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NAEHTUOUKALIMOHA CTPAHULIA JOKTOPCKE JUCEPTAIIUIE
1. Aymop

Nwme u ipesnme: Bragumup I1. [Terporuh
Hatym u mecto pohema: 12. 01. 1984. Jaroauuna, Cpouja
Canamme 3anocnemne: [IpupogHo-maTemaTuukn gakyarter, Yausep3urter y KparyjeBuy

11. /lokmopcka oucepmauuja
Hacmog: Ineranosamuncku nanaaujym(1l)-koMmiekc kao kaTaan3aTop XeKkoBe peakiuje

Bpoj crpanunna: 141

Bpoj ciuka: 45, Bpoj cxema: 50, bpoj Tadena: 33

Bpoj 6ubnmorpadcekux jenuanna: 161

Ycranosa u Mecto rae je m3pahen: lIlpupoano-maremarnuku dakysarer, Kparyjesaig
Hayuna o6nact (YK): 547, Xemuja-Oprancka xemuja

Mentop: ap 3opumna /I. IlerpoBuh

l111. Oyena u ooopana

Hatym npujase teme: 14. 04. 2010.

Bpoj oanyke u qaTym npuxBaTama J0KTOpcke aucepranuje: 616/9, 14. 04. 2010. roaute.
Komwcuja 3a orieny mogo0HOCTH TeMe U Kauauaara: 6poj omnyke 60/1X-1, 20. 01. 2010.

1. Ip 3opuua /1. IlerpoBuh, penosuu npodecop Ilpupoano-mareMaTuukor ¢pakyjarera y
Kparyjesny, Hay4yHa o0sacT Oprancka xemuja, MEHTOP

2. Ip Pactko BykuheBuh, penosnu npogecop Ilpupoano-maremaTuukor pakyJirera y
KparyjeBuy, HayuHa odsact Opraincka xemuja, 4iaH

3. np Baagumup IlaBaoBuh, penoBuu npodecop Xemujckor ¢akynarera y beorpany,
Hay4Ha o0JjacT OpraHcka xeMuja, 4iaH

4. np Cetsiana MapkoBuh, penosuu npodecop Ilpupoano-maTeMaTH4uKor pakyarera y
KparyjeBuy, HayuHa o0aact @u3nuka xemuja, 4iaH

Kommucuja 3a oneHy qoKTOpcKe mucepranuje: opoj omayke 150/1X-1, 27. 02. 2013. roause.

1. Ip 3opuua /. IlerpoBuh, penosuu npodgecop Ilpupoano-mareMaTH4uKor pakyarera y
KparyjeBuy, HayuHa o6aact Oprancka xemuja, MEHTOP

2. np CBetrnnana MapkosBuh, penoBuu npogdecop Ilpupogno-maremaruukor gaxkyareray
Kparyjesny, HayuyHa o0jacT ®@Pu3n4Ka XxeMHja, YIaH

3. ap Baagumup IaBaosuh, penosuu npodgecop Xemujckor pakyarera y beorpany,
Hay4Ha obJacT Oprancka xeMuja, 4iaH

Komucuja 3a ondpany mokropcke auceprarmje: 6poj omnyke 150/1X-1, 27. 02. 2013. roxuse.
1. Ip 3opuua /. IlerpoBuh, penosuu npodgecop Ilpupoano-mareMaTu4ukor pakyarera y
KparyjeBuy, HayuHa odact Oprancka xeMuja, MEHTOP

2. n1p CBetsiana MapkoBuh, penosuu npodecop Ilpupoano-mareMaTuykor ¢pakyjaTera y
Kparyjesny, HayuyHa o0acT ®@Pu3n4Ka XeMHja, YWIaH

3. np Baagumup Ilasiaosuh, penosnu npodgecop Xemujckor pakynreray beorpany,
Hay4Ha o0JacT Oprancka xemuja, 4iaH

Hatym onoOpane qucepranuje: ... 2013. ronune



Cynpysu Maju, majyu /Ipacanu u oyy Ilpedpacy 3a cee mpenymke

nasicrbe, cmpnseerod U pasymesdrod...



JlokTopcka mucepranuja je ypahena y Huctutyty 3a xemujcke Hayke [IpupomHo-

MareMaTuukor dakynTeTa, Y HuBep3urtera y Kparyjesiry.

Ca BeMIMKMM TOLITOBam-EM, UCKPEHO ce 3axBajbyjeM MeHTOpy np 3opuuu . Ilerpouh,
penoBHoM mpodecopy I[IpupomHo-marematnukor Qakynrera y KparyjeBiy, 3a mpeasioxeHy

TEMY U MIPYXKEHY HeceOMUHY MOAPUIKY TOKOM H3paJie U MHCamba OBE TOKTOPCKE JUCEepTalIyje.

Hckpeny 3axBamHocT ayryjeM u npodecopy ap Ceernmanu Mapkosuh ca IlpupomgHo-
MateMaTHukor axynrera y KparyjeBuny Ha Benaukoj mnomMohM TpuU TNPUMEHU TeEopHje

($yHKIIMOHATIA TYCTHHE U KOPUCHUM CaBeTHMa TOKOM M3paJie U Mucama JUcepTaluje.

3axBaspyjeM ce mpodecopy ap 3opaHy MapkoBuhy ca Jlp>kaBHOr YHUBEp3UTETa Yy
Hosowm Ila3zapy Ha ycTymibeHOM mporpaMckoM makery Gaussian, kao U Ha KOPUCHHM CaBeTHMa

TOKOM H3pajie IUcepTaluje.

[TocebHO ce 3axBasbyjem MSC Jlymmmu CumujoHOBMh Ha BENHMKO] KOJIETHjaTHOCTH

TOKOM H3pajie AUCEPTaIHje.

Hajsehy 3axBamHocT ayryjeM cBojoj cynpy3u Maju, kao u Mmajuu Jparanu u omy

[Ipenpary Ha  BeJMKOj  THOAPUIINM  TOKOM  H3pajJe W MHcama  JHucepTaunuje.
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Cnucak cnuka u cxema

Cnuka 1. XapTBuUroBu 6uocPuUHCKH JTUTAHIH.

Crnuka 2. llecrowiaHu ¥ TEeTOWIAHU MalaJaliuKiIn (rope) u XepmaH-benepoB mamamamukil
(momne).

Cnuxka 3. CtpykTypa KoMIuiekca ca Tpuc(o-Had T )HochUHCKUM JTUTAHIOM.
Crnuka 4. [TuH1IepOB TN KaTaTUTHYKK TpeakTuBHUX Komruiekca (PCP).
Crnuka 5. [uH1IepoB KOMIUIEKC TajarjyMa ca JIBa majagaukia.

Crnuka 6. [IInGacakujeB magaaamuKI.

Cmuxka 7. Manamarmmkia CN tuna.

Crnuka 8. MuncrernoBu Hedochunckn nmanaganukin CN turma.

Cnuka 9. UMuHCKH TTaTaJaliuKiIf KaTATUTHYKN aKTUBHU Y XEKOBO] pPEaKIIUjH.
Cmuka 10. Heku oq IMHHCKUX IajlagaliuKaia.

Cmuka 11. Hexkn on manamanuikana ca OCH3MJIAMHUHCKUM, XHHOJIMHCKAM M THPUIAHCKUM
JIMTa”HaAnumMa.

Crnuka 12. 1-Apunnupasod u 2-apuiadeH30THa301 0a3upaHy MM aIluKIIM.
Ciuka 13. [Manamamukiu CS u CO Tuma.

Cnuka 14. XepMaHoBH KapOEHCKH KOMILIEKCH nanaaujyma (dmiy = 1,3-qumerninMuaason-
2-wnuaeH, tmiy = 1,3,4,5-terpamernnuMuaa3on-2-uwiauaeH, dmmdiy = 3,3 qumernn-1,1"-
METHJICHIUUMHUIA30I1-2,2 - THUJIEH).

Cmuka 15. Onmra cxema nuranana (EHaHTPOJUHCKOT THIMA YIOTPEO/bEHUX y XEKOBOj
peaKIuju.

Cxema 19. ®eHaHTPOIMHCKN KOMITJICKCH MANaijyMa Kao KaTau3aTOpH XEKOBE peaKiiyje.
Crnuka 16. EnceBupoBr KOMIUIEKCH Maianjyma.
Crnuka 17. Okca30JMHCKH KOMIUIEKC TajiaInjyMa.

Cmuka 18 Kommiekcu nananujyma(ll) ca N-goHOpckuM nmuranamMa Kao MpeKaTaiu3aTopu
XeKOoBe peakiyje.



Jlokmopcka oucepmayuja

Cmuka 19. N,O-bunertatan nuranam Kao MPEeKypCcoOpH KAaTAIUTUYKH aKTHBHUX KOMILIEKCA
nananujyma(ll).

Crnuka 20. UMua301CKH KOMITJIEKCH TTajlaiyjyma.

Crnuka 21. XuHOMMH-8-KapOOKCHIIATHH, 2-(mupuanH-2-1)aleTaTHH u 3-
(mumeTtmtamuHO))riportanoatHy nanaaujym(Il)-kommiekcu.

Crnuka 22. KatamuTUuki akTHBHU KOMIUICKC MaJIaidjyMa ca OMJEHTAaHTHUM OKCA30JUHCKHM
JIMTaHIUMa.

Cmuka 23. Tpunentantu N,N,O-amuno-nupuania-kapOOKCHIIATHM W TETpPaJACHTAaHTHHU
N,N,N,N-mukapbokcuamuno-gunupuann namaaujym  (II)-koMriekcu  kao KaTanuzatopu
XeKoBe peakxiyje.

Crnuka 24. [lIudose 6a3e koje Kao jenad o1 JOHOPCKUX aToMa capxe S WK Se Kao JIMTaHIH.

Cmukxa 25. Kpucranna crpykrypa trans-guxiopobuc(aueranonamus-N)managujym(1l)-
KOMITJIEKCa.

Cnuka 26. OnTUMHU30BaHE TeOMETpHUje KPYLHUjaIHUX YYECHHMKA Y MPOIECy NpeakTHBAlNje
trans-[PdCI,(DEA);]: 2 neBo u 3 mecHo.

Cmuka 27. OnrtumuzoBane reomerpuje trans-[PdCIl,(DEA);] (1), mpemasnor crama 6 u
PaBHOTEXHUX reomeTpuja 4 u 5.

Cmuka 28. OnrumusoBane reometpuje  komiuiekca  trans-[PdCl,(DEA),]  (7),
JeTIPOTOHOBAHOT KOMIUIEKca 9, u oxrosapajyhux npenasznux crama 8 u 10.

Cauka 29. HOMO (neBo) u LUMO (necHo) y uatepmenujepy 2.

Cauxa 30. HOMO wunrepmeaujepa 11 1 HOMO wmana untepmenujepa 5. Ha HOMO manu
WHTEepMearjepa S eJIeKTpoH-HajCcypuIuTapHuje ToIpyYje j€ 03HaUEHO IPBEHO.

Crnuka 31. Pesynrar IRC mpopadyHna 3a npenaszHo crame 12.
Crnuka 32. Pesynrar IRC mpopauyHna 3a npenasHo crame 13.
Crnuka 33. ONnTUMU30BaHE TEOMETPHjE CBUX MPETA3HUX CTamkha y UCTPAKUBAHO] PEAKIIH]H.

Cnuka 34. HOMO-Mana aktuBupanor komiuiekca 5 (rope neBo) 1 LUMO marma jonOeH3zeHa
(rope n1ecHo).

Cmuka 35. IRC 3a mpenazno crame 14. HOMO (mone neBo) m LUMO (mone mecHo)
opburane uaTepmeaujepa 13.



Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Crnuka 36. OnTUMHU30BaHE TEPOMETPH]jE€ HEKUX YIECHUKA MEXaHUCTHUKOT yTa b, y kojuma je
Mmouiekyn DEA n3ocTtaBibeH U3 IpopayyHa.

Cnuka 37. LUMO untepmenujepa 24 (neso) u HOMO meTtunakpunara (1ecHo).

Cmuxa 38. Pesynrar IRC mpopauyna 3a mpenasHa crama 28 (yieBo) u 34 (necHo) y
KaTAJTITHYKOM IUKITYCY apHiIOBamba METHII-aKpriIaTa OpoMOCH3EHOM.

Cnuka 39. OnTuMHu30BaHe CTPYKTYpPE MPOU3BO/IA PeaKIije: METHI-IIMHAMAT (JIEBO) U METHUJI-
P-METOKCHIIMHAMAT (JIECHO).

Cmuka 40. LUMO mana PdCl,, HOMO mama 35 u LUMO wmama 37.
Cnuxka 41. OnTuMu30BaHe TeOMETpHUje a, 6 ¥ B IPOU3BOIa XEKOBE peakiinje.
Cnuka 42. HOMO-Mana metun-merakpunara (i1eBo) u LUMO-mamna uarepmenujepa 24.

Cnuka 43. OnTUMH30BaHa CTPYKTypa aroCTUYHOT KOMIUIEKCa KOju Oum OMO moromaH 3a
dhopmupame Z-oneduHa.

Cnuka 44. OnTUMH30BaHE CTPYKType HHTEpMeIujepHOr Komiuiekca 51 (ca HazHaueHOM
HOMO) u npenaznor crama 52.

Cnuka 45. Pesynratu IRC npopauyna 3a npenasna crama 41 (sieBo), 45 (y cpeaunu) u 49
(mecHo).



Hoxmopcka oucepmayuja

Cxema 1. Heke peakiuje katanu30BaHe MajiaiujyMOBIUM KOMIUIEKCHMA.

Cxema 2. Omrra npuka3 IuKIIyca nmajiajinj yM-KaTalu30BaHUX peakilyja.
Cxema 3. Omira cxeMa XeKoBe peakifyje.

Cxema 4. KatanuTniku ukiyc XeKoBe peakiiuje.

Cxewma 5. Penyknmja Pd(I1) y katanmurruku aktuBau Pd(0)-komruiexc.

Cxema 6. OkcuiaTUBHA aiIMja U OKCUAALIM]a MajlaijyMa BOJOHUKOM (0J1€).
Cxema 7. OkcuaTuBHa agunrja Koa GochUHCKUX KOMILIEKCA.

Cxema 8. OkcuyaTiBHa afunrja y XeKOBOj peakiuju.

Cxema 9. Murparuja apuia-rpyre Ha T-CHCTEM.

Cxema 10. Moryhu HaunHM IucoIyjanuje Jurasga koa GochuHCKUX KoMITIeK a.
Cxema 11. B-XuapumHa enuMuHaIIA]ja.

Cxema 12. M3omepu3zaiyja IBOCTPYKE Be3€ Y B-XUAPHUIHO] STMMUHAIIN]H.
Cxema 13. PenyktuBHa enmumunarmja H-X.

Cxema 14. [IpBu nuranau ynorpedsbeHN y XeKOBOj peaKIuju.

Cxema 15. @ochuTt Kao KaTamu3aTopu XEKOBE peaKiyje.

Cxema 16. Cunre3a HaOymeTOHa.

Cxema 17. Heku on 6udochuHCKHX TUraHazga Koju rpajie KaTaTUTHIKA aKTUBHE KOMILICKCE
nanxaavjyma.

Cxema 18. 3meHa xaoreHux Juradaaa ko1 6upochruHCKUX KOMIUIEKCa TaiainjyMa.
Cxema 20. CuHTe3a caJeHCKUX KOMILIEKCa Majiaiijyma.

Cxema 21. Peakiinonu mukinyc Cy3ykujeBe peakiiyje.

Cxema 22. Cxema CTujoBe peakiiyje.

Cxewma 23. Karanutnuku nukiryc CTHIOBE peakiiuje.

Cxema 24. KymMaauHO KyIUIOBame.

Cxema 25. Mexanuzam Kymanune peaxiyje.



Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Cxema 26. HerummjeBa peakuuja.

Cxema 27. Mexanusam Herumujese peakiiyje.

Cxema 28. Cxema CoHOTanmpuHe peakiiyje.

Cxema 29. Mexanuzam CoHorammpuHe peakiyje.

Cxema 30. Kocyru-Kamejama-Murutruna peakimja.

Cxema 31. bakBana-XapTBUroBa peakiyja.

Cxema 32. Mexanuctnuku nukityc bakana-XapTBurose peakiyje.

Cxema 33. XekoBa peakiifja KaTaln30BaHa TUTaHOJaMUHCKUM nanaan]jym(1l)-kommiexcom.
Cxewma 34. [Ipennnoxenn mexanusam npeakrtusanyje 1. R = -CH,CH,OH.

Cxewma 35. IlpernoctaBibenn Mexanuzam npeaktusanyje 1. [Tyt A npeacraBiba MexaHu3am y
MpHUCYCTBY cnabe 6a3e, 1ok je myT b y npucyctBy jake 6a3e. R =-CH,CH,0OH.

Cxema 36. MexaHuCTHYKH TyT 3a mpeakTtuBanujy komruiekca trans-[PdCl,(DEA);]
Komruiekca (4).

Cxema 37. IlpermocTaB/beHU MEXaHWU3aM KaTaJTUTHYKOT ITUKIyca XEKOBE peKallje, y K0joj
ce 5 KopHucTH Kao mpeKaTanu3arop.

Cxewma 38. IIpennoxxeHn MexaHu3aM OKCHIIATUBHE aauiuje jonoenzeHa Ha 5. DEA na nyty b
IpeJCTaBJba 0CI000)eHN MOJIEKYI pacTBapaya.

Cxema 39. Eneprercku aujarpam 3a MexaHuctuuke nmyreBe A m b. Peaktantu Ha cxemu
IpeJCTaBJba 30Mp eHepruja CTpYKType S U jogOeH3eHa.

Cxema 40. Enerpercku aujarpam 3a MUTPaTOPHO MHCEPTOBAKE U B-XUIPUIHY €TUMHUHAI]Y
y XEKOBO] peakluju apuianuje MeTuia-akpuiara ca 6pombenzeHom (R = H, X = Br, nyna
nunaKja), jondenszenom (R = H, X = |, ucnpekugana muauja) u jomanuszoiom (R = OCHs, X =
|, TaukacTa nuHHj).

Cxema 41. MexaHnuzaM MUTPATOPHOT MHCEPTOBaka MW [-XUApPUIHE CITUMUHALH]E Y
KaTaJTUTHYKOM ITUKITYCY apUIIOBamkha METHII-aKpHIaTa ca OpoMOEH3EHOM.

Cxema 42. MexaHuzaM MUTPATOPHOT MHCEPTOBakba MW [-XUAPUIHE CITUMUHALH]E Y
KaTAIMTUYKOM [UKIYCY apHIOBamba METUII-aKpHiiaTa ca jog0eH3eHOM (Tope) U jOAaHU30JI0M

(momne).

Cxema 43. MexaHu3aM pereHepaiiyje Karaanuzaropa.



Hoxmopcka oucepmayuja

Cxema 44. Mexanu3zam Gopmupama npekaranuzaropa Pd(Il)-kommiekca 1.
Cxewma 45. B-Xuapunna enumuHanuja y 1,1-qucyncruryucanum oepuHuMa.

Cxema 46. Moryhu MexaHM3MH 32 MUTPAaTOPHO MHCEPTOBAKE U B-XUAPUAHY STUMHHALU]Y Y
KaTaJIUTUYKOM apuiIOBaby METUII-METAKPUIIATa JOJOEH3EHOM.

Cxema 47. Moryhu MexaHM3MH 32 MUTPaTOPHO MHCEPTOBAKE U B-XUAPUAHY STUMHHALU]Y Y
peakmuju npor3Boaa 0 ca joJOEH3EHOM, TIPH YeMy ce J00Hja TUapUIOBaHH MPOU3BO/I B.

