stands for Total energy interaction:

AE = CT + ES + DEF + BSSE,

where BSSE stands for basis set superposition error [12]. Charge
Transfer (CT) and Electrostatic component (ES) terms provide high-
er contribution to total energy interaction than the other terms.
From this point of view [Ni(ed3a)]---water complex is bound by

—20.6 kcal/mol, showing the highest AE value. The lowest AE for
(2) (—15.14 kcal/mol) makes [Ni(1,3-pd2ap)(H,0)]~ the most
affordable to release the water molecule in a potential substitution
reaction.

3.5. Spectral analysis

3.5.1. IR spectra of Ni(ll) complexes with 1,3-pd3a-type ligands
Asymmetric carboxylate stretching frequencies between pro-

tonated carboxylate groups (1700-1750 cm™!) and coordinated

carboxylate groups (1600-1650 cm™!) [34-36] have long been

Wavenumbers [1000/cm]
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Fig. 5. Electronic absorption spectra of Ni(Il) complexes: Nied3a

; Nipd3a — —; Nipd2ap — —.

Table 6
Electronic absorption data of Ni(Il) complexes with pentadentate H31,3-pd3a and H31,3-pd2ap and comparable Hsed3a ligands.
Complex Absorption Assignments (Oj) Ref.
J(cm™) P
cis-equatorial-[Ni(ed3a)(H,0)]~ I 10.00 26 3A2g - 3ng(F) [33]
1l 13.03 5 —'Eg (D)
Ul 16.77 11 3T 14(F)
I\Y% 26.24 20 —3T14(P)
cis-polar-[Ni(pd3a)(H,0)]~ I 9.36 (sh) 9.5 This work
1l 11.04 11.8
I 13.12 4.8
v 16.67 6
27.85 7.9
I 9.80 (sh) 10.63 17.9
cis-polar-[Ni(1,3-pnd3a)] Il 13.14 18.7 [39]
il 16.84 6.6
I\ 27.32 11.5
16
cis-polar-[Ni(1,3-pd2ap)(H,0)]~ I 10.23 30.9 This work
1l 13.00 6.5
I 16.65 9.5
I\Y% 27.06 13.2
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established as a criterion for distinguishing them. There is a gener-
ally accepted rule that the frequency assigned to five-membered
rings [37] lies at a higher energy level than the corresponding fre-
quency of six-membered chelate rings [38]. The IR data reported
here for diaminotricarboxylate nickel(Il) complexes support the
above trend regarding the asymmetric frequencies of carboxylate
groups. The frequencies at 1602 cm™~' and 1598 cm™! were as-
signed to the moieties of the five-membered acetato arms of Ni-
pd3a and Ni-pd2ap. The shoulder at 1571 cm™! from asymmetric
stretching vibrations of the PB-propionate six-membered ring
proves that we isolated the Ni-pd2ap complex (see Supplemen-
tary). The absence of other absorptions at 1700-1750 cm™! show
that all carboxylate groups are coordinated.

3.5.2. Electronic absorption spectra of Ni(Il) complexes with 1,3-pd3a-
type ligands

Electronic absorption spectra were given in Fig. 5. We observed
Ni-1,3-pd3a, Ni-1,3-pd2ap and Ni-ed3a or cis-polar-[Ni(1,3-
pnd3a)]~ [39] (1,3-pnd3a stands for 1,3-pentanediamine-N,N,N’-
triacetate anion) for the purpose of comparison. In cases of Ni-
1,3-pd3a, Ni-1,3-pd2ap and Ni-1,3-pnd3a complexes containing
the six-membered 1,3-propanediamine ring, the expansion of the
first absorption band on the lower energy side is expected. This oc-
curs as a result of a less pronounced presence of the tetragonal li-
gand field (D4, model). The best spectral interpretation of Ni(Il)
complexes can be achieved over (Oy) model: 3Ay, — 3To4(F) (band
1), 2Azg — >T14(F) (band 111) and 2Ayg — *Ti4(P) (band 1V) (Fig. 5).

Each compound contains shoulder at about 13000 cm™! (band
II) on a higher energy side of the spin-allowed transition (see Ta-
ble 6). This appearance occurs as a result of spin-orbital coupling.

The bands [, IIl and IV (usually reflecting an average ligand field
strength - LFS) of Ni-1,3-pd3a and Ni-1,3-pd2ap were compared to
the Ni-ed3a or Ni-1,3-pnd3a [39] complex. Generally, the bands
belonging to complexes with 1,3-propanediamine backbone are
moved to higher energy which means that they have a stronger li-
gand field. Comparing Ni-1,3-pd3a and Ni-ed3a complexes, LFS
shift occurs as a consequence of the presence of two carboxylate
rings in the equatorial plane that exert greater influence on d-orbi-
tal along the x and y axes. Less molar absorptivity of (1) and (2)
(see Table 6) with regards to the Ni-ed3a complex is a consequence
of the presence of a less rigid six-membered 1,3-propanediamine
ring.

4. Conclusion

In this paper, we reported the preparation of a new pentaden-
tate Hs1,3-pd2ap ligand and two new nickel(Il) complexes: potas-
sium-(1,3-propanediamine-N,N,N’-triacetato(aquo))nickelate(II)
trihydrate, K[Ni(1,3-pd3a)(H,0)]-3H,0 (1) and barium-bis[(1,3-
propanediamine-N,N'-diacetato-N-propionato)(aquo)nickelate(II)]-
dodecahydrate, Ba[Ni(1,3-pd2ap)(H,0)],-12H,0 (2), containing
five- and six-membered rings. Based on experimental data and
DFT calculations, we found cis-polar geometry as a favored
geometry for both complexes. The crystallographically verified
isomer for (1) also corresponds to the lowest energy structure
computed using DFT. The proposed cis-polar geometry for (1)
and (2) is consistent with the spectral results. NEDA analysis of
[NiL]- - -[water]| adducts has been done. Charge Transfer (CT) and
Electrostatic component (ES) terms generaly define the difference
between total energy interactions. Therefore, [Ni(ed3a)]- - -OH, ad-
duct show the bigest AE contribution —20.06 kcal/mol (Table 5).
The [Ni(1,3-pd2ap)]---OH;, adduct is bound by 15.14 kcal/mol
which makes it the most affordable to release the water molecule
in potential substitution reaction. In addition, the presence of the

1,3-propanediamine T ring makes LNi- - -OH, energy interaction of
nickel(II) complexes lower than complexes imposed by E ring.
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New hexadentate nickel(II) complex Mg[Ni(1,3-pd3ap)]-10H,O containing unsymmetrical edta-type
ligand, 1,3-propanediamine-N,N,N'-triacetate-N'-3-propionate (1,3-pd3ap), has been prepared,
chromatographically separated, and characterized. Only one [trans(Os)] of the two possible geomet-
rical isomers was isolated. In this isomer, the two five-membered glycinate rings (R rings) occupy
trans-axial sites while the one glycinate ring and one f-alaninate ring lie in the equatorial plane
with the two diamine nitrogens (G rings). This result confirms the assignment made on the basis of
the density functional theory (DFT), IR, and UV—Vis spectral data analysis. In order to see cation
influence on the structural and electronic behavior, [Ni(H,O)s][Ni(1,3-pdta)]-2H,O complex has
also been prepared and its structure verified by an X-ray analysis. Spectral data and electronic
transition assignment, DFT—natural bonding orbital, and an extensive strain analysis are discussed
in comparison with those of other [Ni(edta-type)]*~ complexes of known configuration.

Keywords: Preparation; Nickel(II) complexes; Crystal structure; Density functional theory; NBO

1. Introduction

Metals such as nickel, lead, cadmium, mercury, thallium manganese, chromium, and
platinum are toxic, of major concern to the environment and human health. The effects of
chelating agents and drugs used clinically as antidotes to metal toxicity were reviewed in
several articles [1]. Nickel is considered as an essential element for all forms of life,
occupying the active site of six diverse microbial enzymes: superoxide dismutase, urease,
hydrogenase, methyl-CoM reductase, carbon monoxide dehydrogenase, and acetyl-CoA
synthase [2], but there has been much more concern about the toxicity of Ni than about Ni
deficiency. Food, drinking water, and contaminated air, including tobacco smoke and skin
contact with metals containing nickel, are the main sources of exposure. Dietary intake of
nickel greatly varies, depending on dietary habits, since certain types of food, such as cocoa,

*Corresponding author. Email: zmatovic@kg.ac.rs
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soybeans, some legumes, oatmeal, and various nuts, contain high nickel concentrations.
Allergic dermatitis is the most common form of nickel toxicity in humans. Long-term expo-
sure to nickel can result in chronic bronchitis and reduced lung function, as well as increased
incidence of cancers of the lung and paranasal sinuses [3]. Damage to the liver, kidneys,
adrenal glands, spleen, and brain is also possible. Our group continues research of M(III)
and M(II) (particularly paying attention to Cu(Il) and Ni(Il)) complexes of edta-type
diaminopolycarboxylate ligands in a decade long tradition [4-9].

Bonding angles exhibited by edta complexes (edta=ecthylenediaminetetraacetate ion)
are strained as shown by significant deviations from ideal values. The ethylenediamine ring
(E ring) and the two glycinate rings (G rings) occupying an equatorial plane are more
strained than the two glycinate rings coordinated axially (R rings) for [M(edta)]”™
complexes (M=Co(Ill) [10], Cr(IIT) [11], Fe(Ill) [12], Mn(IIT) [13], Zn(I) [14], Cu(I)
[14], Co(Il) [15], and Ni(II) [16]). Moreover, the G rings are usually observed to be
puckered, while the R rings are more planar, and are referred to as having an envelope
conformation. The edta-like ligands with longer (diamine or carboxylate) chains are likely
to function as hexadentate with metal ions of different size. Such ligands have less in-
plane strain, thus allowing the complexes to attain octahedral angles closer to the ideal
with apparently less strain in the M—L bonds by forming (as dominant) less-strained iso-
mers. Generally, the molecular structures of edta and related transition-metal complexes
have been discussed in terms of the d-electron configuration and size of the metal ion (M)
and the structure of the ligand. These influence the differences in the bond lengths (M—N
and M-0), ring strain, and the ligand configuration [5].

For ligands having mixed five- and six-membered carboxylate arms, geometrical isomers
differ in the number (0, 1, 2) of six-membered rings lying in the equatorial plane
(G plane). This group includes the following ligands: eda3p (eda3p=-ethylenediamine-/N-ace-
tate-NV, N', N'-tri-3-propionate ion); ed3ap (ed3ap = ethylenediamine-N, N, N'-triacetate-N'-3-propio-
nate ion); 1,3-pd3ap (1,3-pd3ap = 1,3-propanediamine-N, N, N'-triacetate-N'-3-propionate ion); S,
S-edds (S,S-edds =285, 25"-ethylenediamine-N, N'-disuccinate ion); eddadp (eddadp = ethylenedia-
mine-N, N'-diacetate-N, N'-di-3-propionate ion); and 1,3-pddadp (1,3-pddadp = 1,3-propanedi-
amine-N, N'-diacetate-N, N'-di-3-propionate ion).

Two symmetrical ligands (eddadp and 1,3-pddadp) can form three geometrical isomers
upon coordination: trans(Os), trans(0sOg), and trans(Og) (figure 1). For [Ni(eddadp)]*~,
the favored isomer is frans(Os)-[Ni(eddadp)]*~ [6] because the six-membered 3-propionate
chelating with a five-membered diamine serves better for the formation of less-strained
G rings. Contrary to this, two of three possible isomers trans(Os) and trans(OsO¢) of [Ni
(1,3-pddadp)]*~ have been reported [7].

s y
- e e
I II I
frans(0;) frans(0;0;) trans(Qg)

Figure 1.  Geometrical isomerism of six-coordinate [M(edta-type)]"~ complexes.
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The unsymmetrical ed3ap with hexadentate coordination can yield two geometrical
isomers differing in the position of the six-membered ring: trans(Os) and trans(0sO0g), but
only one, the favored less-strained #rans(Os)-[Ni(ed3ap)]*~ isomer, was prepared and
separated [17]. For [Ni(eda3p)]*~, two possible geometrical isomers are expected: trans
(Og) and trans(0s0g). The trans(0sO0g)-[Ni(eda3p)]*~ isomer is preferable in this case [17].
Structural data for closely related edta-like Ni(IT) complexes are also known: [Ni(1,3-pdta)]*~
[18] (1,3-pdta=1,3-propanediaminetetraacetate ion); [Ni(edtp)]*~ [6] [edtp=ethylenedia-
minetetra-3-propionate ion]; [Ni(tdta)]*~ [19] (tdta=tetramethylenediaminetetraacetate ion);
[Ni(bdta)]*~ [20] (bdta=1,4-butanediaminetetraacetate ion); [Ni(1,3-pndta)]*~ [21] (1,3-
pentanediaminetetraacetate ion).