Cxema 48. Moryhu MexaHHW3MH 32 MUTPATOPHO MHCEPTOBAKE U B-XUAPUIHY CIMMHUHAIU]Y Y
KaTAIMTUYKOM apUIIOBakby METHUII-METaKpuiIaTa OpoMOCH3EHOM.

Cxema 49. Moryhu MexaHHW3MHU 3a MUTPATOPHO WHCEPTOBAE, B-XUIPHUIHY CITUMUHAIIN]Y Y
KaTIUTUYKOM apUIIOBakby METUII-METaKpUiIaTa jOJaHU30II0M.

Cxema 50. Ilpomena cinobopHe eHepruje y MHUIPAaTOPHOM HHCEPTOBambY U P-XHUIPHIIHOJ
SNMMMHUHAIM]H Y KaTATUTHYKOM apUJIOBaky METHII-METaKpHIIaTa ca joa0e3eHOM.
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Cnucaxk mabena

Tabena 1. OxcuaanmoHa cTama najajaijyma y MmojeIMHAM peakilijama.
TaGena 2. XekoBa peakiiyja KaTaau3oBaHa (EHAHTPOIUHCKUM KOMITJIEKCHMA Talainjyma.
TaGena 3. XekoBa peakiiyja KaTaTM30BaHa OKCA30JIMHCKUM KOMILJICKCOM TaJlainjyma.
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TaGenma 18. Enexrponcka emepruja (E), enrammuja (H*®) u cnoGoxna emepruja (G**°) 3a

ctpykrype 7-10.
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HCTPaKMBAaHUX BpPCTa y MexanusMy hopmupama Pd(0)-komiekca.
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KoMIuIeKkcoM 1.
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H3BOA

VYTIJbeHUK-YIJbEHUK U YTJbEHUK-a30T KYIUIOBamkha KaTalu30BaHa MPETa3HUM MeTaluMa
MOCJIeIBUX JICIICHN]a MOCTalla Cy BayKaH JIe0 OPraHCKUX CHHTE3a H, C IPaBOM ce Moke pehw,
MohHO opyhe cuHTeTHYKe oprancke xemuje. [lananujym-karanan3oBaHo apuiioBame oeduHa,
MO3HATO Kao XeKoBa peakiifja, jelHa je o[ TaKBHX peakiuja. 3axBasbyjyhu cBe 3Ha4ajHU]jOj
aITMKAaTUBHO] YJIO3U MaaJijyM-KaTaJHM30BaHUX Peaklidja, Mpe CBera HBHUXOBO] MPUMEHH Y
(dhapmarieyTcKkoj HHIYCTPUJH U MPU CHHTE3W MHOTHX OHMOJIOIIKH aKTUBHHX jeaumema, 2010.
ronuHe nonaesbeHa je HoGenoBa Harpaga 3a xemujy Puuapny @. Xeky, Enunjy Herummujy u

Axupu Cy3ykujy.

Y oxBHpYy OBe JucepTaldje HWCIUTaHa € KaTaIuThuka yjora trans-
muxjtopoouc(aueranonamus-N)namaaujym(I)-kommiaekca (1) y XexoBoj peakuuju. JJooujern
pe3yaTaTd Cy TOKa3ald Jla ce OBaj KOMIUIEKC TOHAIla Kao Ipekaraim3arop. Meromama
¢yHKIMOHANMA TYCTMHE WCHHTAaH je MeXaHu3aM TpaHchopMmamuja komriekca 1 'y

karanutuuku aktuBHU Pd(0)-komruiekce 5.

PasmatpaH je, Kako EKCHEPUMEHTATHHM TaKO W PadyyHApPCKUM METOAaMa, YTHIa]
cnabe u jake 6a3e Ha TOK peakiuje. Takohe, ymorpedboM AUCKPETHOT COIBATAMOHOT MOJIeTa

WCIHTAH je YTUIaj pacTBapaya Ha PeakIMOHH MEXaHU3aM.

Kako Ou ce wucnuTao yTHIA] KOJIMYMHE KaTalM3aropa Ha MPUHOCE peakliyja,
yrnotpebsbena je u Beha kommuuna Pd(I1)-kommutekca 1 kao mpekaTaIuTHYKH aKTHBHE BPCTE.
[Tomohy meTozne ¢pyHKIIMOHATIA TYCTHHE PAaCBETIMIIM CMO MEXaHU3aM OKCHIATHBHE aJIUIIH]e,
I0J] HAIIUM YCJIOBUMa M3Be/ieHe peakuuje. Ha nctu HaumH ucnmrane cy u ¢asze MUTpaTOPHOT
HCEepPTOBama, B-XUAPUAHE M PEeIyKTHBHE EIMMHUHALIMjE 3a peakiuje apui-xaioreHuna Phl,
CH30CsH4I u PhBr ca merun-akpmnarom. Ha ocHOBy noOMjeHHMX pe3yaTaTa MOXE C€
3aKJBYYHTH Ja je Tocienma (a3a peakmuje — pereHepaiyja Karaiu3aTopa, KOpak Koju je

OJIrOBOpaH 3a MPHUHOC U Op3MHY YKYITHE peaKIiyje.

Y mwpy yHampehema peakiMOHOT MPOTOKOJA, W Paad EIMMHUHAIUjEe TOKCUYHOT
aleTOHUTPUJIA Kao pacTBapayva, YmoTpeOWJIu CMO 3eJeHH pacTBapad, joHCKy TedHocT (IL)
nuetanonamonujym-anerat ([DEA][AcOH]. OBo jenumeme je yjenHO OWUI0 M PEaKIUOHU
MenujyM 1 0a3za, Kao W JuraHja norpedan 3a dhopmupame npekatamutrudku aktueHe Pd(II)-

Bpcre (ewe. all in one). Pezynaratu cy mokasanu aa je ynotpeOJbeHH KaTaJUTUYKH CHCTEM
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jorcka Tteuynoct-nanaaujym(Il)-kommnexc (IL-Pd) eduxacan, crabuman (jep ce TOKOM
peaknuje He Mema) W HAKOH pereHepaiyje MoXke ce ymnorpeoutu mnoHoBo. CBe oBe
KapaKTepUCTUKE YWHE, OBAKO KOHIMIHPAH, XEKOB MPOTOKOJI CKOHOMHYHHM M EKOJOIIKH

MPUXBATIbUBUM.

Kopucrehu ncTu KaTaluTHUKKA CUCTEM, HCIIUTAHA j€ PErH0- U CTEPEOCEIEKTUBHOCT Y
MOJIENI-pEeaKLiji METHJI-METaKkpujiaTa ca apwi-xagoreHunuma. Ilocturayra je mnoOpa
PETHOCETIEKTUBHOCT U OJJTMYHA CTEPEOCETIEKTUBHOCT. EKCIIepuMEeHTaHN pe3ynTaTu Ccy, U y
OBOM cIy4ajy, motBphenn meromom ¢yHkmuonana ryctuHe. IlokazaHo je ma je daza f-

XUApUAHEC GJII/IMI/IHaLII/Ije OATOBOpHA U 3a CTCPCOCCIICKTUBHOCT U 3a PCTUOCCIICKTHUBHOCT.

10
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Summary

Carbon-carbon and carbon-nitrogen couplings catalyzed by transition metals, have
become important part of organic chemistry. Palladium catalyzed arylation of olefins, known
as Heck reaction, has become a powerful tool of synthetic organic chemistry. Owing to the
applicative role of palladium catalyzed reactions, above all their relevance in pharmaceutical
industry and synthesis of numerous biologically active compounds, the Nobel Prize in

chemistry 2010 was awarded jointly to Richard F. Heck, Eigichi Negichi, and Akira Suzuki.

The main topic of this dissertation is catalytic role of the trans-
dichlorobis(diethanolamine-N)palladium(ll)-complex (1) in Heck reaction. The obtained
results showed that this complex acts as precatalyst. The mechanism of preactivation of 1 into
the catalytically active Pd(0)-complex 5 was examined using Density Functional Theory
(DFT).

The influence of strong and weak bases on the reaction was examined using both
experimental and theoretical methods. The influence of solvent was examined by employing

the discrete solvation model.

To examine the influence of the catalyst amount on reaction yields, the higher amount
of the precatalitically active complex 1 was employed. Using DFT method, the mechanism of
the oxidative addition was elucidted. Also, migratory insertion, B-hydride elimination, as well
as reductive elimination were examined in the same way. On the basis of the obtained results,
it can be concluded that the last step of the reaction, catalyst recovery, is responsible for the

overall reaction rate, as well as for the reaction yields.

In order to improve the reaction protocol and to eliminate toxic solvent acetonitrile,
we used green solvent, ionic liquid (IL) diethanolammonium acetate ([DEA][ACOH]). This
compound acted at the same time as reaction medium, base, and ligand necessary for the
formation of Pd-precatalist - all in one. The obtained result showed that the used catalytical
system ionic liquid — palladium(ll)-complex (Pd-IL) is efficient, stable (it does not change
during the reaction) and recyclable. All these characteristics make this catalytical system

economical and ecologically acceptable.

11
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By using the same catalytical system, we examined regio- and stereoselectivity in the
model reaction of methyl methacrylate with aryl halogenides. Good regioselectivity and
excellent stereoselectivity were achieved. The experimental results were confirmed by
employing DFT. It was shown that B-hydride elimination is the reaction step responsible for

both regio- and stereoselectivity.
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1. OHIITH JEO
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11. IHanaoujym u nanadujym-kamanu3oeanu npouecu

[Managujym je 1803. roauue oTkpuo OpHUTaHCKH Jekap UM xemudap Bummjem Xajn
Bonacton (1766-1828). OH je uMe 0BOM IIJIEMEHUTOM MeTaly Jao mo acrepouay Ilanac, koju
j€ Ha3BaH 10 TPYKOj Oorumu MyapocTd. [lanaaujym je yecto xopummheH mpenasHu MeTan y
XeMHUJU jep Mpyka MOTYhHOCT pa3HOBpCHE ymnoTpede y XeMHjcKHUM cuHTe3ama. IIpomecu
KaTaJIM30BaHU OBUM METAJIOM IOCIIEIBUX IOJIMHA TIOCTANIU Cy He3ao0una3zHo opyhe oprancke
xemuje. OHHM Haja3e CBOjy MNPHUMEHY Yy CHHTE3M TPUPOJHUX IPOU3BOAA, MOJIUMEpA,
arpoxemMukainyja, (hpapManeyTCKux Mpou3Bo/ia, HAHOMAaTepHjalia UTI., IPe CBEra 3axBajbyjyhu
BHCOKO] TOJIEpPAaHIMjH OBOI MeTajla MpeMa pPazIuuuTUM (YHKIHMOHATIHUM IpylamMa, Kao H
CIOCOOHOCTH J1a YYeCTBYj€ y KAaTAIUTHUYKHM TpaHchopMmanujamMa. 3a OBaj METAl Ce MOXeE
pehu na je Hamao MpUMEHYy Y CKOPO CBaKOj 00JIaCTH OPTaHCKUX CHHTE3a, IITO j& U3 OCHOBA

MIPOMEHMUJIO HAYMH Ha KOjH Cc€ MPUCTyNa PETPOCUHTETUYKO] aHAIIH3H.

[Managujym mpumajga rpynu IUIATUHCKUX MeTana (pyTEeHHjyM, POIHjyM, ManagujyM,
OCMUjyM, UPUJIH]YM, INIATHHA), KOJU CHa/ajy Y U3y3€THO peTKe eleMeHTe. Y 3eMJbHHOj KOpu
0] CBUX IUIATHHCKHX MeETajJla MMa HajBUIIE Majagujyma u IuiatuHe, oko 6-10 %, mok
MojeIMHaYHU yJIe0 OCTalluX eJieMeHaTa He Mpesa3u 5-107'%. 36or CBOj€ MMJIEMEHHUTOCTH,
TUTATUHCKU METANIM ce Hajuelrhe Hajas3e y eleMEeHTapHOM CTamy U TO Kao MpUMece y pyaama
0akpa 1 HUKJIA, WIK Y 33JeJHHYKUM JISKUIITAMA ca cpedpoM U 31maToM. CBH OBU METANU CY
CUBO-0€IM U CjajHH, aKO Cy Y KOMITAKTHOM O0MKy. [ITaTHHCKM MeTamu MOTHUYY yriaBHOM U3
camo Tpu 3eMibe: Pycuje, Kanane u Jyxxne Adpuke, Maga mocroje 3HadajHa HaIa3uITa U y
Jyxnoj Amepunm, Ayctpanuju u Etnonuju [1,2]. Kao 3anumibuBOCT Tpeba mucrahu na je
eJIEMEeHT NalaAnjyM (4uju je aToMcku Opoj Z=46) cmeca Beher Opoja m3oToma, 01 KOjUX

HajBHUIIIE Ma U30TOMma MaceHor 6poja 106 (27,1%), 108 (26,7%) u 105 (22,6%).

300r KapakTepHUCTHKa MajagujyMa, Kao MTO Cy M3Yy3€TaH cjaj, JoOpa OTHOPHOCT Ha
KOpO3H1jy U OKCHJIAIIN]y, 100pa KaTAIMTUYKA aKTHBHOCT HETOBUX JCIUHbCHA U HUXKA IIEHA Y
OJTHOCY Ha H-EroBe KOHKYPEHTE 371aTO M IUIATHHY, MPUMEHa Manajujyma je BeoMa IIMPOKa.
OBe NOroJHOCTH YYMHMJIE Cy ra BaXHUM (AKTOPOM Yy jYBEIHPCTBY, CTOMATOJIOTH]H,
ENeKTPOTEXHUIIM, KPUMUHAIWCTULIA, ayTOMOOWJICKO] HWHAYCTPHUJU W  XEMH)CKHM
ucTpakuBamwuMa. [Ipumena namaaujyMma U HbEroBUX JEIUEHA Y XEMHUJU Y BEIIMKO] MEPHU CE
0a3upa Ha HUXOBUM KAaTAIUTUYKHUM OocoOMHama, W Ouna Om BepoBaTHO joumr u Beha na je
EroBa LieHa Huxka. [onumime ce y cBety npoussene 20-30 ToHa nanagujyma. Llena jegnor

rpama metana yrcrohe 99,99% usnocu 50-60 amepuukux monapa [2].
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OnBujame BenuKOr Opoja opraHckux TpaHchopmanuja, ykbydyjyhu Xexoy, Cy3yku-
Mujamypa, CtriioBy u bakBana-XapTBUTOBY peakiivjy KymuioBamwa, Bakepos mpomec u Tcy
Ju-Tpoct amunoBame (cxema 1.), maHac ce He OWM MOTIJIO 3aMHUCIUTH 0e3 ymoTpede
nanagujyma [3-10]. Ilopen Tora, mnamaaujyMm Kataiumsyje peakiHje XUIpOTreHH3aluje,
XUAporeHonuse, kapOonunoBama, ¢opmupama C-C, C-O, C-N u C-S Besa, peaxiuje
[UKJIOU30MepH3aliuja, nepunukinune peaxuje [3-10]. Ha manaaujymy 3acHOBaHe MeETOE
YECTO C€ OJIBHjajy MOJ OJIaruM peakIMOHUM YCJIOBHMa J1ajyhul BUCOKE MPUHOCE MPOU3BO/IA,
ca OJUIMYHHM HHBOWMA CTEpPEO-, PETHO- U XEMOCEIEKTUBHOCTU. JlIoMHHO KaTanu3za, rjie ce
Bunie Pd-karanm3oBaHux TpaHchopMmamuja oaBMja y jenHoj onepanuju [4], Taxobe

npeacTaBiba MONHO Opyl)e CHHTETHUKE OPTaHCKE XEMHU]E.

XcKoBa peakuuja Crunosa peakunja
X [Pd] R Epdl \ R
+ _/ >
R3S|'I
Cysykujesa peakimja bakeann - Xapreurosa peakumja R

Pd
@/ + R [Pd] ©/\/ @/ + HN\R- — O
(RO),B

Cxema 1. Heke peaknuje kaTann3oBaHe Maja njyMOBHM KOMIUICKCHMA.

[Managujym MoXe Aa MOCTOJU y HEKOJIMKO Pa3IMYUTUX OKCHUAALMOHUX CTama. Y
opranckuMm Metonama gomuuupa ymorpeda Pd(0) u PdA(II) [3-11]. [ToBehana crabmiHOCT
IIapHUX OKCHJIALMOHMX cTama (Ha mnpumep, 0, +2, +4) Moxe ce HCKOPUCTUTH 3a
3200MJIaKEHE JSTHOCTIEKTPOHCKUX, OJTHOCHO PAJAMKAJICKHX IpoIlleca, jep MajlagujyM JIaKo

YYECTBYj€ Y JBOCICKTPOHCKUM peakiifjama OKCHAAIH]e U PEIYKIIH]e.

OcobuHa oOBOr MeTana Jia y4yecTByje y Op3UM JIBOECNEKTPOHCKHM peakifjama
JONIPUHENA je HEeroBOj LIMPOKO] MPUMEHM Kao Karaiau3aropa. Tako, Ha NpUMEp, HEeroBa
oKcuaanoHa crama (0 u +2 Hajlaze MPUMEHY Y Pa3IMuYUTUM XEMH]CKUM peakijama (Tademna
1.). 3a peakmuje kKao ImMTO Cy KYIUIOBamke M XHUIpOreHW3amuja ojeduHa 3ajeTHHYKA je
ynotpeba Pd(0)-cucrema, 1ok je 3a Tpanchopmalyje Kao IITO Cy OKCHAALHMjE alKoxoja U

UKJION30MepH3almje, 3ajennnuko kopuitheme Pd(1l)-cucrema.
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Tabena 1. OkcuaannoHa crama nanajadjyMa y IojeAHIM peaklnjama.

Pd(0) Pd(I)

AnunHo kymnoBame | Bakepos mpoiiec

ATKHITOBaEHC Iuxnonzomepuzanmje
XuaporeHusanuja Oxkcuparje ainkoxoia
XugporeHonmsa AnuitHe OKCHJIAIH]e

KapOonmnoBame AnuiiHa npeMeliTama

Benuku Opoj pamoBa u3 opraHonanaaujymoBe xemuje 0aBu ce ynorpedoom Pd(0)- u
Pd(Il)-komrutekca. Mako ce y MHOTHMa OJ1 lbUX HE MCTHYE jaCHO aKTHBHA BPCTa IMalajujyma
(na mpumep, Pd(Il) xoju ce moxe kopuctuTH 3a rerepucame Pd(0) in situ), renepanno je
npuxBaheHO Na ce manajgujyM-KaTaan3oBaHe peakifje OJABHjajy Mo (I0jeIHOCTaBJHEHO])
MpOLEAYpH TpeacTaBibenoj Ha cxemu 2. Tako, Pd(0) ce Moxe moABprHYTH WJIM OKCHAALU]U
WIK OKCHIATHBHO] amuiuju yume ce mobuja Pd(II)-kommuekc, a Pd(ll)-kommiekcu mory
HAMpaBUTH HOBE HMHTEPMEIUjepHE KOMIUICKCE y TMpoIecHMa Kao IITO ¢y [-XuapuaHa
CIMMHHAIIMjA, 3aMeHa JIMTaHaja, MUTPATOPHO HMHCEpTOBame. KOHAYHO, peayKTHBHA

enumuHanuja kouseptyje Pd(Il)-kommuieke Hazax y Pd(0).

Pd(I1)
OxcHlaTHBHA aIHIIH] a B-XxuapuaHa eTHMHHALA) A
(oxkcuaanuja) MHUrpaTopHo HHCEPTOBAbE
Pd(0) Pd(IT)

PS,ZLYKTHBIIZ! CJIMMHHA Lllvij a

Cxema 2. Omta npuka3 MUKIyca naiaiijyM-KaTaIn30BaHuX peakiiyja.

[Managujym(0)-kaTtanu3oBaHe peakuuje Ouie cy LEHTap UCTPAXHUBAKA Y MPOTEKIUX
Hekonuko naeneHuja. [lomymapan merox mpunpeme Pd(0)-komrutekca je in Situ peaykiuja
Pd(I1)-BpcTa paznuuuTiM pearcHCHMa Kao IITO Cy ajlKeHH, aJKOXOJH, aMUHHU, (OoCHUHU UK
meranau xumpumd. Pd(0)-Kommmekcu canpike manammjym ca d'° korduryparmjom, ma ce kao
TaKBU CMaTpajy HykKJIeo(huianma, Koju ce Jako okcuayjy a0 Pd(Il)-crama. 3axBaspyjyhu Tome,

BehnHa KaTanuTHUKHUX mporeca katanu3oBanux Pd(0)-Bpcrama 0OMYHO MOYHEHY MPOIIECOM
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OKCHJATHBHE aauuuje. Y MpHHLUUNY, ToBehame eNEeKTPOHCKE TYCTHMHE Ha NalaJujyMmy

MIPOMOBHUIIIE OKCUIATUBHY aJULIH]Y.

[Managujym(I1)-kommIekcH ¢y M3y3€THO BaKHHU 3a OpraHCKy Xemujy. OHH Cy TUTTUYHU
eNIeKTPO(UIN, PACTBOPHH CYy Yy JOHCKMM TEYHOCTMMA M CTa0WJIHM Cy Ha Ba3dyxy, LITO
oMoryhyje BHXOBO JIaKO YyBame M pyKoBame. KllacHUHM OpraHCKM peareHCH Kao IITO CY
osleprHM, ATKUHU W apeHH, TIPEACTABIbA]Y CIEKTPOH-00TAaTe BPCTE U CIYKE Ka0 HYKICOPUITH
y peakmujama KaTaIn30BaHUM nanaadjymoMm. Heke ox HajBakHMjux peakiuja kojuma Pd(ID)-
BpCTa MOAJIEKE IOCie Hamajga Hykjieoduiaa 3acHUBajy ce Ha Op30M M peBep3HOMIHOM
dopmupawy Pd(Il)-kommnekca ca onepuHuMa W ankuHEMA. KOMILJIEKCH JBOBaJIEHTHOT
nayafjymMa ce 4ecTo y peakilyju MOoHalajy Kao Ipe-KaTaau3aTopy, MOIITO Ce JIAKO PEAYyKY)y

pasnmuuutuM Bpctama 10 Pd(0)-kommiekca, KOju 3aTHM KaTallu3yje )KeJbeHH POIieC.

Tpeba HamoMeHyTH Ja y HEKMM CIIy4ajeBUMa HHj€ HEONMXOIHO (OpMHUpaAHE
komruiekca manaaujyma(ll) koju he xemujckum TpaHchopmamnyjama aTH KaTaTUTHYKH
aktuBHy Pd(0)-Bpcry. To cy cny4ajeBu kana ce nurang u oarosapajyha Pd(ll)-co monajy in
Situ y peakiuoHy cMecy, Ma peakiidjamMa W3MeHe juraHaga nojasu no peaykuuje PA(II) y
Pd(0).

YommteHo, oprancke peakinuje Karamm3oBane Pd(0)-xomruiekcuMa MOKEMO
MOJICJIUTH Ha peaklyje KyIuloBama Tula yribeHUK-yribeHuk (C—C) u yribeHUuK-XeTepoaToM.
Hexke ox peakiuja C—C kyrioBama cy Xekosa [12], Cy3ykujeBa [13-17], Ctunosa [18-22],
Kymanuna [23] u HernmujeBa peakiuja [24,25], 1ok je 3a peakije KyIUIOBama yribeHUK-

xerepoartom npumep baksana-Xapreurosa peakmuja [26-30].

17



Hoxmopcka oucepmayuja

1.2.  Xexosa peaxuuja

XekoBa peakuuja (HoOemoBa wnarpama 3a xemujy 2010. romumHe) cBakako je
pernpe3eHTaTuBaH TpHUMEp TMajlaujyM-KaTadu3oBaHux TpaHchopmarmja. OBa peakiyja
Mpe/iCTaB/ba KaTAIUTUYKO apHIOBAKkE U AIKEHWIOBAKE aKTUBUpaHUX ojeguHa (MajkioBux
aKIEeNnTopa) KaTaJM30BaHO Majla ijyMOBUM KoMIuleKkcuMa. Peakuujy cy pa3suinu Pudapa Xek
[12] u Musopoku [31], cxema 3. OBo je jemaH oJ HajjeAHOCTABHUJUX HAYWHA 32 J0OUjame
HoBe C—C Be3e, ONHOCHO CYICTUTYHCAaHUX oOJepuHa, OUeHa M JpYruX HezacuheHHxX
jenumema, O KOJUX Cce€ MHOra Kopucrte kao Ooje, UV-punarpu, nexkoBu, HaHOMATE-
pujanu...[32]. [lpouewmyje ce ma je maHac cBaka 4YeTBpTa CHHTE3a y (hapmareyrckoj
MHAYCTPHjH 3aCHOBaHAa Ha NPUMEHHM Makap jeJHEe OJ peakifja OBOI THIIA, OJHOCHO Ha
peaKkIuju KyIioBama KaTajli30BaHO] KOMIUJIEKCOM HEKOT IIpesia3HOT MeTaja, y HeKoj o (a3za

(mpema HoGenmoBoM KOMHTETY).

Ar-X 4 /\R Pd(IT) kommiekc . Ar\/\

©a3a, pacTBapad R

Cxema 3. Ommra cxema XeKoBe peakIiyje.

PeaktuBHOCT XekoBor tuma 3acHuBa ce Ha cnocobnoctu Pd(0)-Bpcta ma cryme y
peakije OKCHIATHBHE aJuIlfje ca pa3IMuUTUM yribeHuk-xajoreH (C-X) Be3ama U Ha Taj
HauuH (HOpMUPAJy aTKWI-NIANAN]yM-XaJIOTeH HHTEpMeIujepHe BpCTe, KOje MOCPenyjy y

HACTaHKy He3acuheHuX Be3a y KOHaUHHUM IIPOU3BOUMA peaklivje.

Peaknmja moxe Outu katanusoBaHa mnananujyMm(ll)-komriekcuma, ca wunu 6e3
¢dochunckux mnuranana. Ilpumapna ynora ¢ochuHCKHX nHUraHaza je na CTa0MIU3Yjy
nayaZijyM y OKCUJAIIMOHOM cTamy Hyna y Buay crabunaux PdL, nmu PdLs Bpera. Ha oBaj
Ha4YWH KaTaJu30BaHA peakiija MpeACcTaB/ba KJIACHIHY, U I0OpO MCIUTAaHy METOAY Koja aaje
oJutmaHe pesynrare. MehyTtum, GochUHCKN TUTaHAN Cy CKYIH, EKOJIOUIKN HENPUXBATIbUBU
(TOKCHYHU Cy) U HE MOTY C€ TIOHOBO MCKOPUCTHUTH. Y BEIMKHM MHIYCTPUJCKUM MPUMEHaMa,
¢bochuHCKN TUTaHIM MOTY OMTH 030MJbHA €EKOHOMCKA U €KOJIOIIKA MpeTHa, Beha Hero mro je
caM TalaJujyM, KOJU C€ MOXE PEHUKINpaTH y Ouiio Kojoj ¢asu mpomsBoame. [pyru -
XEMHJCKH Pa3jior jeé Mama PEaKTUBHOCT JIMTAHJHO-3aCMNEHOT KOMIUIEKCa Maiaanjyma, 300r
yera ce jaBjba motpeba 3a Behum konmuMHama Karanus3aTropa, Kako O Op3uHa U MPUHOC
peaknuje Ownm onroeapajyhu. Ha Taj HaumH ce IeHA W EKOJOIIKH PHU3HMK IMOCTYIKa

noBehaBajy.
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Hedochuncku, ka0 U KOOOPAMHATHUBHO He3acMheHU, KOMIUIEKCH KOJU KaTaju3yjy
XEeKOBYy pPEakIdjy METOJOJIONIKA C€ PaslIuKyjy OJi M3BOpHE XEKOBE peakifje y K0joj Cy
muranan  pocurcku. Hamme, oBakaB THI peakiyje c€ HE 3aCHUBA Ha CTaOWJIIHOCTH
NaJIaJij yMOBOT KOMITJIEKCa KOjH MOXe OMTH M30510BaH, Beh Ha criocobHocTH HeochUHCKOT
komruiekca nanagujyma(ll) (mpe-kataiuTHuke BpCTE) Aa ce peAyKyje A0 KOOPAMHATUBHO
Hezacuhene manaaujym(0)-KaTaTUTHYKKA aKTUBHE BpcTe. TepMHUH KOOOPIWHATHUBHO
HezacuheH (ewxe. underligated wim low-ligated) 3naun na je 6poj aUraHama y KOOpIWHAIMOHO]
cepu Mamu 0J] KOOPJAMHALMOHOT Opoja manaaujyma (4), Kao U Aa Cy HajajJujyM-JTHraHz
KOOpJIWHATHBHE BE3€ Yy KOMIUIEKCY Mame CHa)KHE HEero IITO je MOoTpedHO 3a (gopmupame
crabmiHor komiuiekca. KoopanHaTHBHO He3acMheHH KOMIUIEKCH Cy HEeCTaOMJIHM U BaH
PEaKIIMOHOT UKITyca FBhHXOBO BPeMe )KMBOTA j& BEOMa KPaTKO U TaJIOKE Ce Kao eJIeMEHTapHU
Pd(0). Ca apyre ctpane, KkpaTko BpeMe kuBoTa KaTtanuTuiku aktuBHe Pd(0) Bpcre je 3HAK
IbCHE BEJIMKE PEAaKTUBHOCTH, IITO 3HAYM Jla j€ TMOYeTHAa KOHIIEHTpAIfja aKTHBHE BPCTE Y
KaTAIMTUYKOM CHCTEMY MHOTO Mama Yy OJIHOCY Ha HEKe ApYyre peakuuje. 3a pasiuky oJ
dhochunckux cucrema,HedochrHCKe XEKOBE peakilfje Cy joll yBEK peIaTUBHO HEUCTPAKECHE
W TPEJCTaBJba]y HOBO I0Jb€ HAYYHOT HCTpaKMBama y Wby TNoBehama edukacHOCTH

KaTajan3aTopa M modoJblama eKOHOMUYHOCTH MPoIieca.
Karanmutuuku 1ukiayc XeKoBe peakiiije ce MOXe MOJeIUTH Ha neT (asa (cxema 4):

[IpeakTuBamuja Karaau3aropa;
OxkcujaTuBHA AAUITH]a;
MurpatopHO HHCEPTOBAKE;

B-XuapuaHa emuMUHAIN]a;

SRR A

PenyktuBHa enmuMuHaIMja.
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Pd(Il) kommexc

npeakTHBaLmja

R
! —Pd(0)—
pera
__R /& ymia
P
| &§
Q5
—Pd-H ¢
| - xuapuana
elUMHHaLMja
R
o
& —
H «© |
“Ce,i’
—Pd M“FpaTopHO w
| R
|

x—rl’d—,l

Cxema 4. Katamutnuku mUKITyC XEKOBE peaxiiyje.

1.2.1. Ilpeakmueayuja kamanuzamopa

[Toyerak KaTanMTHYKOT MUKIyca mpencraBiba peayknuja Pd(Il)- y Pd(0)-xommiekc,
OJTHOCHO, TEHEepUCame KATATUTHYKA aKTHBHE BpcTe. 3a OBY (a3y, YKOJIMKO Cy JIMTaHId
dbochuHM, HEOMXOIHO je MPUCYCTBO jake Oase, HajuenThe THMA ATKOKCUAA WIH XUIPOKCH]IA,
[33-39] xoja acuctupa npu penykuuju Pd(II) y Pd(0), cxema 5. Hakon penykiuje
najajvjymMa, HacTajy KOOpAMHATHBHO He3acuhenu katamutwukd aktuBHH Pd(PR3):
KOMIUIEKCH, KOJU y PaBHOTE)KHHM peakiujama usMeHe Jjwradaga gajy Pd(PRj3)s
KOOp/JMHATHBHO He3acuheHe KOMILIEKCe, a KOjU TPENCTaBibajy Haj3acTYIJbEHHU]Y BPCTY Y
pactBopy [33,34] (cxema 5). OBako Hactamu Pd(0)(PR3), komriuiekc ydecTByje aabe y
KaTAIATHYKOM IHKIYCY, U y 3aBHCHOCTH O] BPCTE JIUTaHMA, Tj. YKYITHOT HaeJeKTpHCamba

KaTaJUTHUYKHU aKTUBHE BPCTE, MOT'Y CE€ PAa3JIMKOBATH TPHU THUIIAa MEXaHU3Ma PeaKlhje U TO:

1. Heyrpannu
2. Kartjoncku

3. AHjoHCKH
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Q
u

PR{:
RyP—Pd,PR; —> RyP— Pd(0)- PR, + 2NUPR;—> 20PR,
PRy
R;P-Pd(0)-PR; + PR; —R;P—Pd(0)- PR,
bR,

Cxema 5. Penykiuja Pd(Il) y karanmutiuku aktuBHu Pd(0)-komiiekc.

Kama cy y nutamy HedochUHCKHM KOMIUICKCH manaaujyma, (aza TpaHchopmaruje
Pd(Il) y xatanutuuku aktuBHU Pd(0)-KOMIIIEKC jOIT YBEK HHUjE Yy MOTIIYHOCTH pa3jallmbeHa.
YormmreHo, npeakTUBalMja KaTalnu3aTopa MpeacTaBba HajcnopHjy ¢a3y peakiiyje, U oHa je

caMHM TUM OJITOBOpHA 3a Op3WHY peakiuje.

1.2.2. Oxcuoamusna aouuuja

TepmMuH OKCHMIATHBHA aJuIldja KOPUCTH CE Y OPraHOMETAIIHO] XEMHUJU U HuMa
pa3IMYUTO 3HAYCHE OJI TEPMUHA OKCHJAIMja KOJU c€ KOpUCTH y xeMuju. OKCHIaTHBHA
anunyja je aauuuja mojiekyna X-Y Ha Pd(0) mpu uemy ce packupa KOBajJeHTHa Be3a U
dbopMupajy nBe HOBE Beze (cxema 6). 3a cTBapame HOBE Be3e MajajJujyM Jaje JBa CiIo0oHa
€JIEKTPOHA, MPU YeMy J10J1a3u 10 nmoBehama KHEeroBOr OKCHIAIMOHOT Opoja M Kake ce Ja ce
oH okcumoBao u3 Pd(0) y Pd(Il). dpyru mpumep, Koju jacHO TOKa3yje pasziuky usmehy
OKCHJAIMje€ Y OPTaHCKO] XeMHUJU U OKCHJIATHBHE aTullfje Y OPraHOMETAIHO] XEMHU]H, jecTe
okcuaatuBHa aaunuja Bogonunka Ha Pd(0) u dpopmupame Pd(Il)-xuapuna (cxema 6). Y oBom
cydajy Pd(0) je okcunoBan o Pd(Il) on crpane Bomonuka. OBO je y MOTIYHO] CYMPOTHOCTH
Kako ca OpraHCKOM TaKO0 M Ca HEOpPraHCKOM XEMHjOM, 3aTO INTO je BOJOHHMK HHAaYe
penykyjyhu aresc.

OKCH/IATHBHA

Pd(0) + X-y — MW X pd(n)-Y

Pd(0) + H-H » H-Pd(II)-H

Cxema 6. OkcuaaTHBHA aIUIIMja U OKCHIAITH]a TaJIaiijyMa BOJIOHUKOM (I10J1€).

Kazna ce 3a Pd(0)-pery, unja je enexrporcka koudurypaumja 4d'° (4d°5s?), sexy

YETUPH JINTAaHJa OJ] KOJUX CBaKH Jaje IO JBa €JIEeKTPOHA, MeTaj IMOCTHXe cTabmiHy 18-
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eJIEKTPOHCKY KoHGurypanujy. KoMmIuiekcu 4uju LEHTpalHH aToM HMa |8-emeKTpOoHCKY

KOH(UTYpaIHjy 30By C€ KOOPAMHAIIMOHO 3acHheHH .

OKCHIaTUBHO] aIUIIH]H TOJJIKY KOOPIMHAIIMOHO He3acuhene BpcTe. OHe HACTajy Ha
taj HauuH wTo 3acuhenn Pd(0)-komrutieke, Ha npumep Pd(PPhs)s (detupu xoopamHOBaHM,
18-eneKTpOHCKM) TOJUICKE PEBEpP3UOWIIHO] aucouujanmju in Situ y pactBopy W Jnaje
He3acuheny 14-enekrpoHcky Bpery Pd(PPhs)a4, Koja je cnocoOHa a mojasierne OKCHIATHBHO)

anuuju (cxema 7).

Ph-1
Pd(PPhj3), Pd(PPh;), a5 Ph-Pd-I(PPh;),
18 enexTpona 14 enexTpona 16 eanexrTpona

2PPh,

Cxema 7. OxkcumaTuBHa amuiija Ko GoCHUHCKUX KOMIUICKCA.

OxcumatuBHa agunuja (cxema 8.) MpencTaBba IPYTH KOPaK y MEXaHU3My XEKOBe
peaknuje. To je 3ampaBo jelaH 01 OCHOBHUX IPOIIEcCa OPraHOMETAIHE XeMHU]j€ U Mpe/ICTaBIba
aJNulM]y HUCKOBAJIEHTHOI KOMIUIEKCA Mpera3HOr MeTajla Ha YIJbeHHMK-XaJOreH Be3y IpHU
YeMy HaCTajy opraHOMNaIaIi]yMOBH HHTEpMEIMjepH ca 6 nanaanjyM-yribeHuk (Pd—C) Bezom
[35-56], a mamagujym ce okcumyje mo Pd(Il). To je moOpo CHMHXPOHH30BaH MPOIEC y KOME
Jo7a3u 10 packuuama yribeHuk-xanoreH (C—X) Be3e W HMCTOBPEMEHOT HAcTajama MeETall-
yribeHuk (Pd—C) u meran-xanoren Be3e (Pd—X). 3a pasiaumky ox ocraiux MexaHH3ama
HYKJICOpUITHE apoOMaTU4YHE WM BUHWIHE cynctutynuje [48,57,58] y kojuma je amumuja
He3acMheHOor cHucTeMa MpUMapHH, YeCTO orpaHuvaBajyhm ¢akTop peakiuje, OKCHIaTHBHA
anuiyja je Op3 MpoIec U Majlo 3aBHCH OJ1 IPUPOJIE CYIICTUTYEHTa Y He3acuheHOM cucTemy, a
nocra of npupoze u HykieopmwrHocTH Beza C—X u Pd—X. Penocnen peakTuBHOCTH apui- U
amun- xajgorenuga je I>>OTF>Br>Cl [9]. YV peaknujama katann3oBaHuM (HOCHHHCKAM
koMIuiekcuma, C—P Be3e nuranjma Mory Ja cTyne y KOMIIETUTHBHY DPEakiHjy, TO jecT na
pearyjy u ca Mame pPeaKTHBHHM BpcTaMa (Ha MpUMeEp, ca CYNTUTYCHTHMA Yy MPOU3BONY), a

MOTY U J1a ICaKTUBUPA]y KaTaiau3aTtop [59].
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ﬂ“
L-Pd(ID)X
|

L-Pd(0)-L+ Ar-X L H30MepH3alLHja

\ /IM-
L-Pd(IDL
|
X

Cxema 8. OkcumaTuBHA auIja y XeKOBO] PEAKIIH]H.