In this article, we describe the syntheses of 1,3-propanediamine-N,N,N'-triacetic-N'-3-
propionic acid and the preparation of corresponding nickel(II) complex along with coordi-
nation influence while changing cation from alkaline/alkaline-earth to transition metal.
Therefore, we synthesized [Ni(pdta)]*~ with corresponding Ni** cation, and X-ray data are
reported for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,0. Structural parameters and strain analysis data
of this complex and other similar complexes are compared and discussed in relation to the
structure of the ligand, geometry of complexes, and their octahedral distortion. IR and
electronic spectra of the investigated complexes are given here. In addition, molecular
mechanics and density functional theory (DFT) methods have been used to model the most
stable geometric isomer yielding significant structural data. The results from DFT studies
have been compared with X-ray data. An extensive molecular orbital (natural bonding
orbital (NBO)) and configuration analysis of the series of complexes is presented.

2. Experimental

2.1. General

All commercially available reagent-grade chemicals were used without purification.
Barium(1,3-propanediamine-N, N, N'-triacetato-N'-3-propionato)cuprate(Il)hexahydrate), Ba
[Cu(1,3-pd3ap)]-6H,O was prepared according to unpublished procedure.

Elemental microanalyses for C, H, N were performed at the Microanalytical laboratory,
Faculty of Chemistry, University of Belgrade, Serbia. IR spectra from 400 to 4000 cm
were recorded on a PerkinElmer FT-IR spectrophotometer Spectrum One using KBr
pellets. Electronic absorption spectra were recorded on a PerkinElmer Lambda 35 spectro-
photometer. For these measurements, 1 x 10">M aqueous solutions of the complexes
under investigation were used. Melting points were measured by a Stuart melting device
with accuracy +1 °C.

2.2. Preparation of 1,3-propanediamine-N,N,N'-triacetic-N'-3-propionic acid, (H, 1,3-
pd3ap)

6.25g (10mmol) Ba[Cu(1,3-pd3ap)]-6H,O contains 1.37 g of barium (10 mmol), so we
added 0.1 M H,SO, to precipitate all the barium as BaSO,4. The deposited BaSO,4 was sep-
arated by filtration. The clear bright filtrate (pH~1-2) was saturated with gaseous H,S.
The black suspension containing CuS was filtered and colorless filtrate concentrated to a
small volume. pH of the clear solution was adjusted to 2-3 by adding 6 M HCI. Standing
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in refrigerator for several days, the turbid solid formed and was collected by vacuum filtra-
tion. Yield: 3.04 g (95%) of H41,3-pd3ap.

2.3. Preparation of magnesium(1,3-propanediamine-N,N,N'-triacetato-N'-3- propionato)
nickelate(Il) decahydrate, Mg[Ni(1,3-pd3ap)]-10H,0 (1)

The solution of NaOH (0.56 g, 14 mmol in 5 mL of water) (pH=9) was added to 10 mL of
solution containing 2.00 g (6.25 mmol) of Hy1,3-pd3ap. A solution of 1.48 g (6.25 mmol)
NiCl,-6H,0 in 10 mL of water was added to that suspension (pH=S5), and blue solution
was then heated (65 °C) for 1h with stirring. The volume of the solution was maintained
by periodic addition of hot water. The resulting solution was then desalted by passing it
through a G-10 Sephadex column (2.5 x 40cm) eluting with distilled water. The blue
solution was poured into a 5 x 60cm column containing Dowex 1-X8 (200-400 mesh)
anion-exchange resins in ClI~ form. The column was then washed with water and eluted
with 0.1 M MgCl,. One band was obtained. The eluate was evaporated to 10 mL and
desalted by passage through a G-10 Sephadex column, with distilled water as the eluent.
After that the eluate was concentrated to 3 mL and stored in a desiccator over ethanol for
several days. The blue powder was collected and air-dried. Yield: 0.80 g (22%) of Mg[Ni
(1,3-pd3ap)]- 10H,O. Melting point: 218 °C. The elemental analysis is consistent with the
composition of Mg[Ni(1,3-pd3ap)]-10H,O; C;,H36N,0;sMgNi; Mw=579.41. Found: C,
24.61; H, 6.12; N, 4.91 for the complex salt, Calcd: C, 24.87; H, 6.26; N, 4.83.

2.4. Preparation of barium(1,3-propanediaminetetraacetate) dihydrate, Ba,1,3-pdta-2H 0

The barium salt of 1,3-propanediaminetetraacetic acid was prepared according to the
procedure of Weyh and Hamm [22], with a minor modification. The condensation
mixture of 1,3-propanediamine (15g, 0.20 mol) and chloroacetic acid (96 g, 0.91 mol) in
aqueous KOH solution was prepared; deposited KCI was removed by filtration. A hot
solution of BaCl,-2H,O (98 g, 0.40mol in 200 mL of H,O) was then added to the mix-
ture, which was stirred (90°C) for 2h. The white precipitate of Ba,1,3-pdta-2H,0,
which was practically insoluble in water, was filtered, washed with warm water, and
air-dried (=100 g).

The elemental analysis is consistent with the composition of Ba,l,3-pdta-2H,0;
Ba,C;;H gN,019; Mw=612.93. Found: C, 21.04; H, 2.63; N, 4.53; Ba, 44.74; H,0O, 5.90
for the Ba,(1,3-pdta)-2H,0, Calcd: C, 21.55; H, 2.96; N, 4.57; Ba, 44.81; H,0, 5.88.

2.5. Preparation of hexaaquanickel(Il)-[(1,3-propanediaminetetraacetato)nickelate(Il)]
dihydrate, [Ni(H,0)4/[Ni(1,3-pdta)]-2H,0 (2)

NiSO,47H,0 8.43 g (30 mmol) was dissolved in 80 mL of water; the solution was stirred at
80 °C for 10 min. To this solution, solid Ba,(1,3-pdta)-2H,0O 18.39 g (30 mmol) was added
and the resulting light-blue solution was then stirred at 80 °C for 3 h. During this process,
the volume of the reaction mixture was maintained by addition of hot water, and the pH
of the mixture was kept at 7. After the deposited BaSO, was removed by filtration, the
filtrate was reduced to 60 mL and then poured into a 5 x 60 cm column containing Dowex
1-X8 (200400 mesh) anion-exchange resin in the CI™ form. After the column was washed
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with H,O, a 0.05M BaCl, solution was used for elution (ca. 0.5 mLmin*I). One band
with 27 charge appeared on the column. The obtained eluate was reduced to 150 mL and
then allowed to stand at room temperature for several days. The crystals of Ba[Ni(l,3-
pdta)]-8H,O were collected. Ba[Ni(1,3-pdta)]-8H,O 1.28 g (2 mmol) was dissolved in a
small amount of water. A solution of 0.56 g (2 mmol) NiSO47H,O in a small amount of
water was added to that suspension. The deposited BaSO,4 was removed by filtration. The
filtrate was reduced to a small volume and then allowed to stand at room temperature for
several days. Blue crystals were collected, washed with ethanol and then ether, and air-
dried. Yield: 0.93 g (83%) of [Ni(H,O)s][Ni(1,3-pdta)]-2H,0O. Melting point: 181 °C. The
elemental analysis is consistent with the composition [Ni(H,O)4][Ni(1,3-pdta)]-2H,0;
C11H30N;0,6Nip; Mw=563.75. Found: C, 23.70; H, 5.42; N, 5.01 for the complex salt,
Caled: C, 23.44; H, 5.36; N, 4.97.

2.6. Crystal structure determination

Suitable blue prism-shaped crystals were obtained by recrystallization from water. A crys-
tal with dimensions of 0.51 x 0.31 x 0.25 mm was mounted on a glass fiber and aligned
on a Bruker [23] SMART APEX CCD diffractometer (Platform with full three-circle goni-
ometer). The crystal was cooled to 100(1) K and intensity measurements were performed
using graphite monochromated Mo Ko radiation from a sealed ceramic diffraction tube
(SIEMENS). The final unit cell was obtained from the xyz centroids of 9589 reflections
after integration. Intensity data were corrected for Lorentz and polarization effects, scale
variation, for decay and absorption: a multi-scan absorption correction was applied, based
on the intensities of symmetry-related reflections measured at different angular settings
(SADABS) [24] and reduced to F,>. The program suite SHELXTL was used for space
group determination (XPREP) [23]. The unit cell [25] was identified as orthorhombic;
reduced cell calculations did not indicate any higher metric lattice symmetry [26]. The
space group Pnna was derived from the systematic extinctions. Examination of the final
atomic coordinates of the structure did not yield extra crystallographic or metric symmetry
elements [27,28]. The structure was solved by direct methods with SIR-97 [29]. The posi-
tional and anisotropic displacement parameters for the non-hydrogen atoms were refined.
Final refinement on F* carried out by full-matrix least-squares techniques converged at wR
(F*)=0.0611 for 2828 reflections and R(F)=0.0218 for 2608 reflections with F, > 4.0
o(F,) and 203 parameters and O restraints. The final difference Fourier map was essentially
featureless: no significant peaks (0.44(9) e A ) having chemical meaning above the gen-
eral background were observed. The positional and anisotropic displacement parameters
for the non-hydrogen atoms and isotropic displacement parameters for hydrogens were
refined on F* with full-matrix least-squares procedures. All refinement calculations and
graphics were performed with the program packages SHELXL [30] (least-square refine-
ments), a locally modified version of the PLUTO [31] and PLATON [32] package (check-
ing the final results for missed symmetry with the MISSYM option, solvent accessible
voids with the SOLV option, calculation of geometric data and the ORTEP [32] illustra-
tions). Crystal data, numerical details, and refinement are given in table 1.

2.7. Computational method

DFT calculations reported in this work were carried out using the Amsterdam density func-
tional (ADF) 2007.01 [33-35] program package. This method was used to find the optimal
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Table 1. Crystal data summary for [Ni(H,O)][Ni(1,3-pdta)]-2H,0.

Formula C1H30N,0,¢Niy
Formula weight (g mol™") 563.75

Crystal system Orthorhombic
Space group, No. Pnna, 52

a (A) 13.2024(5)

b (A) 11.6024(4)

c(A) 13.6017(5)
V(A% 2083.50(13)

O range unit cell: min.—max., deg; reflections 2.31-29.70; 9589
VA 4

Peae (g em ) 1.797

F(0 0 0), electrons 1176

(Mo Ka) (cm™") 18.9

Radiation type; A (A) Mo Ka, 0.71073
Temperature (K) 100(1)

0 range; min. max. (°) 2.31,29.70
Index ranges h: —17—-18; k: —12—15; 1. —18—18
Total data, unique data 15,890, 2828
Data with criterion: (F, = 4.0 ¢ (F,)) 2608

Number of reflections 2828

Number of refined parameters 203

WR(F?) = [[W(F 2 —F 22V [w(F A" 0.0611
Weighting scheme: a, b 0.0347, 0.8508"
R(F) = X(||Fo|—|Fel)/ZIFo| 0.0218
Difference Fourier map, e A3 —0.51, 0.44(9)

Yw=1/[6*(Fy?) + (aP)’ + bP] and P=[max(F,,0)+2F.*]/3.