1.2.3. Muzpamopno uncepmosarve

VY (a3u okcHaaTHBHE aJMIIMje MOTY HacTatu Cis-u trans-komruiekc manaaujyma(ll)
koju ce MehycoOHO m3omepu3yjy (cxema 8). YV BehuHuU cirydajeBa MpOHM3BOJ, OKCHIAATHBHE
amuimje moceayje trans-reomerpujy, anu y cieaehy a3y kaTaauTHUKOT HUKITyca yiasu Cis-
KOMIUIEKC. J[pyru ciiydaj je Kaja HacTaje KOOpAMHATUBHO-HEe3aCMheH KOMIUICKC, ca jeTHUM

JUTaHAOM Mame 07 KoopauHaimoHor 0poja nanaaujyma(ll) [42,47,48].

VY oBoj ¢a3u Xekose peakuuje popmupa ce HoBa C—C Besa (cxema 9). OBaj Kopax je

OATOBOPAH 3a PErHO- U CTEPEO-CEIEKTUBHOCT, KA0 U 3a CEJIEKTUBHOCT IIpeMa CyIICTpary.
i }|(
I
L_Pd2+_ - L_Pd2+\/\
Ar

I
Cxema 9. Murpanuja apui-rpyne Ha T-CUCTEM.

Ar

Peaknmja mpom3Boja  OKCHAATUBHE aauuuje ca  olepuHOM  (MHUTPATOPHO
MHCEPTOBAKE) 3aXTEBA JIa CE MaIanjyM OCI000IH jJeAHOT OJ1 YBPCTO BE3aHMX JIMTaHA/Ia KaKoO
Ou 0CII000/IM0 MECTO 3a KOOPJIWHAIM]Y allkeHa. Y 3aBHCHOCTH OJ BPCTE KOOPJAMHOBAHOT
nurayaa (KaTjoHCKH, aHjOHCKU WIJIM HEYTPAJIHU JIMTaH) Moryha cy Tpy HaulHa AUCOILIM]jalije

JIMraH/Ia ¥ KOOprHOBama oyieuHa (cxema 9) [9]:

- Henmomapuu myr, WHHIMpaH OJUIaCKOM HeyTpamHor jwranga. R-Pd-X
HHTEPMEIUjepH aanupajy ce mo Sy2 mexanusmy|[60-63];
- KatjoHcku myT, MHMLIMPAH JMCOLM)AIjOM aHjOHCKOT JIMTaHaa. MexaHu3aM OBOT

Jienia peakiyje ce OABHja CIMYHO Kao eNeKTpo(duiIHa aaulivja Ha ABOCTPYKO] BE3H

[61,62];
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- Ykonuko je kaTanuThyku aktuBHu Komruieke Pd(0)L, aHjoHckor Tuma, Tamga

MOXKE MOCTOjaTh U Tpehu HauWH aUCOIHjaIrje, TO jJeCT aHjOHCKU MEXaHUCTHYKH
nyt [64-67].

!;\r @
—~__ |L-paan

Ar X7 ][\

|
L-Pd(IDL .
| L, + Ar
X D= |
RL-N{I[)“
AN
L
Al\r
L-Pd(n)|
P AN
v PaES ]
L-PAADL|
| -"+\\__:: Ar ©
X |
= L-Pd(n-]
N
X

Cxema 10. Moryhu HaunHu nuconujanuje auraana ko GocuHCKUX KOMILIEKCa.

1.2.4. p-Xuopuouma enumunauuja

Cnenehn kopak y KaTaJIUTHUYKOM ITMKIYCY je SyN-eTMMHUHAINMja BOJOHHMKA ca [-
YIJb€HUKA QJIKWII-TTAJIa ] yMOBOT KOMILIEKCa TIPH YeMy c€ Yy MPBOM Kopaky nobwujajy Pd-
XUIPUIHE KOMIUIEKC U ankeH. OBaj mporec ce Ha3uBa B-xuapuaHa enuMuHainmja. Jla ou ce
n00M0  cno0oaHM  ONEUHCKH MPOM3BOJA TPEKO CEIEKTUBHE EJIMMMHAIMje, aJIKHUJI-

TrajaJnjyMoBa BPCTa MOJICKE POTAlUjH KaKko Ou ce B-BOJOHUK J0BEO Yy SYN-TOJI0Ka] mpemMa

nanaaujymy (cxema 11).
H Ar R Ar Ar X
+L
>9—< — H e /:/ + H—Pd—L
R Pd— H k, Pd—X R L
[ |
L L

Cxema 11. B-Xuapuana enTuMUHALM]A.

VY oBoM KOpaky ce ociiobahja Mpou3BOJ peakiuje, a majaaujyM ce MOHOBO PEayKyje
no katanmutuuku akTUBHOT Pd(0)-xommekca. EdwukacHocT B-xumapuaHe enuMUHAIUjE je
nmoBe3aHa ca pguconujanujom onepuna u3z Pd(Il)-xumpuaHor kommiekca. B-XumapumgHa

eIMMUHALIM]a je peBep3uOnIan mpolec, IpU YeMy Criopuja Tucouujanuja ojdeguHa Moxe 1a
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YCIIOBM HACTajabe HEKOIWKO MPOM3BOJa 300T HM30MepH3alldje IBOCTPYKE BE3e, AU je

(baBopH30BaH TEPMOIUHAMUYKHN CTaOMIHH]H trans-uzomep (cxema 12) [68,69].

H-Pd Pd Pd-H
/\* —~— /I\* —~— /\*

Cxema 12. Mzomepu3anyja IBOCTPYKE Be3e Y B-XUAPUIHO] SITMMUHAIIY] H.

1.2.5. Pedykmuena enumunayuja

VY mocnenmeM KOpaKy KaTAIMTUYKOT IUKIyca, (OPMATHO OKCHUIAIIMOHO CTame U
KOOpAMHAIIMOHU Opoj nmanagujyma ce cMamyjy 3a 2 [70], cxema 13. YV oBoj ¢a3u, KOMIUIEKC
KOJH j€ HAacTao 0JiBajar-eM IMPOM3BOJIAa PEAKIIMje U KOOPAUHAIM]OM JIUTaH/AQ, MOICKE Jabe
eNMMMHUHAIIM]A XaJOTeHOBOJOHUKA TIPH Y€MYy HacTaje KoopAauHaTHBHO He3acuhenu Pd(0)-

KOMILJIEKC Cca MOYEeTKa KaTAIUTUUKOT IuKiyca (cxeme 4 u 13).

X
H—Pd—L —>» L—Pd(0)—L + HX
L

Cxema 13. PegykTuBHa enuvuHanuja H—X.

1.2.6. @ocguncku komnnexcu nanaoujyma Kkao kamaauzamopu Xekoee peaxkyuje

[IpBe peakuuje nanxaaujyM-KaTaTUTHYKOT apuiIOBamba aKTUBHPAHUX oerHa U3BEIH
cy Puuapn Xek u Llyromy Muzopoku [12,31]. Kao nuranzae 3a kommuiekcupame Pd(OAc):
ynotpebunu ¢y tpudenmndochun (1) u tpu(o-romun)pochun (2) (PPhs u P(p-Tol)z, cxema
14.

25



Hoxmopcka oucepmayuja

saolionct

Cl Pd{OAc); (1 mol%a), \
CN 4P(p-Tol)s, CN
+ / N - - °
_ NaOAc, DMF, 150°C
OHC OHC

Cxema 14. [IpBu nmuranan ynorpe6peHn y XeKOBOj peakluju.

Peaknuje karamutnukor C—C KymioBama apwi-XaJoreHHAA ca aKTHBHPAHUM
oneprHMMA 3aBUCE OJI CIIOCOOHOCTH KAaTATMTHYKOT CHCTEMa Jla C€ MOIABPTHE OKCHUIATHBHO]
aguiju Ha C—X Be3y, MITO 3axTeBa NMpUCYCTBO (pocuHCKUx nuranana. Mehyrum, oBakBu
JUTAHIU Cy OCETJbMBH Ha KHCEOHHWK U3 Ba3Ayxa, INTO KATAIUTUYKU LUKIYC YHHH
HECTa0MJIHUM 32 MpUMEHe Y MHAYCTpHju. McTpaxkuBama cy mokazana aa (GpochuHH HUCY
jenuHo pemiere, Beh ma ce Mory ymotpedbutu u dochutu, kao mro je tpudenundocdur (3)

P(OPh)3 [71] (cxema 15).

Pd{0Ac); (0.05-0.01 mol%a), \

Cl
N 4P(OPh), CN
N
e NaOAc, DMF, 150°C
OHC OHC

Cxema 15. @ocduru Kao Kataau3aTopu XEKOBE PeaKiyje.

Nako cy pesynraTu 1o MPUHOCY OBE peakiidje OWM YMOpeIuBH ca pe3yliTaTuMma
nobujeHuM y peakuuju ca (HOCHUHCKUM JUTaHIUMA, Kao BelMKa MaHa OBaKBOT
KaTAIUTHUYKOT CHCTeMa T[oaka3ajo ce ciabo KoopauHoBawme (ochuTHUX uraHana.
[Tocnenuia Tora je mecrabuian3anyja KaTaid3aTopa, IMa C€ HEPETKO jaBJbalia JICAKTHUBAIIH]a
MaxaijyMOBOT KaTall3aTopa y BHIY TallOKeHma eleMeHTapHOor manaaujyma. OBo ce Moxe
npeBa3uhu ynorpeOboM BEIMKOI BHUINIKA JWTraHfga. Tako, Ha MpUMeEp, XaJOApeHH pearyjy ca

XekoBuM onepunuma y mpucyctBy Bumika (10-100 myra) tpuankwn- (4 u 5) wim

26



Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

tpuapuinpochura (6) majyhm mobpe pesynrare [72] (cxema 16). Ha oBaj HauuH je

CUHTETU30BaH HECTEPOUJIHU aHTUU(IAMATOPHHU JIeK HAOyMETOH.

R o_ _0
| \li./
0 o
\ll)/ \R 0
0

R=Et(4)
i-Pr (5) 6

Pd(OAc); (0.05-0.01 mol%),

Br
OH 10P(OC¢H;BU';-2,4);,Na,CO;,
+ \/1\ DMA, 160°C
MeO

MeO

Cxema 16. CunTe3a HaOymeToHa.

HNako cy y TMOYETKYy CMaTpaHW HENOTOJHHWM JIMTaHIMMa 3a XEKOBY pEaKIHjy,
oudochrHN Cy WIaK HAIUIA CBOjy MpUMeHY. Hanme, mpomMeHOM pEakIMOHUX YCIIOBa, W3
HEYTPAJTHUX y JOHCKE, peakilje y Kojuma ce Kopucte OudocPuHu Kao JUTaHIU CE HITaK
onByujajy. OBakaB TUI JIMTaHaJa HApOUYUTO je 3HA4YajaH KOJ E€HAHTHOCEJCKTHBHE KaTalln3e
[73]. Y onmHocy Ha MoHOAeHTaHTHe (ochuHe u (ocdure, OuneHTaHTHH GocHUHU UMajy

HCKEC IMPECAHOCTHU:

e Hyje moTpebaH BHILIAK JIMTaHJA KaKo OW ce CTaOMIM30Ba0 KATATUTHUYKH
aktuBaH Pd(0)-xomruiekc, ma je goBoJbaH ogHoc 1:1, mpu dyemy ce mobwuja
L-Pd(0)-L xomruiekc;

e cra0WwIHWja KaTAIUTHYKA aKTUBHA BpCTa 3HAYM JYXH IKABOT
KaTaJiM3aTopa, a TAME ¥ Behu Opoj KaTaTUTHIKUX ITUKITyCa;

e CTaOWJIHUjM KaTaIM3aTOp MOApPa3yMeBa M PEIMKIAOMIIHOCT KaTaJTUuTHIKOT

cucrema.

Heku on 6udocpunckux muranana cy dppf (1,1'-6uc(audennndocduno)deporen)
(7), binap (2,2'-6uc(audennndochuno)-1,1'-6unadrun) (8), dippp (1,3-Ouc(auusomnpornui-
dbochuno)mpornan) (9), dippe (1,2-6mc(auuzonponmndpochuno)eran) (10), dippb (1,4-
ouc(auuzonpomuiadochuno)oyran) (11) [74-77] (cxema 17).
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ory O
RPACEN GO

T T
\rp\/\/\p/L \rp\/\i)\

10

\‘/ Y PPh,
(<n PdCl
YP\/\/PY PPh,
OnuTa meMa KOMILJIeKca
11

najnaaujyma ca oudocdunnma

Cxema 17. Hekn ox 6udochrHCKUX IMTaHana Koju
rpajie KaTaTUTHYKN AKTUBHE KOMILIEKCE MaJIainjyma.

Paznor mpBoOMTHE HEPEAKTUBHOCTH OWICHTAHTHUX (HOCPHUHCKUX JHUraHala JEKHU Y
rpahemy Bpio cTabuiaHUX OM(POCHUHCKUX KOMIUIEKCA Malagujyma, KO KOJUX yCJel jakor
trans-epexra dochuHCKUX NIUraHaga aojazd g0 Op3e M3MEHE XaJIOTeHWX JuraHaaa [76]

(cxema 18).

L L
L

PdX;d—(L Pd l‘)

Cxema 18. M3MeHa xanoreHux JuraHaza kojJ OuGochUHCKUX KOMIUIEKCa MaJlagn]jyMa.

[Topen rope momenytux Tpeda ucrahu u nuranae (12 u 13) cuHTeTH30BaHE O/ CTPaHE

XapTBura, koju y XeKOBOj peakuuju 1ajy n100ap IpUHOC M Ha HIXKUM TeMIepaTypama O

100°C [78] (ciuxka 1).
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P(o-Tol), P(o-Tol), P(o-Tol), P(o-Tol),

O O

12 13

Cnuka 1. XaptBurosu 0u(ochUHCKH JTUTaHIH.

1.2.7. IHanaoayuknu xkao kamanuzamopu Xexkoee peaxuuje

[Tocebny Bpcty mamamujym(Il)-komriekca koju ce Kopucte y XeKOBOj KaTalu3u
MPE/ICTaBIbajy MaNaJalKiIn. ¥ BUXOBOM CACTaBy Cy MOJUACHTAHTHU JIMTAHAHM KOJH TOPEN
Hekor xerepoatoma (N, S, O, P) umajy u 6ap jenan yrijbeHUK Kao JOHOPCKH aToM, cxema 20.
Kao m cBM KaralmuTUUKM aKTHMBHU KOMIUIEKCH TMajagudjyma y XeKOBO] peaklHju, |
najaJaukiIfi ce MOTY IMOJICITUTH Ha OHE KOJU Kao JOHOPCKU aToM umajy 0ap jeman docdop -

dbocuHCKH, 1 HAa OHE KOjU HeMA]y (ocdop Kao TOHOPCKE aToMe — He(hOCHUHCKH.

[Touerak wWHUXOBe MpuUMeHE y XEKOBOj peakIMju Be3yje ce 3a XepMaH-benepoBy
npuMeHy mnanaganukana (cauka 2) [79]. Hajuemthm mnamamanmknu cy Harpahenu on
TepIyjapHuX amMuHa W uUMuUHA. OOMYHO Cy TO TMETO- W IIeCTOWIaHW mNpcTeHOBU. OBAj
KOMIUIEKC Mpumaga Tako3BanoM PC Tuny mnanaganukania, Tj. Kao JOHOPCKE aTOME JIUTaH]]

nocexayje jenan pochop u jenaH yribeHUK.

| ’|‘
c— ll’dz’ 1|1uZ+
X X
/l\ |
14 R =¢-Tol; ' = H (Xepmau-benep)
R o~ o \/ I5SR=Ph;R'=H
/ \/ 16 R=7Bu; R"=H
Pd Pd 17R=Cy; R"'=H
\ / 18 R = 2,4,6-Me;CgHy; R = Me
0

Crnuka 2. llecTowianu v MeTOWIaHN TaTaIalluKIN (TOpe) U
Xepman-benepos nanamanuki (ome).

Tpeba wnHamomenytu pga je Xepman-benmepoB mamamanuki —HEakTUBaH Ha

temneparypama ucnog 110 °C. Takolhe, Mame je peakTHBaH YKOJIHUKO C€ Kao CYICTPaTH
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ynotpebe jomapeHu, 300r yera je m cam XeK oadaluo OBaj THN KaTaiu3atopa. Mama
PEaKTHBHOCT MpeMa JOAMJIHHM CYIICTpaTUMa jaBJba C€ YCIIENl 3aMEHE JIAOMIHOT aIeTaTHOT
JUTaHAa JOAUAHUM, TPH YEeMy c€ OJIOKHpa TICeyA0-CIO00JHO MECTO jaKUM JIOHOPCKUM

JJUTaHAOM.

Jour jenan mpumep smranga tumna PC je tpuc(a-nadptun)pochun (PNPhs) (ciuka 3)
[80]. KarainTiuka akTUBHOCT OBOT KOMILJIEKCa IIpeMa joaapeHuMa je nosehana, anu npema

OpoMapeHuMa je CMambeHa.

R =Me (20)
CF; (21)

Crnuxka 3. CtpykTypa Komiuiekca ca Tpuc(o-HadTria)HoCHUHCKUM JTUTaHIOM.

[Mopen manamanukana PC Tuma, CHHTETH30BaHU CY M KOMIUIEKCH Ca JIMTaHAUMA KOjU
Kao JIOHOpCKe aromMe MMajy nBa atoMa ¢ochopa u jeman arom yribeHuka — PCP Tun
nanaganukana [81]. OBu ce KOMIUIEKCH Ha3uBajy jomr W IIMHIIEpOBMM KOMIUIEKCHMA.
CtpykTypa HEKMX TakBHX Komiuteca (22-25) npukasana je Ha ciaunu 4. I[TuHimeposu
KOMIUICKCH TalaadjymMa, Kao TNPEKATUIUTHYKH AaKTUBHA BpCTa, IMOKa3alld Cy Ce€ Kao
TEPMOCTAOWIIHM, WHEPTHU MpeMa KUCEOHWKY W3 Ba3lyXa, IITO WX YHHHU MOTOJHUM 32
ynotpedy moz aepoOHUM yciaoBuMa. Takolhe, moka3zaHO je Ja Cy OJUIMYHU KaTaau3aTopH 3a

apuJIOBamkE CTaHJIAPAHNX XEKOBUX ojierHA ca joa- 1 OpoMOeH3eHIMA.

P(iPr), PR,
P(iPr), PR,
22 R = iPr(23)
fBu (24)
¢CsH,y (25)

Cnuka 4. [IMHLEPOB THI KaTAIMTHYKU NpeakTUBHUX Komiuiekca (PCP).
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Hakon xinacnuynnx [IuHIIEpOBHX Manajanukaia, CHHTETH30BAaHU Cy M CUCTEMH KOjU
caZpke BUIIE Majajalukaia y jeJHOM MOJICKYIy (26), ¥ KOju Cy YCIEIIHO NMPUMEHECHH Y

XekoBoj peaknuju (ciuka 5) [82].

Ph,P ||>th
. (=1
Ph,P PPh,

26

Cauka 5. [TnHLIEpOB KOMIUIEKC MaagujyMa ca J1Ba MajaJanykia.