geometries of octahedral Ni(Il) complexes. Geometry optimization of all the investigated
molecules was performed using the generalized gradient approximation (GGA) in the form
given by Perdew—Wang (PW91) [36] characterized by the Vosko—Wilk—Nusair (VWN)
parameterization [37]. No symmetry restrictions were applied. Ni(Il) systems were treated
within the unrestricted formalism. The different geometries of the individual chelate systems
(starting from either experimental structures (X-ray determined) or pre-optimized by molecu-
lar mechanics) were optimized until the maximum and root-mean-squared changes in geom-
etry were below 0.01 and 0.007 A, respectively. An all electron Triple-{ Slater-type orbitals
(STO) plus one polarization function (TZP) basis set were used for all atoms from the ADF
library except for nickel where we applied Ni.2p from TZ2P +basis set. The inner shells
were represented by frozen core approximation (1s for C, N, O, and 1s-2p for Ni were kept
frozen). Condensed phase effects were treated using a COSMO solvation field (vide infra)
as the obtained geometries are far more realistic than those from in vacuo optimization. To
obtain single point outputs of the most stable isomer needed for NBO calculation, we
employed Gaussian 09 A0l program [38]. For these calculations, we used the unrestricted
formalism with B3LYP hybrid functional and the Ahlrichs TZVP basis set [39].

NBO [40] localizes few-center orbitals (“few” meaning typically 1 or 2, but occasionally
more) that describe the Lewis-like molecular bonding pattern of electron pairs (or of indi-
vidual electrons in the open-shell case) in optimally compact form. More precisely, NBOs
are an orthonormal set of localized “maximum occupancy” orbitals whose leading N/2
members (or N members in the open-shell case) give the most accurate possible Lewis-like
description of the total N-electron density.
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3. Results and discussion

The pale blue trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O and deep blue [Ni(H,O)s][Ni(1,3-
pdta)]-2H,0 have been prepared by reaction of nickel salt with neutralized edta-type acids.
X-ray data are reported for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,O. The 1,3-pd3ap with hexaden-
tate coordination can yield two geometrical isomers: the trans(Os) and frans(OsOyg), but
only less-strained trans(Os) isomer was observed. The trans(Os) geometry was predicted
for [Ni(pd3ap)]*~ by interpreting IR and UV/Vis spectroscopy and DFT quantum-mechani-
cal results.

The IR (carboxylate region) and electronic absorption spectra (used for the assignments
of complexes) are compared to those of other [Ni(edta-type)]*~ complexes of known struc-
tures. The nickel(IT)-nickel(II) complex with 1,3-pdta has been synthesized to find possible
influence of a transition-metal cation. NBO outputs were used to do more in-depth elec-
tronic nickel-edta-type analysis.

3.1. Description of the crystal structure of [Ni(H,0)4/[Ni(1,3-pdta)]-2H,0 (2)

An ORTEP drawing of [Ni(1,3-pdta)]*~ and the packing of the molecules are depicted in
figure 2; selected bond lengths and angles are listed in table 2. Values for Ni-L bond
distances and angles in [Ni(1,3-pdta)]*~ are compared with those obtained for a similar
complex [7]. Each asymmetric unit, in our case, contains a half formula unit consisting of
a half cationic hydrated Ni-complex, a half anionic Ni-(1,3-propanediaminetetraacetate)
complex, and two half waters. The positions of N1, N2, and C6 (2..) and O8 and O9 (..2)
of water are all placed at special positions, meaning all moieties have a crystallographi-
cally imposed twofold axis. The orthorhombic unit cell contains 16 units, four cations, four
anions, and eight waters (figure 2). The cis angles at Ni(Il) (table 2) range from 82.47(4)°
to 97.99(3)°, while the trans ones are 175.40(3)° and 173.36(4)°. The six-membered dia-

Figure 2. Molecular structure (ORTEP view) of [Ni(1,3-pdta)]*~ (2) and the crystal packing view along the ¢
axis.
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Table 2. Bond distances (A) and angles (°) with e.s.d.’s in parentheses for [Ni(H,0)][Ni(1,3-pdta)]-2H,O and
comparison with trans(Os)-[Ni,(1,3-pddadp)(H,0)4]-4H,O [7].

[Ni(H,0)6][Ni(1,3-pdta)]-2H,O trans(0s)-[Niy(1,3-pddadp)(H,0),4]-4H,0 [7]
M-L Bond lengths (A)

Nil-Ol1 2.0807(8) Ni(1)-O(1) 2.089(2)
Nil-03 2.0277(8) Ni(1)-0(3) 2.074(3)
Nil-O1 _a 2.0807(8) Ni(1)-0(5) 2.060(3)
Nil-03 a 2.0277(8) Ni(1)-O(7) 2.060(3)
Nil-N1 2.0795(10) Ni(1)-N(1) 2.090(3)
Nil-NI1 a 2.0795(10) Ni(1)-N(2) 2.109(3)

Bond angles (°)

Cis angles Trans angles Cis angles Trans angles
O1-Nil-03 92.08(3) OI-Nil-Ol1 a 175.40(3) N(1)-Ni(1)-N(2) 95.7(1) O(5)-Ni(1)-O(7) 179.3(1)
O1-Nil-NI 82.47(4) O3-Nil-N1_a 173.36(4) O(7)-Ni(1)-N(2) 81.7(1) O(3)-Ni(1)}-N(1) 168.2(1)
O1-Nil-03 a  90.94(3) NI-Nil-0O3 a 173.36(4) O(7)-Ni(1)-N(1) 98.1(1) O(1)-Ni(1)-N(2) 169.1(1)

OI-Nil-N1_ a  94.44(4) O(5)-Ni(1)-N(2) 97.7(1)
03-Nil N1 83.17(3) O(5)-Ni(1)-N(1) 81.7(1)
03-Nil-O1_ a  90.94(3) OB3)-Ni(1)-N(2) 93.4(1)
03-Nil-03 a  97.99(3) 03)-Ni(1)-0(7) 90.6(1)
NI-Nil-Ol a  94.44(4) 0(3)-Ni(1)-0(5) 89.7(1)
NI-Nil-N1_a  96.44(4) O(1)-Ni(1)-N(1) 93.6(1)
Ol aNil-03_a 92.08(3) O(1)-Ni(1)-0(7) 91.3(1)
01 a-Nil-NI_a 82.47(4) O(1)-Ni(1)-0(5) 89.3(1)
03 aNil-N1_a 83.17(3) O(1)-Ni(1)-0(3) 78.2(1)

mine (T) ring adopts a skew-boat conformation. The R rings are almost planar (in an enve-
lope conformation), while the G rings are much more puckered and are halfway between
envelope and twist conformations.