ITopen dochuncku O6azupannx PCP kommiekca, cuHTETH30BaHU Cy U (POCHUTHU
KOMIUTECKH majamujyma on crpane Illubacakuja [83] (cmuka 6). OBakBH KOMILICCKH CYy

MOKa3aJId HEOOUYHY CEJICKTUBHOCT MPeMa eJIEKTPOH OOraTHjUM apuiI-XaJlOTeHUIUMA.

0—P(OR),

O0—P(OR),
R = p-CgH,OMe
27

Crnuka 6. llInbacakujeB managamukII.

Kako cy xommuiekcu managgjyma ca JUTaHIuMa Koju caapke gocdop ckymu, aau u
€KOJIONIKM HEMPUXBATJbUBH, MATATAIlMKIA, HAPOYUTO OHU KOjU HE caapxe (ocPuHCKe
nuragae, no0ujajy Ha cBe Behem 3Hauajy. Mel)y mpBUM TakBUM KaTalu3aTopuma je

nanagaiukia CN THIIa CHHTETH30BaH mnojasehu o oeusunamuna (28), ciauka 7 [83,84].
NS
N

W

2

28

Crnuka 7. IManamarmki CN tuna.
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Hakon oBor CN managanukia, MUICTEH je CHHTETH30BAO BHWIILE MalafalfKana Ha
0a3u UMHHA, U TT0KA3a0 J1a C€ U OBAKBU KOMILJICKCH MaJIaJiijyMa MOTY YCIICIITHO TPUMEHUTH Y

XeKOBOj peakIiju jogapeHa ca jeqHoctaBHuM onepunnma (ciuka 8) [85].

L D e

P P
/ / /\j
F;COCO AcO AcO
2 2 2
29 30 31

Cnuka 8. Musicrenou HehochuHckH majganaukian CN tumna.

Y nmajsuM HCTpakuBamHMa KOPHUIINCHH Cy KOMIUIEKCH aHAIOTHH MWICTEHOBUM
WMUHCKUM TaNaJalluKiInMa, Ha TMpUMeEp, JAepuBaTH (QepolmeHa KOju Kao jedaH of
cyrncrutyeHara caapxxe umuH (32, 33) [86], wmm ¢QayopomepuBatn MuscTeHOBOT

npBoouTHOr nanagaukia (34) (cauka 9) [87].

R
SN—Ar S
Pd /
Fe R Pd
AcO
X=Cl(32 R = (CH,);Cg4Fy7 (34)

Crnrka 9. IMUHCKH NanafgauKkid KaTaTUTHYKH aKTUBHH Y XE€KOBOj pEaKiyju.

Hakon cuHTE3¢ WMHHCKHX TPEKATAJMTHYKH aAKTHBHHX KOMIUICKCA Masajujyma,
CHHTETHU30BAHWHU Cy WM TalaJalldKid KOjH Kao JuraHi caapke okcume (35-42) [88-93].

Heku o nMuHCKUX Mmanajganukaia nmpukasanu cy Ha ciauiu 10.
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2 I‘d/ 2
R, R =H, Ph (35) C*’IJ 40
Cl,p—CICGH,‘ (3(}]
OMe, p-MeOCgH, (37) 3
H, Me (38) 39
R
AN N\N—OH
N—OH /
/ HO Pd
pd / j
/ a
m) 5
2
41 R = Me, p-CsH,OH (42)

Ciuka 10. Hexu o1 IMUHCKHX MajafalrKaiia.

Kako cy ce ucrpaxuBameM XEKOBE peaklMje yIoTpeOsbaBaal CBE jeIHOCTABHUJU
KaTalu3atopu (Ha TpUMEp, CONMU Malajujyma), KOMIUTMKOBAHU KaTaIUTUYKH CHUCTEMHU CYy
movyenu nga ryoe Ha cBoM 3Havajy. CHMHTE30M Majajarkaia KOju Kao JIMTaHAE CaapikKe
oensunamuucke (43), xuHonuHcke (44) m nmepuBare mupuawHa (45, 46), momwio ce 1o
JEIHOCTaBHUX KOMIUIEKCa NajlaiujyMa KOjHU HpU MaluM KaTanuTuukuM komnuuHama (0,1
mol%) wu Ha pematuBHO HHCKMM TeMmmepatypama (85-120 °C) nmajy BHCOKE, CKOPO
KBAaHTUTATHBHE MPHHOCE peakiyja, kKao u ckynu ¢dochuHcku cucteMu. OBU KaTaau3aTOpH
(cmuka 11) TecTHpaHW Cy y peakiidjama joaOCH3eHa M OpomapeHa ca CeTUJI-aKpHIIaTOM U

cTupeHoM, y3 gomarak BusN kao 6aze [94,95].

= — X ~
/Pd /T\ /Pd )
CI\} PACl), 2 AcO ‘
44

Pd”
s )
AcO

2

43 45 46

Ciuka 11. Hekn ox manmaganukaia ca OCH3MIaMUHCKAM, XUHOJIMHCKUM ¥ IIUPUANHCKAM JTUTaHIAMA.

[MTanaganukiau CHHTETU30BaHM U3 1-apunmnupasona (47, 48) win 2-apmibeH3oruasona
(49, 50) moka3yjy KaTaTMTHYKY aKTUBHOCT Ha jOIIl HIKUM Temreparypama (ciuka 12) [96].

Onu cy TecTupaHu y peakiidjama OyTrir-akpuiiaTa ca jonoenzeHom Ha 70 °C.
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R
S
8,
a . pa7
) R AcO/ )2

Me CF1 (47) R, R' = H, Me, OMe CF; (49)
F (48) R =H,F (50)

Cnuka 12. 1-Apunnupason u 2-apuiadeH30Tra3on 0a3upaHu nanagaiukKiIq.

[Topen manmagarnukana Koju Kao JOHOPCKE aTOME OCHM YyribeHHKa caapxke (ocdop u
a30T CUHTETU30BaHM Cy W KaTAIUTHYKA aKTUBHH KOMIUICKCH MaJlaJalliKaia, ca JOHOPCKUM
aToMuMa cynmropa u kuceonuka (51-53). [Ipu crangapaHuM yciaoBuMa 3a XeKOBY peakinjy
(~140 °C, 1 mol% xkaranu3zaTopa, 6a3a), OBaKBH MaJaJAIMKIN OKA3Yjy 100pYy KaTaluTHUKY

akTuBHOCT (cuka 13) [97-100]. OBakBY KOMIUIEKCH MaNanjyMa IpUIIaaajy maiaJanukiInMa

CS u OS turma.

Cnuka 13. ITanamanuxiau CS u CO trna.

1.2.8. Kapobencku komnnexkcu nanaoujyma Kkao kamaauzamopu XeKoee peaxkyuje

KapOGenn mnpencraBipajy mocebaH THUM JIMTaHATa y CHHTE3W TalaJidjyMOBUX
KOMIUIEKCa KOju Karanu3yjy peakije rpahema C—C Beze. XepmaH je 6mo mel)y nmpBuma Koju
je objaBuo pamoBe ca TakBuM Karanm3atopuma [101-104]. XerepouukinyHu KapOeHH Cy
n0OHjeHN peaKIMjoM COJIM JIepuBaTa nMuaazoia wim 1,2,4-tpuazona ca mamagujymom [101-
104]. Kako cy kapOeHu crabuiHa BpCTa y pacTBOPY, APYTM HAYWH CHHTE3€ KapOCHCKUX

KOMILIEKCa MallaiujyMa je peaklidja U3MEeHe JIMTaHala y pacTBOpy Hekor kommekca [105-

107].

OBu JUTaHIU TIPEACTABIBA]Y jJaKe G-IIOHOPE. 3a Pa3auKy OJ KIaCHIHUX (HOCHUHCKUX

JUraHajga y KBaJpaTHO-TUIAHApHUM KOMIUIEKCHMa NalaaujyMma, KoJ KapOeHCKHMX JHMraHajaa
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(MOHO- 1 OUC-KapOCHCKH KOMIUIEKCH) XETEPOLMKINYHN TPCTCHOBU Cy OKPEHYTH BaH PaBHU
KOMILIEKCa, IITO CMamkyje CTepHE CMETH-e, 300T Yera cy onpehenn kopaiu XeKoBe peakiiuje
OJIaKIIaHW (Ha IPUMEDP, MUTPATOPHO MHCEPTOBamE). bric-kapOSHCKN KOMIUIEKCH Tajiajyjyma
pENAaTUBHO JIAKO MOJIEKY CiS-trans-uzoMepu3anuju, MTO je HEONMXOAHO 3a HEKEe Of KOpaka
XexkoBe peakiyje. Hexu o muranazna xoju rpajge 6uc-kapOeHCcKe KOMITIEKCE ca Majainj yMoM

MPEACTaB/bEHU Cy Ha ciuiu 14.

N \(L 4 AN
Pd
\&\\1 N-—< | N \1

cis-[PdI,(dmiy),] cis-[Pdl,(tmiy),] cis-|Pdl,dmmdiy|
54 55 56

Crnuxka 14. XepMaHoBU KapOSCHCKH KOMILIEKCH Hajaaujyma (dmiy = 1,3-1uMeTHIuMuaa3o-2-
uwueH, tmiy = 1,3,4,5-terpamerunumuaszon-2-winaeH, dmmdiy = 3,3 iumerwnn-1,1"-
METHIICHTUUMHIa30I1-2,2 - TUUIICH).

Tpeba HAMOMEHYTH J1a Cy OBM KOMIUICKCH MaNafjyMa KaTaIUTUYKH aKTUBHU TIPU
CTaHIApIHUM XEKOBHUM KaTaTUTHYKUM yciaoBuma, Tj. Ha 120-130 °C, y mnomapHOM

pacTBapauy, ¥ y3 JoaTak Heke Oase.

1.2.9. Hegocgpuncku N-, u N,O-xomnnexcu nanadujyma kao kamanuzamopu
Xekoee peaxkyuje
[Mopen dochuHCcKkHX KOMIUIEKca, mMalafaluKala ¥ KapOSHCKUX KOMIUIEKCa
nayiafnjyma, y mocjaeIihbuX JABaJleCeTak TOJAMHA Pa3BUjEHU CY U HOBU KaTAJUTHYKU aKTHBHU
KOMIUIEKCH OBOr MeTana. [lo CBOjoj CTPYKTYpH, OZHOCHO IO BPCTH JIOHOPCKOT aroma y
JUTaHIy, OBH KOMIUIEKCH C€ HE MOTY CBPCTaTH HHU Y jJEIHYy OJf MPETXOJHO MOMEHYTHX

Kinacudukanyja.

Mely npBuma, Tpeba U3IBOJUTH KOMIUIEKCE ca JUTaHAuMa (PEHAHTPOIMHCKOT THUIIA
CHHTETH30BaHE ITOYETKOM JEBEJAECTUX TOAWMHA JABajgeceTor Beka, ciamka 15 [108]. Ilo

CTPYKTYpH, OBH JINTAH/H CNIa/1a]y Y OuieHTaTe.
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Cnuka 15. Oniuta cxema Jiurasazia peHaHTPOIMHCKOT THIA YIOTpeOJbeHUX Y XeKOBOj peaKIrju.

HoBonoOujeHn KOMIUIECKH Cy TeCTHpaHU y XeKOoBOj peakuuju 1-naptuntpudiara ca
pasnmuuuTUM oJedUHMMA KOJjU Kao jemaH o cynctutyeHara (Y) caapke eJeKTpOH-
MIPUBJIAYHE U EIEKTPOH-IOHOPCKe Tpyne (cxema 19.). Tpeba HamoMeHYTH Ja ce y Ciiy4ajy
KaJla je CYNCTUTYEHT eJIeKTPOH-aKIENTop, 1o0uja trans-mpousBo/ (I1eCHO), 0K C€ Y CIIy4ajy
Kopumihema eneKTPOH-JOHOPCKUX CYICTUTyeHaTa noluja “pasrpaHaTu’” MPOU3BOA (J€BO).

Pe3ynratu Hekux ol peakiifja KaTaJu30BaHUX OBUM KOMIUIEKCHMMA MPUKA3aHU Ccy y Tabemu

2.
oTf Y 7
. ob—0b

Y = COOCH;, On-Bu, Ph, N(COCH,CH,CH;),
N(COCH3)CH,, CH,OH, CONH,, CN

Cxema 19. ®eHaHTPOIMHCKH KOMIUIEKCH TTajaArjyMa Kao KaTanu3aTopu XeKOBE PEaKIlje.
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Tabena 2. XekoBa peakiyja KaTalu3oBaHa (eHAHTPOJMHCKUM KOMIUIEKCUMA MaNaIn]jyMa.

Y Bpewme (h) IIpunoc (%)
CO,Me 2,5 94
CO,Me 4 96
CO,Me 8 97
CO,Me 24 20
CO,Me 1.2 98
CO,Me 6 98
CO,Me 3 98
On-Bu 24 25
On-Bu 24 16
On-Bu 2,5 95
On-Bu 24 11
On-Bu 2 88
On-Bu 24 16
On-Bu 0,8 98

Ph 12 95

N(COCH,CH,CH,) 24 94
N(COCH;)CH; 4 98
CN 24 69

Hakon oTkpuha xaTanuTuuke akTUBHOCTH (DEHAHTPOIMHCKUX KoMmIuiekca, EnceBup u
capamaun 1994, rogumHe 00jaBWIM Cy CHHTE3y KaTAIMTHYKH aKTHUBHUX KOMILIEKCA

nanaaujyma ca Ouc(apuiammuHo) aneHagTuiaeHuma, cianka 16 [109].

Ar Ar
Q /IL\ H coOMe Q /L\ /C' Ar = C¢Hg
(T (T, ol
AR A

Ar Ar
58 59

Cnuka 16. EnceBrpoBH KOMIUIEKCH Tajlaiyjyma.

Haume, cuHTeTH30BaHA Cy JBa TUMA KOMIUIEKca mamamujyma u To: manaaumjym(0)-
KOMIUIEKCH ca auMetundymapatHuMm (cimmka 16, meo), u mamamujym(Il)-komruiekcu ca
XJIOPUJIO JIMTaHIMMAa. XEKOBa peakiifja je M3BeleHa ca P-JOATOIYCHOM U jOIOCH3EHOM Kao

apui-XajoreHuJnMa, M ca METWI-aKpuilaToM M CTUPEHOM, Yy mpucycTtBy 1 mol%
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KaTauTUIkor koMmiiekca, Ha 50 °C, y Toky 4 4daca. ¥ nopehemy ca XeKkoBUM peakiijama

KaTaan30BaHUM KIACUYHUM KaTAIUTUYKU aKTUBHUM KOMILIEKCHMA, PUHOC peakiinja je ouo

no6ap (>80%).

VY moTtpa3u 3a jeBTUHHJUM KOMEPIMjaTHO JOCTYITHUM JIMTaHIMMa JIOIUIO C€ J0 2-
€TUII-2-0KCa30JMHa Kao Tpekypcopa 3a rpaheme mamamujym(Il)-komrekca. YV peakuuju
pacTBopa 2-eThj-2-OKCa30JiMHa ca MeTaHoJckuM pactBopoM LipPdCly; moGujen je trans-

komriuieke nanamuyjma(ll), u npumemen y XekoBoj peakiuju, ciuka 17 [110].

Cl—Pd—Cl

N
<j/\
0

60

Cruka 17. Okca30JMHCKH KOMIUIEKC Mallajinjyma.

OBaj KOMIUIEKC je TEeCTHpaH y peakUuju joA0CH3eHAa ca CTUPEHOM Yy Pa3IHuYUTHM
katanuTuakuM KoHreHTpanujama (0,00053-0,014 mmol), y Toky 3-48 wacosa na 90-150 °C.

[Ipunoc peakunoHux npousBoza je 6uo Behu ox 70% (Tabemna 3).

Tabemna 3. XekoBa peaknyja KaTaIu30BaHa OKCA30JIMHCKUM KOMILIEKCOM Iaja ujyMa.

: , Q.4-7mol% \ R
CN
R! DMF, 90-150°C Rt
X R! R? Bpeme (h) Hpunoc (%)
| H CeHs 48 87
| H CeHs 24 84
| H CeHs 18 77
| H CeHs 18 71
| NO, CeHs 24 100
| H CeHs 24 77
Br OCH, CeHs 24 65
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Kako cy rope HaBeJeHM KOMIUIEKCH KaTaJUTHYKW aKTHBHH YIJIIaBHOM caMoO ca
PEaKTHBHUM apuJI-JOJIMIMMA, TT0jaBUiIa ce MoTpeda 3a Karaau3aTopuMa KOju Cy KaTaTuTHIKH
aKTUBHU U MpeMa Mame PEeaKTHBHUM CYICTpaTHMa, Kao IITO Cy apui-OpOMUIU U XJIOPHJIH.
Heku ox TakBHX KOMIUIEKCa MpeacTaBibeHu ¢y Ha cnuiu 18. Ou nanaaujym(Il)-xomiiexcu
Cy HACTaJM PEeakUWjoM JHraHaja Kao IITO Cy 8-XUIPOKCHUXWHOJHMH, JUMETHITIHOKCHM,

MTUKOJIMHCKA KHCEIHHA, TuuMuHH, ca nanaaujym(Il)-xmopumgom y eranoy [111].

OCH,

:

)

\

E‘ \Pd/C!
~/ D

Cl

Cl
\Pd/
/" Na

4

C £
N N

OCH,
65 66

Cimika 18. Kommneken nanagujyma(ll) ca N-moHOpPCKHM JMranma Kao peKaTaan3aTopu XeKoBe peakiyje.

HaBeneHn KOMIUIEKCH Cy MOKa3aJld KaTAIUTUYKY aKTUBHOCT y XEKOBO] peakiuju U
npemMa Mame peakTHBHUM apui-Opomuauma [111]. ¥V cBuMm peakiujama xkopumrheno je 1-5

mol% onrosapajyher xaranuszaropa, npu 120-150 °C (Tabena 4).
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Tabera 4. 8-XIIPOKCHXIHOTIH, JIMMETITIMOKCHM, TIMKOJIMHCKA KUCRITMHA U JAVIMITH K0 JIMTaHA Y XCKOBOj PEAKIIHHL.

Apu-xajoreHua Onedun Kitif:;:;:“ Bpewme (h) HIEEZ;OC
4-CH3;0CgH,l CsH;g0, 61 30 90
62 80
63 8 89
4-CICgH,l CsHg0, 61 24 69
63 24 84
CsHsBr CsHg0, 61 24 48
62 24 48
63 24 57
CsHsBr (2 mmol) CsH;50, 64 24 63
65 45 16
66 20 32
CesHsBr (10 mmol) C;H,0, 64 24 20
CesHsBr (50 mmol)  CgHg (50 mmol) 64 24 64
65 24 21
66 29 31
1-CyoH;Br CsHgO, 64 24 45
65 24 30
66 24 44
1-CyoH+Br CgHsg 64 0,75 89

JloOpu mpuHOCH, Kao M 3aJJ0BOJbaBajyha peruo- u CTepeo-CeIeKTUBHOCT, JOOU]EHH CY

n y XEKOBOj peakIuju KaTanu3oBaHO] KomruiekcoM mnamaaujyma ca N,N-gumerni-f3-

anmanuHoM, kao u ca N,N-mumerwnrmunuaom u 4-(N,N-auMeTnnaMuHO)-OyTepHOM KHCe-

nuHOM (cnuka 19, tabena 5) [112].

I o |
\T/\)LOH /N\J\OH AN

67

Cmuka 19. N,O-bunenratHu murasay Kao NpeKypcopy KaTaTuTHYKA aKTHBHUX KOMILJIEKCa

68

manaaujyma(Il)

0

MOH

69
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Tabena 5. XekoBa peakiyja KaTann3oBaHa KoMIiekcnma nagaaujyma ca N,O- 6I/II[CHTaHTHI/IM JIMTaHIIMA.