A search of the distances yielded intermolecular and intramolecular contacts shorter than
the sum of the van der Waals radii [41]; the moieties are linked by hydrogen bonds form-
ing infinite 1-D chains along the base vectors [0 1 0] (see Supplementary material). There
are no short contacts between nickel(Il) and [Ni(1,3-pdta)]*~, usually found in M(II)
(EDTA-type)M'(Il) complexes [14].

3.2. Structural parameters and strain analysis

Some structural parameters (the mean M-L bond lengths and some bond angles) in Ni
(1,3-pdta)]*~ are given in table 2. For this complex, the mean M-O(G) distances are
slightly shorter than the mean M-O(R) distances, not usual for this type of complex. How-
ever, the mean M-O(G) distances are shorter than the mean M-N distances, but M-O(R)
distances are longer.

Since the DFT calculated geometry of trans(Os)-[Ni(1,3-pd3ap]®~ does not deviate sig-
nificantly from other similar structures, we do not expect the strain analysis to reveal any
unusual results. Structural data correlating the stereochemistry of nickel complexes with
edta-type ligands are given in table 3. Figure 3 shows the DFT optimized structure of
trans(Os)-[Ni(1,3-pd3ap)]* .

The sum of the bite-angle deviations, ZA(Oy,), varies from 56° in trans(Os)-Mg[Ni(1,3-pd3a-
p)]-10H,O to 74° in [Mg(H,0)s]-[Ni(1,4-bdta)]-3H,0, the latter having the greatest distortion
of the complexes in table 2. The sum of 58° for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,O and 56° for
trans(Os)-Ba[Ni(1,3-pd3ap)]-6H,O show great distortions. The conformation of the



Downloaded by [Narodna Biblioteka Srbije], [Miss Marija Jeremic] at 00:35 07 May 2013

1738 S. Belosevi¢ et al.

Table 3. Strain analysis of nickel complexes with edta-type ligands with five- and/or six-membered carboxylate
rings.

A
AX(ring)° (Ni-O-C)°

Complex SAOp)* E,TorB R G R G TAN)? Ref.
Ni[Ni(1,3-pdta)]-8H,O 58 +30 4+l =10  +6  +4 11 This work
[Nis(1,3-pddadp)(H,0)4]-4H,0 60 28 0 436 +7 420 8 (7]
Mg[Ni(1,3-pd3ap)]- 10H,0° 56 +31 0 —14(+37) +7 +5(+19) 15(10) This work DFT calcd
Mg[Ni(1,3-pndta)]- 10H,0 57 31+l 9 46 43 15 [21]
Mg[Ni(1,4-bdta)]-9H,O 74 +70 -2 —13 46 +5 23 [20]

“¥A(Oy) is the sum of the absolute values of the deviations from 90° of the 12 L-Ni-L’ angles. All values
rounded off to the nearest degree.

®A¥(ring) is the deviation from the ideal of the corresponding chelate rings’ bond angle sum. Ideal values: 528
and 637.5° for the five- and six-membered diamine ring, respectively, and 538.5° and 648.0° for the five- and six-
membered carboxylate ring, respectively.

‘A(NNi-O-C) (ring) is the mean value of the deviation of the corresponding rings” Ni-O-C bond angle from the
109.5°.

9TA(N) is the sum of the absolute values of the deviations from 109.5° of the six bond angles made by nitrogen
atoms. A mean value for the two nitrogens is reported.

°For this complex, having C; molecular symmetry, the two values are reported. The values in parentheses are
given for the f-alaninate rings and nitrogen atoms connecting 3-alaninate rings.

Figure 3. DFT (ADF) optimized structure of trans(Os)-[Ni(1,3-pd3ap)]* .

1,3-propanediamine (T) ring of both complexes is a skew-boat. The 1,3-propanediamine ring
(T ring) in trans(0s)-[Ni(1,3-pd3ap)]*~ shows a positive total deviation of +31°. The same ring
in [Ni(H,0)]-[Ni(1,3-pdta)]-2H,0O shows total positive deviation of +30°.

Five-membered rings coordinated in the equatorial plane have negative deviations from
the ideal chelate ring bond angle sum: —14° in frans(Os)-[Ni(1,3-pd3ap)]>~ and —10° in
[Ni(H,0)4]-[Ni(1,3-pdta)]-2H,O. Contrary to this, five-membered rings coordinated in axial
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positions show very small positive deviation (+1°) in [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,0,
while in trans(Os)-[Ni(1,3-pd3ap)]*>~ there is no deviation. Six-membered f-alaninato rings
coordinated in the equatorial plane in frans(Os)-[Ni(1,3-pd3ap)]>~ have positive deviation
(+37°). All complexes show positive deviation of the Ni-O-C(R, G) bond angles. These
deviations are less for glycinato rings (from +6° to +7° and from +3° to +5° for the R and
G rings, respectively), than for f-alaninato rings (+19° and +20° for the G rings). When
each of the deviations for the six angles made by the nitrogens is summed, the total
deviations (absolute values) for each complex were obtained. Total deviation about the
chelating N sums to roughly 11° for [Ni(H,O)s]:[Ni(1,3-pdta)]-2H,O and 15°(10°) for
trans(0s)-[Ni(1,3-pd3ap)]*~. The equatorially coordinated five-membered glycinato rings
are more strained than those coordinated axially. Thus, it appears that equatorial orientation
of p-alaninato ring has no influence on the strain of these systems, also found in Ni-1,3-
pddadp, favoring trans(Os) geometry in both 1,3-pddadp and 1,3-pd3ap. Similar strain has
been found in Mg[Ni(1,3-pndta)]-10H,O [21] while much more deviation (ZA(Oy)=74°
and T= +70) was observed for Mg[Ni(1,4-bdta)]-9H,O [20].