Br
Pd(OAL)') JIHIaH]
+
2 exB. K,CO;,
130°C

Pd (mol%)  Jlurann Bpewme (h) PactBapau [punoc (%)

1 2 10 DMF 86
1 2 10 DMA 83
1 2 10 DMSO 38
1 2 10 NMP 99
0,1 2 10 NMP 99
0,01 2 20 NMP 96
0,1 3 10 NMP 42
0,1 1 10 NMP 81
0,1 3 10 NMP 70

VYnorpeba nuranajga Koju y CBOM CacTaBy CaJipiKe MMHJa30J1, y XEeKOBOj peakluju,
YIJIaBHOM je JUMHUTHpaHa Ha NalaJalukie U KapOeHCKe KoMIulekce nanaaujyma [96-100,
105-107]. HakoH ycnemiHe nmpuMeHe KOMIUIEKCa ca UMHUIa30JCKUM JTuranaoM y Cy3yKujeBoj
peakuuju [113], monuio ce Ha uaejy Aa ce TakaB TUI KOMIUIEKCAa MPUMEHH U Y XEKOBO]
karanutudoj peakiuju (ciuka 20) [114]. OBu KOMIUIEKCH YCIIEIIHO KaTaau3yjy M PEaKiiuje
Mame PEaKTHBHUX apui-OpomMuIa W xyopunaa. Pe3yiaratd HeKuX peakiyja, U3BEACHUX Y

MPUCYCTBY OBUX KOMILIEKCA, TPUKa3aHU Cy y Tabemnu 6.

Cl
HD —[:ljli——\l QN—P&—N\J
Cl /\

= /\ .
~ DN"N_N\// Ph/ N Pd \//

72 73

Cnuka 20. iMua30cKkn KOMITICKCH TTajianjyMa.
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Tabena 6. XexoBa peaKqua KaTaJln30BaHa UMW IAa30JICKMM KOMILICKCHMMa nana;mija.

g , 71 mol% PdCl, 0
o N i,
R DMF, 120°C R’
X R R? Bpewme (h) Hpunoc (%)
Br Me CO,Me 24 79
Br Me CO,-t-Bu 3 77
Br COMe CO,-t-Bu 1 99
Br COMe CO,-t-Bu 7 95
Br OMe CO,-t-Bu 3 80
Br OMe Ph 3 91
Br Me Ph 8 94
Br COMe Ph 3 98
Cl CHO CO,-t-Bu 24 18
Cl CHO CO,-t-Bu 24 85

[Topen ucrpaxuBama Mepa u capajHuka, Koju cy ce 0aBmin XEKOBUM peakliyjama
KaTaJIM30BaHUM XWHOJMHCKMM KOMIUIEKCMMa manaaujyma [111], oBa Tema je mpeamer
UCTpaXMBama U JIpYyrux xemuuapa. Tako cy llyn m capagHunm nokasajiu Ja ce HHXOBH
HOBOCHHTETH30BaHU XHWHOJIMHCKU KoMmIuiekcu mananujyma(ll) mory xopuctutu y XexkoBUM
peakunonuMm ycioBuMma [115]. HbuxoB pax ce Temesbum Ha IpeTnocTaBUu AmaTtopea U
JyrannoBe [34] nma ce KOOpAWMHAIIM]OM aHJOHCKMX KapOOKcWiaTta 3a majaaujyMm yOp3aBa
XexoBa peaknuja. [lopen xuHOMMH-8-KapOOKCHIATHUX KoMIuiekca, Llym u capamHumm cy
ONMUCAIM ¥ KaTATUTHYKy YJIOTY JUTaHaJa Kao IITO Cy 2-(MUpUIUH-2-WiI)alleTaTHu U 3-
(mumetunamMuHo)ponaHoaTHu (cnuka 21). VcmoBu u3Bohema, Kao W pe3yiaTaTd OBHX

peakiuja IpuKazaHu cy y Tadenu 7.

74 75 76

Cnuka 21. XuHonuH-8-kapOokcunaTay, 2-(MUpUANH-2-Wil)alleTaTH U 3-
(mumetnnamuHo)ponanoatau naianujym(Il)-kommiekcn.
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Tabena 7. XekoBa peakiuja karanu3oBana HekuM N,O-KoMIUIeKCHMa HalaanjyMa.
katalizator (0,01 mol%) AT

AT—=X T SR K,CO; DMFE 130°C. 307> N2 ™R
ArX R [punoc (%) ArX R [Mpunoc (%)
PhBr Ph 94 4-NC-C4H,Br Ph 87
PhBr CO,Bun 91 4-NC-C¢H,Br  CO,Bun 71
4-O2N-C¢H,Br Ph 97 4-Ph—C¢H,Br Ph 71
4-02N-C¢H,Br  CO,BuN 35 4-Ph—C¢H,Br  CO,Bun 74
4-Me-C¢H,Br Ph 91 3-F;C-C4H,Br Ph 98
4-Me-C,H,Br CO,Bun 88 3-F3;C-C4H,Br  CO,Bun 92
4-MeO-C4H,Br Ph 78 3-OpOMIMPHUANH Ph 96
4-MeO-C¢H,Br  CO,Bun 73 3- 6pommupunme  CO,Bun 98
4-OHC-C¢H,Br Ph 93 Phl Ph 92
4-OHC-C¢H,Br  CO,Bun 82 Phl COo,Bun 87
4-MeOC-C4H,Br Ph 92 4-MeO-C¢H,I Ph 73
4-MeOC-C4H,Br CO,Bun 39 PhCI Ph 0
3-NC-C¢H,Br Ph 90 4-NO,-C¢H,ClI Ph 35
3-NC-C4H,Br CO,BuN 92

I'ope HaBeneHn OKCa30JWHCKH KoMIuiekc maiaaujyma [110] je ca MOHOACHTAaHTHUM
murangoM. CUHTETU30BaHU CYy U KOMIUICKCH Tanaaudjyma ca OUJEHTAaHTHUM OKCa30JIMHCKAM
muragauMa [116] (cnuka 22). OBH KOMIUIEKCH Takohe ce TMoHalajy kao HepochHUHCKU
Katanm3aTopu XekoBe peakunuje. Y mopehemy ca 60, komrmiekcu ca OWICHTAaHTHUM
OKCa30JIMHCKAM JIMTaHAMMa 7ajy HEIITo Hibke npuHoce (tabema 8). Tpeba ucrahm na je
KaTaJTUTHYKa aKTUBHOCT /7 WCIUTaHA CaMO Ca PEAKTHBHUM jOIOCH3EHOM, 3a Pa3lIUKy O
jenumema 60, uMja je KaTaTUTHYKa aKTUBHOCT MCIUTaHA M Ca Mambe€ PEaKTHMBHUM apHII-

OpomuanMa.

77

Cmuxa 22. KatanuTuaky akTHBHI KOMITIEKC nana;mj ymMma ca 6I/I,Z[€HT3.HTHI/IM OKCAa30JIMHCKHUM JIMT'aHJ1Ma.
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Tabena 8. XexoBa peaKqua KaTajin30BaHa 6I/II[CHTaHTHI/IM OKCAa30JIMHCKHUM KOMIIJICKCOM nanazmija.

- Vi katalizator Y O
baza, rastvarag,
120°C,8h

Bbaza PactBapau ITpunoc (%)
NEt, DMAc 100
NaCH;COO DMACc 54
K,CO, DMAc 73
NEt, DMF 92
NaCH;COO DMF 61
K,CO, DMF 59
NEt, DMSO 89
NaCH;COO DMSO 43
K,CO, DMSO 59

[Topen oBux N,O-xomrmuiekca manaaujyma, cuaTeTn30Banu cy u tpugeHTanTd N,N,O-
aMUIO-TIMPUIUI-KapOOKCHIIATHA JIMTAH/IA, KOJU KOMILIEKCHPAEeM ca NalaJujyMoM aajy y
XeKOBO] peakIfju MpeKaTATUTHYKA aKTUBHE KoMmIuiekce (cimka 23, neso) [117]. Hctum
ayropu cy oOjaBuIM CHHTE3y W KaTaiuTtudyy akTuBHOCT TerpameHTaHTHOr N,N,N,N-
nukapookcuamuo-gunupuana nanagujym (I1)-kommiekca (cmuka 23, mecHo) [118]. Oswm
KOMIUIEKCH KaTalH3yjy XEKOBO KYIUIOBam€ JICAKTUBUPAHUX OpOM- M XJOpOeH3eHa ca N-

OyTun-akpuiarom, Tabemna 9.

R = CH(CH3),, CH,CgHs -

Cnuxka 23. Tpunentantu N,N,O-amugo-nupuauin-kapookcunatau u retpageHTantad N,N,N,N-
nukapOokcuamMuao-qunupuat nanaaujym (I1I)-komrmiekcn kao karaau3atopu XeKOBE peakiiyje.
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Tabena 9. XekoBa peaknyja KaTaJu30BaHa TPU- U TETPAJCHTAHTHUM KOMIUIEKCHMA TajlaiijyMma.

X 1
@/ . g 4a (0.01 mol%) @/\/R
R~F Na,CO3, DMF R~

ArX R, [Mpunoc (%) ArX R I[Mpunoc (%)
CHs | CH3CgH,4 74 4-Me, Br Ph 95
CHs | CH3CgH,4 73 H,Br Cco,Bun 92
CHj | CH3CsH, 62 H,Br 4-Me-C¢H, 93

OCH3, | CH3CgH,4 70 4-MeOC,Br Ph 91
OCH3 | CH3CgH,4 62 4-MeOC,Br CO,Bun 45
OCH; | H 60 4-MeO, 1 Ph 94
CHs | H 71 4-MeO, | CO,Bun 90
H H 80 4-MeO,1 4-Me-C,H, 88
4-Me,Br CO,BuN 93 4-NO,,Cl Ph 70
4-Me,Br 4-Me-C4H, 92 4-NO,,CI 4-Me-C¢H, 80
4-MeO,Br Ph 94 4-NO,,Br Ph 92
4-MeO,Br CO,BuN 92 4-NO,,Br CO,Bun 90
4-MeO,Br 4-Me-C4H, 90 4-Me, | Ph 94
H,I Ph 95 4-Me, | Cco,Bun 95
H.l CO,BuN 96 4-Me,| 4-Me-C¢H, 91

Jom jemaH mpuMmep TETpaJCHTAHTHHUX JIMTaHaga Cy TAKO3BaHU CAJICHCKU JIMTaH/IH.
Canen mpezacraBjba KOBAHHUIy KOja je HacTana ckpahumBameM Ha3uWBa MOJNA3HHUX jeUHCHA
ynoTpeOJbeHNX 3a CHHTEe3y oBUX MoJjiekyna. [lIudose 6a3e, HacTame peakiyjoM CaTHIUII-
aNJexuja U HeKoTr IMaMHHa, Aajy Kao nmpousBoa peakiuje ca PA(OAc), y DMF-y, canencke
KOMILUIEKCE MaagrjymMa, KaTaTUTHUYKA aKTHBHE y XEKOBOj peakiuju, cxema 43 [119]. V
nopehermy ca IpyruM KaTaJUTUYKHM AKTUBHUM KOMIUIEKCHMMA, CaJeHCKE KOMILJIEKCe

KapakTepHIle 3HaTHO Kpahe BpeMe peakuuje y3 BHCOK IpOLIEHAT KOHBEP3Hj€ IOJIA3HUX

cyrncrpara (Tabena 10) 1 BUCOKY PeTHO- M CTEPEO-CEIIEKTUBHOCT.
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CHO — =
+ HN—R— N, MeOH. CT
OH oH HO
Pd(OAc),
DMF, CT

VAN
R =-CH,-CH, _N\ /N_
/Pd ~
(0] O
80

Cxema 20. CuHTe3a CalIecHCKHX KOMILIEKCa aiajijyMma.

TaGena 10. XexoBa peakiuja KaTaJlN30BaHa CATEHCKUM KOMIUIEKCHMA T1ajalujyMma.

« . _~COOE
o P coon o e
R R
X R Bpewme (h) IIpunoc (%)
I H 0,15 96
I H 0,15 91
I H 0,15 93
I Br 0,25 91
I OMe 0,25 81
I Cl 0,15 94
Br Ac 6 20
Br H 12 HP

[IIugose Ga3e Koje Kao jemaH O] JAOHOPCKHX aToMa CaapKe M HEKH XaJIKOI'€HH
eleMeHT (Ha mpumep, S i Se), Takohe ce MOry yImoTpeOUTH Kao JIMTraHAH 3a JOOHujame
KaTaJIUTUYKH aKTUBHUX MajaJnjyMOBUX KoMIuiekca. OBU JIUraHAM Cy JOOUJEHU CHHTE30M
nonazehu ox 2-xuapokcubeH3zodeHoHa U 2-(heHMIXaaKoeTaHaMHWHA, OAHOCHO 3-(heHmII-
XaJIKOTNpONIaHaMUHa, W JajbUM  KoMmiuiekcupamweMm ca namaaujym(Il)-comuma [120].
CtpykTypa TMX KOMIUIEKCa NpUKa3aHa je Ha ciuuu 24. Hajehy kaTaquTHuKy aKTHBHOCT
nokasyje komrmiekc 810, u To y peakmnujaMa ca P-CYNCTUTYMCAaHHM jOIOE€3H3EHOM. Y
peaknyjamMa y KojuMa Cy Kao apui-XaJIOTeHUAN YIOTpeO/heHn OpOMHUIIN, TIPUHOC j€ 3HATHO
Hxu. Wnak, Tpeba HamoMmMeHyTH Ja y mnopehemy ca CaJeHCKMM KOMIUIEKCMMa, OBU
KOMIUIEKCH TIOKa3yjy Mamy KaTaJTUTHYKy aKTHBHOCT, Y CMHCIY MPOAYKEHOT PEaKIHOHOT

BpEMeHa, Kao M HUXKerT npuHoca (Tabena 11).
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v e
‘ o E@ 0 & S o & TE\Q\OCH3

E=S§, Se
81 82 83

Crmuka 24. llIndose 6a3ze Koje Kao je1aH o1 JOHOPCKUX aToMa caapke S win Se Kao JTUTaHIH.

Tabena 11. XekoBa peakiiyja kaTanu3zoBaHa [llndosum xajakoreHuM 6azama.

[punoc (%)
p-R-CgH4-X Y

81a 816 83

O;N, | COOH 78 85 74
Cl 1 COOH 70 80 65
O:N, Br COOH 25 35 33
O:N, | Ph 74 83 78
Cl 1 Ph 70 78 68
O:N, Br Ph 28 33 30

Kao nurannm y XekoBoj peakiyju MOXKe ce YMoTpeOWTH U TpueraHojamuH [121].
TpueTaHonaMuH je TECTHpaH y pEaklUju CTUPEHAa W HEKHWX akKpuwiaTa ca pa3iIHduTo
CYIICTHUTYHCAaHUM apui-xanoreHuauma (tadena 12). [IpuMeTHO je na je peakiuja yCIrelHuja
ca eJNEKTPOH-CY(QUIIMTAPHUM XaJoreHOeH3eHuMa. EjeKTpoH-nepuIuTapHl U eIeKTPOH-

HEYTpPaJTHU CUCTEMH pearyjy ca ojieuHNMa, alld J1ajy HIKE PUHOCE.
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Tabena 12 XekoBa peakliyja ca TPHETAHOJIAMHUHOM K20 JIMTHAJIOM.

X

SN

| D
e o
A A
ApHIT-XaJ0reHH I Onedpun [punoc (%)
CeHsl CeHsCH=CH, 98
p-CH30CsH;,l Ce¢HsCH=CH, 99
CeHsBr C¢HsCH=CH;, 99
p-CH3;COC¢H,Br C¢HsCH=CH;, 99
p-CNC¢H,Br C¢HsCH=CH;, 99
p-C,Hs0,CCsH4Br C¢HsCH=CH;, 95
p-CH3CsH,4Br C¢HsCH=CH;, 92
m-CH3C¢H,Br C¢HsCH=CH;, 89
0-CH;3CgsH4Br C¢HsCH=CH;, 81
p-CH3;0C¢H,Br C¢HsCH=CH;, 76
CeHsl CH,=CH-COOBu 80
p-CH30CsH;,l CH,=CH-COOEt 97
p-NO,OCsH,Br CH,=CH-COOEt 96
CeHsBr CH,=CH-COOEt 90
p-CH3;0C¢H,Br CH,=CH-COOEt 94
CeHsBr CH,=CH-COOCN 86
p-NO,C¢H,CI CH,=CH-COOBu 91
p-CNC¢H,CI Ce¢HsCH=CH, 62
1.3. Cy3ykujesa peaxyuja

Cy3ykujeBa peaklyja je peakiyja yrjbeH—yIJbeHHK KYIUIOBamba BUHWI- U apHIl-

OopaHa ca BHHWI- ¥ apHI-XaJIOTeHUAUMA, y pucycTBy nanaaujym(0)-katamuzaropa [13-17]

(cxema 21). OBa peakiyja UMa MIMPOKY NPUMEHY Yy OPraHCKUM CHHTE3aMa, 3axBabyjyhu

JOCTYIIHOCTH peareHaca, a KOPHUCTH CE€ W y CHHTE3M Ouapui U IPUPOJTHUX MPOHU3BOJA.

JNlonaBame 6aze y Cy3ykujeBy peakiujy A0BOJHU /10 TpaHcopmanuje 6opana BR3 y 6oponare

BR3(OH)", xoju cy akTuBHA BpCTa MPHU TPAHCMETAJIOBAY MaJIa]jyMa.

Cy3ykujeBa peakiiija ce, Ka0 ¥ XEKOBa, CacTOjH W3 HEKOJIMKO Kopaka (cxema 21).

Hekwu xoparu cy 3ajeTHMYKH, IITO j€ MHA4YE KapaKTEPUCTHUIHO U 3a apyre peakiuje C—C u C—
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N kymioBama. Tako, IpBH KOpak peakiuje je mnpeBoheme nanaaujyma M3 OKCUAATUBHOT
ctama +2 y KaTauThuku akTuBHO cTabe Pd(0). Karaymmruuku 1mukiyc mnodnme
OKCHJIATUBHOM aJIMIIM]OM TajaJrjymMa Ha yrJbeHHUK—XaJIOTeH Be3y, NpH deMy ce (popmupa
OpraHonaixagfujyMoBO jeaumeme. Peaknuja ca 0azom jgaje MelympousBOJ, KOjU TIPEKO
TpaHCMETaJoBama ca OOPOHATHUM KOMILIEKCOM (OpMHpa OpPraHOMNaNIagujyMOBY BpPCTY.
PenyktuBHOM enmMMMHAIMjOM, W3 OBOT KOMILIEKca J00Mja ce€ TPOM3BOJ, a MaJaaujyM,

pPEAYyKOBaH /10 OCKHIAaTUBHOT cTama 0, Bpaha ce y peakIlMOHU IIUKIYC.

Rl-Rz Pd(0) Ry-X
R,-Pd(I)-R, R,-Pd(ID)-X
NaOrBu
tBuO—B OtBu

R,-Pd(I1)-O¢

RrH —— Ry B OrBu
Y 1
Y Na

Cxema 21. Peakunonu mukinyc Cy3ykHjeBe peakiiyje.

Paznuka y onHOCY Ha KaTaTUTHYKK IMUKIYC XeKoBe peakiuje je yuerhe 6opoHara,
9uja je yJora y ,,JOHOIIEHY ™ JPYror peareHca, Koju ce y a3 TpacMeTaaoBama Be3yje 3a
nanaaujym. [lpu TomMe nmonasu no rpahema opraHomagajavjymMoOBOT KOMILUIEKCA, KOjU Y

peakuju peIyKTUBHE SIMMHUHAIIN]E Aaje KOHAYHH MPOU3BO]I PEaKIIHje.

ITo ce Tnue KomIiekca Koju Katanuzyjy Cy3ykujeBy peakliujy, OHH C€ MO CBOjOj
CTPYKTYpU HE€ pPa3lIMKYjy OJ OHHUX KaTaJUTHYKH AaKTUBHUX Yy XeKoBOj peakuuju. Heku
KOMIUIEKCH KOjH CYy KaTaIUTHYKH aKTUBHH Y XEKOBO]j, MOTY OMTH akTUBHU U Y Cy3yKH]jeBO]
peakuuju C-C xymmosama [15, 77, 79, 91, 93, 96,99,98, 102, 103, 110, 113, 115, 118, 119,
120].
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14. Cmunosa peakyuja

CrunoBa peakiyja apui-XaloreHu1a HUje pa3BUjeHa y HCTOj MEPH Kao XeKOBa WIH
CysykujeBa peakija [18-22] (cxema 22). Pasmor 3a T0 je u unmbeHuna aa ce y CTHIIOBO]

peaKIuju KOPUCTE TOKCUYHHN OPTaHOKAJIaJHH PEearcHCH.

@x . C>—S R Pd karasmsartop o 7\
\ 5 n 3 > > A\
Rn/\/ / Rn/‘/ / 0asa Rn/ =X

Cxema 22. Cxema CTHiioBe peakiyje.

Rn

CyncrutyeHT X je oouuyHo Heku xanoreHu enemeHT (Cl, Br wm 1), a Mmoxxe outu u
Heku niceynoxanorenua [18, 21]. CtunoBa peakiuja je oTkpuBeHa 1977. roguHe ox cTpaHe
Ilona Kenera Crtuna u Jlejpuga Mucrajaa. OBa peakumja je kopumtheHa y 50% cBux
peakiMja YHaKpCHOT KyIUuloBama o0jaBibeHUX 1992. rogmne. M naHac je WMHAYCTPHjCKH
arIMKaTUBHA, MoceOHO Yy (apmaieyTcko] WHAYCTpHju. Peakmuja ce oOWYHO HM3BOIU Yy
WHEPTHO] aTMochepu M y3 KopulThemhe aHXHUIPOBAaHMX PacTBapaya, jep KMCEOHHWK HM3a3HMBa
OKCHJAIM]y NaJaJinjyMOBOT KaTajau3aropa U MPOMOBHUIIE XOMOKYIIJIOBAKE OpPraHOKalajHUX

je;[HH,eH,a, a OBC HCKCIbCHC peaKque AOBOJIC 10 CMambCba IMPUHOCA I'NITAaBHOT ITPOU3BOJA.

Kao oprancka jemumema Kanaja ce OOMYHO KOPHUCTE TPUMETHIICTAHWI- WU
TpUOYTUIICTAHUII-]eINbEHha. Mako TpUMETHIICTaHWII-jeIUbEeHha T0Kazyjy Behy peakTHBHOCT
y nopehemy ca TpuOYTHICTaHUII-]eIUHEHUMA, TOKCHYHOCT OBUX JEIUIbCHA j€ BUIIA OKO

1000 myTa, 300r yera je BUXOBaA ynorpeda 3HauajHO peyKOBaHa.

Peakiinonn mexanuzam CTHIIOBE peakimje je m00po mpoyuer (cxema 23) [121,122].
[IpBu KOpak y TOM IMKIYCY j€ KaTaIUTHYKa PEAyKIHja MalxaJujyMOBOT KaTajau3aTtopa J0
aktuBHe Pd(0)-Bpcre. OKcuaaTHBHA aIuIKja OpraHOXaJ0reHUIa aje CiS-uHTepMeanjep Koju
ce Op30 m3omepusyje o trans-unrepmenujepa. TpaHCcMeTallOBamke OpPraHOKAIAjHOT OOJIHKA
Jaje MHTEepMenujep, Koju 3artuM, mocie ¢a3e peAyKTHBHE eTUMUHAIM]e, Taje >KeJbeHU
npou3Bon u aktuBHy Pd(0)-Bpcty. OxcupmaTuBHA aauiivja W PEAyKTHBHA EIMMUHAIIN]A

0JIBHjajy C€ y3 PETEHIIN]Y CTEPEOXeMH]CKe KOH(UTYypallje OAroBapajyhux peakraHnara.
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R;-X
R;-R, \/- Pd(0)L, !
R;-Pd(I)Lm-R, R,-Pd(I1)L,,-X
XSnBu, R,SnBu,

Cxema 23. Katanutuuku nukiyc CTUIIOBE peakiiyje.

15. Kymaouna peaxyuja

KymanuHo KyruioBame je peakiidja YHaKpCHOT KYIJIOBame u3Mel)y ankuii- uim apui-
['pumapoBor peareHca W apwi- WM BHHHUJI-XQJIOTEHHIA, KaTaJHM30BaHA KOMILICKCUMA
nanaaujyma win Hukiaa (cxema 24) [123, 124]. 3nauaj oBe peakiidje 3a OPraHCKE CHHTE3E
oriena ce y nobujamy nepuBara cTupeHa. Peakiujy cy 1972. roguHe He3aBUCHO MPOHAIILIE
IBEe Tpyle, a uMme je, umak, noduna mo Makoro Kymanu. Peakmuja je 3aceHuna cindHe
peaKIije YHAKpCHOT KYIUIOBaWka KAaTAIM30BaHE METATHUM KOMIUIEKCHMA, Kao INTO CYy

Conorammupuna u Cy3ykujeBa peakiuja.

Pd namNi
KAaTAIN3aTop
Mg-Br
@ eBr+ /7 E50,CT,2em ©_\\

Cxema 24. KyManHO KyIUIOBamb€.

Mexanuzam Kymanuue peakiuje ce y omHocy Ha Cy3ykujeBy u CTHUIIOBY PEakiinjy
pasiuKyje caMo y TOTJeAy BpCTe KOja JOHOCH KyIulyjyhu peareHc, TO jecT BpPCTe Koja
yuecTByje y ¢a3u TpaHcMmeTanoBama. 3a pasnuky on Cysykujese (B) u Herummjese (Sn)

peakuuje, y 0Boj peakuuju y (pazu TpaHCMeTaNloBama YUeCTBYje Marue3ujym (cxema 25).
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R,-R, f Pd(O)L, R-X
R;-Pd(II)Lm-R, R,-Pd(IT)L,,-X
MgBr, R,MgBr

Cxema 25. Mexanuzam Kymanuhe peakiyje.

1.6. Hezuwujesa peaxuuja

Herummujea peaknuja Takohe je peakifja yHaKpCHOT KYIIJIOBamka, OTHOCHO CTBapama
HOBE YIJb€HUK—YIJbeHUK Be3e [125]. OBa peaknuja ykJbydyje OpraHOIIMHKOBA jeAMIHCH:A,

OpraHcKe XaJOTreHH/Ie U KaTaln3aTtope Ha 0a3u HUKIIA MM nanaaujyma (cxema 26).

R-X + R-Zn-x>PdL R-R'

Cxema 26. HerummjeBa peakiyja.

CyncturenT X MOXe OWUTH HEKH XalOTreHH eJNeMEHT, alu W TpudiaaTHa WIN
alleTHJIOKCU-TPYyNa ca OPraHCKUM OCTaTKOM R, KOju Moke OWTH aJKeHWJ, apui, aJu,
aNKMHWI WK nponapruwi. Jlurann L y katanuzaropy je yecto Tpudenundocun, dppe wmm
binap. [lanagujym-kaTanu3oBaHe peakiifje YOIIITe UMajy BHIIE MPUHOCE U Behy XeMHjCKy
ToJNepaHnnjy Ha QyHKIMoHamHE Tpyme. OBa peaknuja je moowra ume nmo Enmm Herwmm)y
Koju je, 3ajeqHo ca Puuapgy @. Xexom u Cysykujem, 2010. noouo HobemoBy Harpamy 3a

XeMHU]Jy.

AKTHBHA KaTaJIWTHYKa BPCTa y OBOj peakuuju je meran (HaJaAujyM WM IUHK) Y
OKCHJAIMOHOM CTamy HyJa, a peakldja ce OJBHja IO MEXaHW3MYy CIMYHOM MEXaHHU3MY
XeKoBe peakiuje, Tj., O] TPEaKTUBAIMje KaTaau3atopa, MPEKO OKCHIATHBHE aullyje,
TPaHCMETAJIOBaka Ca I[MHKOBUM JEIHICHEM M, HAa Kpajy, PELyKTUBHOM EIMMHUHAIIN]OM

(cxema 27).
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R]-Rz %‘ Pd(O)Ln x&

R,-Pd(ILm-R, R,-PA(IN)L,-X

R;-X

X-Zn-X R-Zn-X
Cxema 27. Mexanuzam Heruiujese peakiyje.

HerummjeBa peakiuja ce mpumemyje y CuHTe3n 2,2'-OunupuanHa, mnonaszehu om 2-
OpommupuauHa ca  Terpakuc-(Tpudenmidochun)nanannjym(0)-KOMITIEKCOM,  CHHTE3H
Ooudenmna wu3 O-TOMWIIMUHK-XJOPUI U 0-jOATONyeHAa M TeTpakuc(tpudenundochun)
nanaaujyma(0), 3a cuHtesy 5,7-xekcanekaauena, nonaehu on 1-menuna u (Z)-1-xekceHuI-

jomuaa. OBa peakiyja ce IpuMemYje U Y CHHTE3H XeKcadepoleHIIOeH3eHa.

1.7. Conozawupuna peaxuuja

Y opranckoj xemuju, CoOHOrammMpuHa peakija TMpeJCTaBba KYIUIOBAHE
TEPMUHAIHUX aJKWUHA Ca apuii- WM BUHHI-XaJoreHuauMa (cxema 28) a mpBH Cy je U3BEIH
Kenkumm Conorammmpa u HoOye Xaruxapa 1975. rogune [126].

R'-X, Pd, Cu”
H——R R———R
daza

X =1, Br, CL, OTf
R = Ar, ankenu

Cxema 28. Cxema CoHoraidpuHe peakiyje.

VY 0B0j peaknuju ce kopucrte aBa katanuzaropa: nazaanjym(0) u xamorenua 6axpa(l).
[TamagujyMOB KOMIUIEKC aKTHBUpPa OPTaHCKU XaJIOTCHUJ OKCHIATHBHOM aJIuIjOM Ha
YIIbEHUK—XAJIOTEH Be3y. 3a OBY peakiyjy KOPUCTH ce (HOCPUTHU IMajaaujyM-KOMILIEKC, Kao
mro je terpakuc(tpudenundochun)mnananujym(0). IManagujym(Il)-kommnekcu ce Takohe
KOPHCTE alld Ce MPBO MOPajy PeAyKOBaTH 10 KaTaJIUTHUKHA akTuBHE Bpcre [mamamujym(0)].
Oxkcumanuja Tpudenunpochuna no TpudeHuabochruH-0KCHIa, Takohe, MOKE TOBECTH 0
dopmupawa Pd(0) in situ, kaga ce KOpHCTM KaTajau3aTrop Kao IUTO je Owmc

(tpudenmndochun)nanamujym(I1)-xmopun. Hacynpor tome, Cu(l)-xanmorenunu pearyjy ca
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TepMUHAIHUM ankuauMa U najy Cu(l)-anetunuzme, Koju nenyjy kao akTuBHupajyha Bpcrta y

peaKkIuju KyIioBama.

Peakiimona cpemuHa mMopa Outu 6asHa jga Heyrpaiume HycrnpousBox (HX) ose
peakimuje, 300r yera ce TPUETWJIAMUH M IHETUIAMUH MOHEKa/la KOPUCTE Kao pacTBapayu.
Jpyre 6a3e, Kao MTO Cy KalijyM-KapOOHAT WM Le3UjyM-KapOoHaT, Takole ce moBpeMeHO
ynotpebsbaBajy. Ilopen tora, 36or ocerspuBocTH nanaaujym(0)-KoMIuiekca KOju Cy
HECTa0MIHM Ha Ba3AyxXy, Kao W 300r TOra INTO KHUCEOHUK ToacThue (hopmupame

XOMOKYTIJIOBaHUX alleTUIIEHA, 32 N3BOlere peakiiije HEONXOAHH Cy UHEPTHH YCIIOBH.

CoHorammpuHa peaknuja mpeacraBjba Moaudukanujy Kactpo-CrueHncoBor
KyIUIOBama ca JOJAaTKOM TMajaaujyma u in Situ mpumpemu Oakap-amerwinuna. MexaHu3am

peaknuje HUje Oaln HajjaCHUJU, aTM C€ MOXKE TMOACIIUTH Ha IUKIYC MajagujymMa W IHUKIYC

0akpa (cxema 29).
R—R,; % Pd(0)L.n Ry-X
R,—=— Pd(ILm-R, R,-Pd(II)Lm-X
CuX R—CuX
RN+ H—=—R, R;NHX

Cxema 29. Mexanuzam CoHOTaITUpUHE peakilyje.

1.8. bakeano-Xapmeuzosa peaxkyuja

bakBann-XaprBuroa peakuuja mpenactaBiba C—N  KyIUIOBame  KaTaJM30BaHO
nayavjyMoBUM KoMmIuiekcuma [127, 128]. Peaknujy cy npBO M3BENM OCaMIECETUX TOJUHA
neaneceror Beka Kocyru, Kamejama u Muruta [129]. Unak, 30or 3acinyra 3a meH pa3Boj,

peaknuja je mobmna mme mo bakBanay w XapTBury. Y TPBOOMTHO] peakuuju Cy Kao
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cyncrpatu kopuithenn apwit-Opomun u N,N-nmuetnnamuHoTpuOyruikanaj u ¢dochuHCKU

KOMILIEKC Tajaanjyma Kao karaiauzarop (cxema 30).

Et. _Et
Br N

PACL[P(o-Tol);],
Bu;Sn-NEt, + - + BuySnBr
Tonyen, 100°C

Cxema 30. Kocyru-Kamejama-Murutuna peakimja.

Kacnamja ncrpaxuBama bakBanna u XapTura oBena cy 10 peakIIMOHUX YCJIOBa KOjU
HE 3aXTeBajy MPUCYCTBO OPraHO KallajHUX jeluiberba (cxema 31).

PdCL,[P(o-Tol);],,
Br Pd[P(o-Tol);],, NR,

Pd(dba),/,P(o-Tol)s
+HNR -
@ 2 NaOtBu wm LIHMDS,
Toayed niau THF,
55-110°C

Cxema 31. bakBana-XapTBUroBa peakiiyja.

MexanuszaMm oOBe peakiidje KyIloBama je ciauyaH peakiujama C—C KymioBama, U
CacToju ce M3 MCTHX KOpaka, cxema 32. Peakiuja 3amounmhe MpeakTUBAIMjOM KaTalu3aTopa,
Tj., penykuujom nanaaujyma(ll) no mamanujyma(0) Koju je akTHBHA KaTalUTHYKa Bpcra. Y
JaJhbeM TOKY JI0JIa3u J0 OKCHUJIATHBHE aJMIIMje€, MUTPATOPHOT WHCEPTOBamka M Ha Kpajy (daze
pPEAyKTUBHE eIMMUHAIIN]je, Y KOjO] C€ pereHepHIle KaTATUTHYKH aKTHBHA BpcTa U ociobaha

MIPOU3BO/T PEAKIIH]E.

Pd(0) wum Pd(IT) npexaranuzarop

LnPd(Ar)[HRR'| L,Pd(Ar)X

0aza HX HNRR® /\
| HNRR’

L,Pd(Ar)X

Ar-X

0a3a

Cxema 32. MexanucTruky nukiyc baksana-XapTBurose peakuuje.
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2. HAIIIH PA/[OBH
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2.1. Yeo0

XekoBa peakliija KaTalu30BaHa KOMILJICKCHMA MajlaaijyMa, KOju Kao JTUTaH] caJpiKe
aTtoMm ¢ocdopa, 100po je uCTpakeH mpoliec. 3axBajbyjyhu ToMme, 1aHac OCTOjU BEIUKU Opoj
HAyYHUX pajoBa Ha Ty TEMY, KaKO EKCIIEPUMEHTAIHUX, TaKo U Teopujckux. C apyre crpaHe,
Opoj HAyYHMX paZoBa KOjU 3a TeMy MMajy XEKOBY PEaKIlMjy KaTaJu3oBaHy He(hOoCPUHCKUM
KOMIUIEKCUMa TallaJinjymMa, 3HayajHoO je Mamu. BehuMm nemom cy To KaTaqTuTHUKU MPOLECH
Be3aHU 3a KoMmIulekce najmaaujyma ca N,S-kapbernma u N-XeTepOUUKINYHUM jeINH-CHhUMA.
Kako cy oBM KOMIUIEKCH W JMTaHIW OCCTJHMBU Ha KHUCEOHHWK M BIAry M3 Ba3lyXa, U Kako
BUXOBAa CHHTE3a o00yXBaTa WpoIleceé KOjU C€ cacToje M3 BEIMKOr Opoja CKyNmHX u

HEEeKOHOMHYHHUX KOpaka, TO j€ ¥ ’bUXO0Ba IpUMEHa y XEKOBO] PEaKINji HEeKOHOMUYHA.

Hacymnpot Tome, HelaBHO Cy TpelicTaB/beHe peakije y kojuma ce kao N,O-nmuranmn
KOPUCTE aMHHO-aJIKOXOJM W aMUHOKHCeNnHe. Heku oIl TakBHX alKOXojla Cy ACpUBATH
€TaHOJIAMHHA JHETaHOJAMMH U TPUETAHOJNAMHH. 3a pa3luKy OJf Tope HaBeICHHX
»PochuHCKUX” peakuuja, manaaujym-katanuzoBaHu mnpouecu ca N,O-nmuranguma HuUcy
JeTaJbHO WCTPAXWBaHU, U O BHUMa ce Majio 3Ha. HapoumTo ce mamo 3Ha O mporecy
MpeaKkTUBAIM]e KaTaau3aTropa, TO jecT, mpeTBapame nanaaujyma(ll) y katauTudky akTHBHO
OKCHJAIMOHO cTame nanaaujym(0). Y nureparypu ce, IpakTUYHO, HUCY MOTTH Hahu moganu
0 0BOj OutHO] (da3m peaknuje. Takohe ce HHCy Morie mnpoHahw wuH(pOpMalHje HU O
CTpYKTypH Karanutudku aktuBHe Pd(0)-Bpcte. 300r cBera oBor, 3amaiid OBE JOKTOPCKE
TucepTanyje cy OWIIM: UCTIMTHBAKE KaTaTUTHUKE YJIore trans-auxJIoOpoOucC(IreTaHOoIaMUH-
N)nanagujym(Il)-kommnekca 1 y XekoBoj peakuuju ca pasiidUuTUM apUiI-XaJOreHUAUMa U
aKTUBUPAHUM OJepUHMMA, MOOOJbIIAKE MPBOOUTHOT PEAKIMOHOI MPOTOKOJIA, KAao U
noBehame peakMoHUX MpuHOca. Jeman of 3amataka je OMo W Ja ce MpOoydr MEXaHH3aM I10

KOME ce O/IBHja OBaKBa CJIOKEHA PEaKIrja, Kao U CTepeoxemMuja J00UjeHIX MPOU3BO/Ia.
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2.2.  /uemanonamuncku nanaoujym(Il)-xomnnekc kao kamanuzamop Xekoee
peaxuyuje
trans-/Iuxmnopoouc(aueranonamus-N)namaaujym(Il)-kommieke (cnuka 25.) ctabuiHO
j€ jemumeme W WHEPTHO Ha JEJCTBO KHCEOHHWKA WM BJIare W3 Ba3Ayxa. 3a pPa3juKy O

¢dochuHCHX M KapOSHCKUX KOMILIEKCa MaiagnjyMa, peakiiioHa mpolenypa 3a CHHTE3Y OBOT

KOMILIeKca je jeaHoctaBHa [130].