3.3. Spectral analysis

Asymmetric stretching vibrations for Ni-edta-type complexes are given in table 4. The
asymmetric stretching carboxylate frequencies have been established as criteria for distin-
guishing between protonated carboxylate (1700-1750cm ") and coordinated carboxylate
(1600-1650cm ™ ') [42—44]. The complexes show absorptions in agreement with their
molecular symmetries (C; for trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O and C, for [Ni
(H,0)4]-[Ni(1,3-pdta)]-2H,0). For trans(Os)-[Ni(1,3-pd3ap)]*~ of C, symmetry, the IR
spectrum contains one strong broad band centered at 1595cm™'. Normally, two bands
are expected due to the asymmetric vibrations of five-membered glycinato rings and six-
membered f-alaninate rings. However, due to mixing with lattice water vibrations, we do
not observe all distinct vibrations. For [Ni(H,O)4]-[Ni(1,3-pdta)]-2H,O of C, symmetry,
the IR spectrum contains one strong broad band at 1587 cm™'. The lack of other absorp-
tions in the 17001750 cm ™' range suggests that all the carboxylates are coordinated.
Ligand field absorption spectra for [Ni(H,O)s]:[Ni(1,3-pdta)]-2H,O and trans(Os)-Mg
[Ni(1,3-pd3ap)]-10H,0 and related edta-type complexes are given in figure 4 (table 5). All
complexes forming six-membered diamine (T) rings, compared to those of related
complexes forming five-membered diamine (E) rings, show broadening of the first absorp-
tion band (lower energy side, figure 4) due to the influence of tetragonality on the spectro-

Table 4. Asymmetric carboxylate stretching frequencies for [Ni(edta-type)]” complexes®.

Complex Vasym (COOM) Chelate ring size Ref.
[Ni(H,0)]-[Ni(1,3-pdta)]-2H,O 1587 5 This work
trans(Os)-[Niy(1,3-pddadp)(H,0),]-4H,0 1640sh 5 [7]

1591 6
trans(0s0¢)-Na,[Ni(1,3-pddadp)]-3H,0 1635sh 5 [7]

1610

1588 6
trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O 1595 5 and 6 This work
Mg[Ni(1,3-pndta)]-10H,O 1597 5 [21]

Values are given in cm ™.
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Figure 4.  Electronic absorption spectra of Ni(I[) complexes: — — —— pdta; pd3ap; ------ pddadp.
Table 5. Absorption data for some [Ni(edta-type)]) complexes®.
Complex 10% v(em™) € Assignments Oy, Ref.
Mg[Ni(1,3-pdta)]-8H,0 I 10.50 16.6 Aoy — Tou(F) [18]
1l 12.98 3.9 — 'Ey(D)
11 17.54 6.8 — T 1(F)
IV 2637-2857sh 7.6 — T1,(P)
[Ni(H,0)6]-[Ni(1,3-pdta)]-2H,O0 I 10.35 17.31 This work
1T 12.87 6.18
I 17.48 8.51
v 25.77 13.43
trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O I 10.22 15.2 This work
I 12.99 6.8
1T 16.86 11.5
v 26.39 19.9
trans(Os)-[Niy(1,3-pddadp)(H,0)4]-4H,0 I 10.18 11.3 [7]
I 13.00 2.3
1T 16.55 6.5
v 26.88 10.0
Mg[Ni(1,3-pndta)]- 10H,0 1 10.59 14.7 [21]
I 12.88 4.0
1T 17.52 6.8
v 26.69sh 7.3
Mg[Ni(1,4-bdta)]-9H,0 I 9.63 11.7 [20]
11 12.97 35
I 17.21 9.9
v 25.73sh 11.9

. . . —1 3 —
“Values ¢ are given in units of mol™' dm” cm™ .

1
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chemical behavior of these complexes (D4, model). However, electronic absorption spec-
tra, as established for Ni(Il)-edta-type and most other Ni(II) complexes, can best be inter-
preted by using an octahedral model (Oy): 3A2g—>3T2g(F’) (band T); 3A2<¢;—>3T1g(};’) (band
1), and 3A2g—>3T1g(P) (band IV) (table 5). As expected, the aqueous spectra of [Ni
(H>0)6]-[Ni(1,3-pdta)]-2H,0 and trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O show a shoulder at
13,000 cm ™" which occurs on the high-energy side of the first spin-allowed band (band I,
table 5). This band probably arises from a spin-forbidden triplet to singlet transition. The
absorption maxima of [Ni(H,O)e]:[Ni(1,3-pdta)]-2H,O and trans(Os)-Mg[Ni(1,3-pd3a-
p)]-10H,O (bands I and III, table 5) are located at lower energies than those found for Mg
[Ni(1,3-pdta)]-8H,0O [18]. The ligand field strength (LFS) for these complexes increases in
the order pddadp <pd3ap <pdta with the decreasing number of six-membered rings in the
G plane.

3.4. DFT calculations

ADF is a Fortran program for calculations on atoms and molecules. It can be used for
Ni(IT) complexes. We optimized geometries of each of the potential geometric isomers,
except trans(Og)-[Ni(1,3-pddadp)]. For the search global minima, we have chosen
Perdew—Wang (PW91) [36] correlation gradient corrections as this proved to be the
best choice in our case. table 6 contains structural parameters correlating ADF and
experimental data (where we have it) of edta-type of nickel(Il) complexes. First, we
preoptimized a particular isomer by molecular mechanics MM+ and then left the struc-
tures to be optimized by ADF2007.01. In cases where we had crystal structures, we
used them directly for optimization. Since nickel has two unpaired electrons and triplet
multiplicity, the systems were treated within the unrestricted formalism. We decided to
compare energies, bond lengths Ni-N in plane, Ni-O in plane, Ni-O axial and average

Table 6. Comparison of experimental and DFT (ADF) data for edta-type nickel(I) complexes.

Ligand [Ni(1,3-pdta)]*~ [Ni(1,3-pddadp)]*~ [Ni(1,3-pd3ap)]*~

Reference This work [7] This work

Geometrical isomer® No isomers Trans(0s0g) 0 Trans(Os) 0
Trans(Os) 0.5 Trans(050g) 4.45
Trans(Og) 386

Comparison of experimental (X-ray) and lowest energy DFT-optimized structure

Ni-N (A) in-plane 2.079:2.112 2.090:2.148 :2.145

Exp: DFT 2.079:2.112 2.109:2.145 :2.138

Ni-O (A) in-plane 2.028:2.085 2.089:2.107 :2.105

Exp: DFT 2.028:2.085 2.074:2.097 :2.055

Ni-O (A) axial 2.081:2.087 2.060:2.082 :2.087

Exp: DFT 2.081:2.087 2.060:2.078 :2.080

Ni—O-C (o) (av.) 114.6:113.9 123.13:123.5 :118.7

Exp: DFT

Ni-O-C-0 (o) (av.) 173.94:177.7 168.3:169.7 :174.3

Exp: DFT

cis-angles (°) (av.) 90.1:90.0 90.1:90.1 :90.1

Exp: DFT

trans-angles (°) (av.) 174.0:175.4 172.2:172.5 :171.3

Exp: DFT

*The isomer with the lowest energy minimum has been indicated with 0 kcalmol .
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of Ni-O-C and Ni-O-C-O, cis- and trans-angles. For all complexes where we have
structural data, the ADF theory gave the lowest energy isomer (table 6). In the case of
[Ni(1,3-pd3ap)]*~ DFT theory shows that rans(Os) isomer is more stable by
4.45kcalmol " than trans(OsOg) (table 6). All bonds are sometimes significantly and
sometimes slightly longer than ones found in crystal structures. This might be attributed
to DFT calculations on molecules in solid state but also to the choice of exchange and
correlation gradient potentials.

3.5. NBO analysis

Complex anion is fragmented in two separated units, Ni(II) and edta-type* . The energies
from donor—acceptor (D—-A) mechanism have been obtained by analyzing quantum-
mechanical output files calculated by GENNBO EES. In case of nickel complexes,
fragmentation on two sub-units is pronounced with all nickel chelates of edta-type ligands
used. Here, we describe NBO results mainly within Ni** and 1,3-pd3ap*” units. However,
similar relations were found for Ni-1,3-pdta and Ni-1,3-pddadp. The most intensive D-A
energy transfers in the equatorial plane are result of donation of electronic charge, from
lone “p” electron pairs of carboxylate oxygens as well as from sp” tetrahedral nitrogens,
toward virtual “non-Lewis” LP(Dy,.y,)" orbital of nickel. The “LP*” label denotes a Ic
(lone) non-Lewis (*) orbital of the formal valence shell (hence, distinguished from
Rydberg-type “RY™”). It occurs primarily in formally hypovalent species, such as the
empty p-type valence orbital of B in boranes or the empty s- or d-type valence orbitals of
Ni in our example [40]. The most intensive donor-acceptor energy transfers in an axial
plane result from donation of electronic charge, from lone “p” electron pairs of carboxylate
oxygens toward “non-Lewis” LP(D,,)" orbital of nickel.

The structure of #rans(Os)-[Ni(1,3-pd3ap)]*~ is given in figure 5, involving donor-accep-
tor mechanism of PNBO (preorthogonal-natural-bond-orbitals). Comparison of D-A

Donor N(O)eq to Acceptor
Ni "d" orbitals

Donor Oax to Acceptor
Ni "d" orbitals

Figure 5. Donor—acceptor PNBO scheme of trans(Os)-[Ni(1,3-pd3ap)]*~ from the D—A mechanism.
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Table 7. Energies from donor-acceptor (NBO) interactions (kcal/mol).

Complexes
[Ni(1,3-pdta)]*~ [Ni(1,3-pd3ap)]*~ [Ni(1,3-pddadp)]*~
a-DA energy 98.82 103.14 98.81
B-DA energy 184.26 182.07 174.16
Total energy 283.08 285.21 272.97

energies is given in table 7. Generally, the DA charges are mainly affected by f transfers.
Accordingly the more six-membered rings in the equatorial plane the lower the DA inter-
actions. [Ni(1,3-pd3ap)]*~ gives four strongly interacting hyperbond carboxylate O-:C:O
resonance triads, as expected. Other three center (3C:) hyperbonds have not been found in
this complex anion.

4. Conclusions

We report preparation, chromatography, and characterization of hexadentate Mg[Ni(1,3-
pd3ap)]-10H,O containing unsymmetrical edta-type 1,3-pd3ap®~. Only [trans(Os)] of the
two possible geometrical isomers was isolated. In this isomer, the two five-membered gly-
cinate rings (R rings) occupy frans-axial sites while one glycinate and one f-alaninate ring
lie in the equatorial plane along with two nitrogens (G rings). To observe the cation
influence on the structural and electronic behavior, [Ni(H,O)e][Ni(1,3-pdta)]-2H,O was
prepared and its structure verified by X-ray analysis. We did not observe short contacts
between nickel(Il) and [Ni(1,3-pdta)]2*, usually found in M(II)(EDTA-type)M'(Il) com-
plexes [14]. The structural assignment was made on the basis of DFT, IR, and UV—Vis
spectral data. IR and UV-Vis data indicate octahedral coordination around nickel with all
carboxylates deprotonated and coordinated. DFT-NBO analysis suggests that within nickel
(IT) complexes there are two distinct ionic units nickel(Il) cation and edta-type tetraanion.
The units exhibit a strong donor-acceptor mechanism. According to UV—Vis spectral
results of our complexes and several with similar structures, the LFS increases in the order
pddadp <pd3ap <pdta with decreasing number of six-membered rings in the G plane.

Supplementary material

Crystallographic details of the complex in the form of CIF files are available and have the
CCDC number 900017. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: p44
1223336033 or Email: deposit@ccdc.cam.ac.uk.
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