Cauka 25. Kpucranna crpykrypa trans-auxmnopoouc(aueranonamun-N)nanaaujym(Il)-kommekca.

Karanutudka ymora AueTaHOJIaMUHCKOT KOMILIEKCa Y XEKOBOj PEaKIMji UCITUTHBAaHA
j€ Tako IITO je peakiuja HM3BEICHAa ca EKBUMOJIADHUM KOJWYMHAMa pEaKTaHaTa apuil-
XaJIOTEHH 1A ¥ aKTHBHPAHOT oyiehrHa, Y IPUCYCTBY IMETaHOJIaMUHA Kao pacTBapada u ciiade
6aze, u 1 mol% trans-nuxnopobuc(aueranonamun-N)nanaaujym(Il)-komriekca kao npexa-
tanu3atopa (Tabenma 13). Ha oBaj HaumH cy oOe30eheHe cBe HEONXOIHE KOMIIOHEHTE 3a
peanu3annjy XeKOBE peakifje: He3acMheHW XaJoreHui, OoJieWH CYINCTUTYUCAH HEKOM
EJIEKTPOH-TIPUBIIAYHOM TPYIIOM, KOMITJICKC MaJIaijyMa Kao MpeKaTaIuTUIKU aKTHBHA BPCTa

U IMETAaHOJIAaMUH Kao ciiaba 6a3a (cxema 33). Peaknuje cy u3seaene na 110 °C [131].

1 Mol9 trans-[PdClyDEA),]

+ —
CgHsX + H,C=CHR —

CgHsCH=CHR

Cxema 33. XekoBa peakiidja KaTaau3oBaHa quTaHoaMuHcKuM nanaanjym(I)-komiuiekcom.
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Tabena 13. Katanutnuka ynora kommiekca 1 y XekoBoj peakujH.

Apur- R Basa Bpeme (h)  TIpunoc (%)°
XaJOTEHH L
1 CeHsl CeHs DEA 8 75
2 CeHsl CeHs NaOEt 4 72
3 CeHsl COOCH; DEA 8 75
4 CeHsl COOCH; NaOEt 4 71
5 CeHsl COOC;Hs DEA 8 80
6 CeHsl COOC;,Hs NaOEt 4 76
7 CeHsl COOC4Hyq DEA 8 81
8 CeHsl COOC4Hyq NaOEt 4 80
9 CeHsBr CeHs DEA 11 82
10 CeHsBr Ce¢Hs NaOEt 6 81

'H NMR-Criekrpockomujom motpljeHo je HacTajame MHAMATA y J0GPOM MPHHOCY,
onHOoCcHO Hactajame HOBe C—C Bese. Takohe, oBuM je moTBpheHa u GyHKIIMOHATHOCT HAIIEr

KaTaJIuTH4YKOI' CUCTEMA.

Kao mro je mpukazano y Tabenu 13, mopen AueraHoJaMHHA Y peakiyju je Kao 0a3a
KopuliheH W HaTpHjyM-eToKcHa. Peakiuje ca oBoM jakom 6azom cy usBeneHe Ha 100 °C.
[TpumeTHO je na ce noOujajy CIMYHU PEaKUHMOHM NMPUHOCH, alu y3 kpahe Bpeme u3Bohema
peaknuja. Tako, y ciy4dajeBEMa TJ€ j€ Kao apwiI-XaJoreHuJ KopuiiheH joa0eH3EH,
pEeaKIMoHO BpeMe je 3HauajHo ckpaheHo (ca 8 yacoBa Ha 4), 0K je y ciydajeBUMa TJIe je Kao
apwiI-xajnoreHu]; kopuitheH OpoMOeH3eH, peakIMHO BpeMme cMameHo ca 11 Ha 6 vacosa.
BaxHo je ucrahu ga je y cBUM peakifjaMa Kao jeIMHU W30JI0BAaHU MPOU3BOJ 100MjEeH caMo

trans-uzomep.

Kako y nuTepaTypu He MOCTOje THOJAlM O Kartanutudoj yno3u mnanaaujym(Il)-
KOMILIEKCAa ca aMHUHCKHM JIMTaHAMMa, TO HAc je HaBeJO Ha Jlajbe MCTPaXKHBame MOryhux
nyreBa npeaktuBanuje Pd(Il) y karamurmuku aktuBHy Pd(0)-Bpcry. Ilpema excnepumen-

TAJIHUM IogalluMa MOXKEMO PAa3JIMKOBATH JIBa cnyqaja:
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- Peaknujy u3BezieHy y NpucycTBy jake 6aze u

- Peaknujy n3Beneny y npucycTBy ciade 6ase.

MexaHu3aM HMHUIMjaTHOT Tpolieca mpeakTtuBanyje 1, edekar conBaranuje, U yop3ame
peaknuje wuHAyKoBaHO jakoM Oasom (NaOEt), ucnutuBanu cy KopumhemeM MeToja

(GbyHKIIMOHAIA TYCTUHE. Y OBY CBPXY cMO KopucTuiu Gaussian mporpamMcKu maker.

2.3. Ilpeaxmuesayuja komniexca 1 y kKamanumuyku aKkmugHy epcmy

VY oBoMm pneny, 6uhe pazmaTtpan Moryhu myt mpeakTuBalpje Komiuiekca 1 y racHoj
¢da3u. Kaga ce peakiuja u3BoAM y NPHCYCTBY jake 0a3e, MOKe ce OodeKkuBaTH Ja he 0Oaza
npey3etu npoton ca OH-rpymne nueranonmamMuHCKor nuranga komimiekca 1 (cxema 34.). Ha
0Baj Ha4MH (popMupa ce aHjoH 2. AKO ce TPETIOCTaBH J1a Ce /1aJbe BOJOHMK Ca KapOMHOJIHOT
yrJbeHUKA KOOPAUHY]jE 3a MajaiijyM IpeKo Mpea3Hor cTama 3, Harpaauhe ce UHTEpMeanjep
4. OBa tpancdopmanyja je npahena peaykruBHoMm enumunHauujom HCIl, unme ce nobuja

katantnuku aktuBHa Pd(0)-Bpcra 5.

1 2 3
R d R [ R oy R — B R CLo R
\ vy Yal! / \ A /
HN— Pd—NH —» HN — PS—N{I — HN--- Pd—NH
/ 1\ \ / / Y \
H,C cl R H,C Cl R H,C ;o R
CH2 H_C_H H_C,-—‘
]
I Y |\
(¢} :03 0
\ ..e N _
m = -
4 5
T" vy T oy
H— Pii_NH C]—— Pd——NH
\ \
H
R — N — CH, — CHO Cl R HCI R

Cxema 34. [Ipeanoxenn Mexannsam npeaktusanmje 1. R = -CH,CH,0H.

OnTuMHU30BaHE TEOMETPHjE€ HHTEPMEIHjepa 2 ¥ TPEIa3HoT CTamka 3 MPEICTaB/bEHE Cy

Ha ciuiy 26, a Heka BakHHja Mel)yatoMcka pactojama y Tabenu 14 (ExciepumeHTaliHu 11€0).
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Cruka 26. OnTUMHU30BaHE FEOMETPH]je KPYIHjaTHUX YISCHHUKA Y MPOLIECY MPEaKTUBALIN]e
trans-[PdCI,(DEA),]: 2 neBo u 3 necHo.

cn
&

OnTuMH3aIMjOM KaTaIMTUYKK MpeakTUBHE BpcTe 1 moluja ce cTpyKTypa Koja je 1o
Oy’KUHamMa W YIJIOBUMa Be3a KOEr3MCTEHTHAa ca KPUCTATHOM CTpyKTypoM. [Ipema panuje
HaBeleHOM pa3marpamy, HI1 je ykimomeH u3 crpykrype 1 u Ha Taj HauuH je noOujeHa
cTpykrypa 2. Atomic polar tensor (APT) naenexkTpucama Mokaszyjy Ja je TO3UTHUBHO
HaeJeKkTpucamwe pacrnopeheno Ha mnamagujymy (0,765), yribeHMIIMMa W Ha HEKUM
BOJIOHUIIMMA, JOK j€ HEraTHBHO HaeJleKTpUcame pacnopeleHo mpeko CBUX OCTaluX aToMa.
C1-H2 u C1-H3 Bese cy Hapouuto nojapuzoBane, ca APT naenexrpucamuma Ha Cl, H2 u
H3 0,700, - 0,127 u — 0,231. lonatHo, Hajehu nonpunoc HOMO y cTpykTypu 2 najy aToMu
kuceonnka O1, u Bomonuin H2 u H3. [Ipema pacnopeny atoma y HHTEpMEAHjepy 2, MOXKE Ce
MPETIOCTABUTH Ja je Hykineodrwinn Hamaax H2 Ha manaaujym jenna ox moryhux omnmuja. OBaj
Haraj A0BOJH 10 (opMmupama mpenasHor crama 3 ca akTuBanuoHoM Oapujepom 83 kJ/mol.
ITpu Tome nonaszu a0 packugama Beza C1-H2 u Pd-N1 u ucroBpemenor popmupama Pd-H2
Be3e. HerarmBHo HaenmekTpucame Ha H2 ce nHesnarHo mosehamo (-0,167), u H2 ce
KOOpJAMHYj€ ca TaJlaJujyMOM Kao XUIAPHIHHU joH. J[aJhbOM eNMMHUHAIM]OM aliJIeXHaa, KOju
HAcTaje IeXHIPOTeHU3aIlMjOM TUETaHOJaMHHA, HAcTaje WHTEpMeaujepHa CTpykrypa 4. Y
0a3HO] cpeAWHHM, MOTOM, Aojda3u A0 penyktuBHe enmmuHanuje HCl, mpu gemy ce moOuja

KaTaJUTHUYKHU aKTUBHA CTPYKTypa 5.

VYkonuko jaka 0a3a HHje IPHUCYTHA Y PEaKIIMOHO] CMECH, JI0 TIpey3uMama MpOTOoHA ca
OH-rpyne nueranonamuna He nonasu. Ilpema Hamem npopauyHny, Tpanchopmanmja 1y 4 ce
OJIBMja MpPEKO IpEJIa3HOI CTama KOje 3axXTeBa BUIILY €HEPrHjy aKTHUBALUje OJ MpPEeIa3HOT
crama 3. Ilpup oBoM  mpomecy AojasW 10  HW3/Bajakbka  MMHUHH]YM-jOHa
(HOCH,CH=NHCH,CH,0H)".
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[Tpouiec mpeakTuBaIyje KoMmiuiekca 1 pasmarpas je U y mpucycTBy pactBapada. Kao
IITO je TOpEe OMHUCAHO, 332 PEaKIhjy y K0joj je Kao jaka 0a3a KopuITheH HATpHjyM-ETOKCHU]I,
Kao pacTBapay je ynorpeOJbeH alleTOHUTPUJI, a y ClIy4ajy Kaja je kao cimaba 6a3a kopumrheH

JMEeTaHOJIaMKH, OBaj MOJIEKYII je yoTpeOJbeH U Kao pacTBapad.

IIpBo hemo mponuckyroBatu mporec TpaHcopmanuje 1 y mpucyctBy ciabe 0Oase.

[IpernocTaB/beHN MEXaHU3aM j€ MPEACTABIbEH Ha CXeMH 35.

Myt A Myr b
Cl R
HR;N EN—PcIlI~l\fH R, CLn R R Clpg R
-« HN- Pd- NH —= HN---Pd NH
HC Cl V'
2 \ II R HzC R [y R J; R
H-C-H~Pd-N-H én H+ HZC/' a nC Jc
2 -H
HO \ClR 5 1 H%H » HC 3
\H 0- O
H
i\ R-N-CH, CHO
Cl‘ n R
~ H—Pd-NH
&)\' cl R
R-N=C-CH,-OH 4
H H i\ HCI
0 ’R
Cl—Pd-NH
5 R

Cxewma 35. [IpermocraBibeHn Mexanu3aM npeaktusaigje 1. [IyT A npeacTaBiba MEXaHH3aM Y
npucycTBy ciabe 6ase, ok je myT b y mpucyctBy jake 6aze. R = -CH,CH,OH.

PazymHO je ouekuBatu na he mojapHH MOJEKYId pacTBapaya (IueTaHOJaMUHA U
alleTOHUTpUIIA) 00pa3oBaTH BOJOHMYHE BE3€ Ca PACTBOPEHHMM CYIICTaHLIAMa W YTHIIATH Ha
Mporec TpeakTUBalMje. YTHIA] pacTBapaya Ha CHEPruje W TEOMETpHje peIeBAaHTHUX
PaBHOTE)KHUX TEOMETPHja M TpENa3HUX CTama aHAIN3UpaHa je NPUMEHOM JUCKPETHOT
Mojena. PactBapau je cuMylMpaH J0JaBambeM MOjeJUHAYHUX MOJIeKysIa JueTaHolaMuHa (y
ciyyajy cnabe 6aze) u aneroHuTpuia (y ciydajy jake 6aze). OHcarepoB Mojieln je KopuiheH

3a CUMYyJIUpame yTHIaja YAaJbeHUX MOJIeKyJla pacTBapaya.

Kao mTo ce u MOrio O4eKMBaTH, WHHUIHMJATHO MPEy3HMMakhe MPOTOHA M3 AIKOXOJIHE
rpyne JUeTaHOJIAMHHCKOT JieNa jequmbema 1 ce, y 0AcycTBy jake 0ase, He JemaBa. Y MEeCTo
Tora, BOJOHUK ca KapOouHomHor yribeHuka Cl (ciuka 27) koopaunyje ce 3a mamagujym(ll),

pu 4YeMy TpeKo Ipelia3Hor crama 6 Hactaje mHTepMmenujep 4. OBaj mpolec 3axTeBa
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akTuBanuony Oapujepy ox 111,8 ki/mol. OBa enepruja akTuBaiyje je BUIlIa 0]l OHE Koja je

Oua moTpeOHa 3a MpeaKTHBAIIN]y Yy MPUCYCTBY jake 6ase 3a 28,8 kJ/mol.

Cnuxka 27. OntumusoBane reometpuje trans-[PdCl,(DEA),] (1), npenasHor cTama 6 u paBHOTEKHHX
reometpuja 4 u 5.

Jlasbe ce peakiidja oJBHja M0 MEXaHU3MY CIIMYHOM OHOM Y MIPUCYCTBY jake 0aze. OBaj
MeXaHu3aM YyKJbydyje peaykTuBHy enumuHauujy HCI, nmpu yemy ce popmupa KaTaluTHUKH
aKTUBHM aHjoH 5. OnTuMuzoBaHe reomerpuje 1, 4, 5 u 6 mare cy Ha cnunm 26. Baxuuja
MeljyaToMcka pacrojama y TMpellasHOM cTalky 6 Tmpukasana cy y Ttabemu 15
(ExcriepuMeHTaIHU [1€0), @ BPEIHOCTH EJIEKTPOHCKE CHEpruje, CHTAINHU]E U CI000THUX

eHepruja 3a ctpykrype 1, 4, 5 u 6 gate cy y rabenu 16 (ExciepumenTainnu aeo).

NBO-Aananuza kommiekca trans-[PdCl,(DEA);] (1) orpkuBa mnpucCycTBO KOBa-
JeHTHUX Be3a wu3Mely arTomMa mamagujymMa M XJOpa, ca XUOPHUIHUM CacTaBOM
0,42(sp*?d"?)pg+0,8(sp°)ci. Taxohe, mpumehero je mpucycrso TpuueHTpuute N1-Pd—N2

xunepsese. [IpumeTHa je jaka JenoKanm3aldja EJNeKTPOHCKE TYCTHHE ca CII00O0JIHHUX
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eJIEKTPOHCKUX I1apoBa Ha a30Ty y CYNpoTHe o*-aHTuBe3uBHEe Pd-N opOutane, mro je y
CariacHOCTH  ca  yoOOHWYajeHOM  EJIEKTPOHCKOM  CTPYKTYpPOM  TPUIEHTPUYHHUX
YETBOPOCICKTPOHCKUX XHIIEpBe3a. Y TMpena3HoM cTamy 6 mamamujym (opmupa cienehe
xoBanentHe Bese:  0,42(sp”°d"*)pg+0,8(5p*H)ci,  0,43(sp”’d¥)pa+  0,7(sp*%)cr, m
0,43(sp”'d*%)pg+0,7(sp>*)n2. Ilpucyrra je u cmaba C1-H2 Besa ca momymenomhy 1,4 u
xuGpuauM cactaBoM 0,73(sp>")c1+0,68(S) 2. TIpEMeTaH je i PeIOMHHAHTAH P KapakTep y
Sp-xubpuau3anuju aroma xjopa. OBa Be3a ce AeloKanu3yje y (OpMalHO TMpa3Hy, CKOPO
LIUCTY" p-opOWTaly manamudjyma. Y OajbeéM TOKY peakiihje, OBaj EJICKTPOHCKU Tap je
uckopuithen 3a ¢opmupame Pd—H2 Bese y craumonapHoj crpykrypu 4. YV 4 mamagujym
rpajl KOBaIGHTHE Bese, W To ca aromuma xuopa (0,40(sp?3d™?)pg+0,9(sp**)ci) u ca H2
(0,71(sp%?d*%)pg+0,70(S)12). Y oOBOM HHTepMemmjepy, KoBaleHTHa Besa u3Mehy aroma
najaarjyma u azora N2 He MOCTOju. YMECTO Te Be3e, CIO0OJHM eJIEKTPOHCKH map ca N4
(sp>* ca momymenomtiyl,80) TOHHpPA eIEKTPOHCKY IYCTHHY G*-aHTHBE3HBHO] opouTanu Pd—
H2 Bese. ¥V 5 nmanagujym je npubamkHO SP XUOpUAM30BaH U (GopMHpa KOBAJCHTHE BeE3e ca
a30TOM U XxjopoMm. o-BesuBna opburana Pd—CI2 Bese ce aenokanusyje y 6*-aHTHBE3UBHY
Pd-N2 opb6uTany, 10k ce ¢ BeauBHa Pd—N2 opbOurana menokanusyje y o*-antuBe3uBHy Pd—

Cl1 op6Guramy.

Y miby ucnuTHBama eexTa coyiBarainuje Ha mporec mperpapama 1 y KaTaTuTHIKH
aKTHUBHY BPCTY, KOPUCTHJIH CMO METOAY JUCKpeTHor mojnena [132]. ¥V Ty cBpxy, Mosiekyi
JMETaHOJIAMHHA je oAaT KoMmIuiekcy 1 u mpenasHom ctamy 6. Tako moOujeHe CTpyKType y
MOTIYHOCTH CYy ONTHMH30BaHe, 0€3 MKaKBUX PECTpUKIM]ja. Tako Cy n0O0HjeHe ONTUMHU30BaHE
CTPYKType KOMIUIeKca / W mpena3Hor crama 8 (ciuka 28). Kopucrehu umctu mocrtymak
MOJICKYJ alleTOHUTpUJIa JOJAT je MHTEepMenujepy 2 W IMpela3HOM CTamy 3, Ha Taj HaYMH
najyhu crpykrype mHTepMeaujepa 9 u mpenasuor crama 10 (cnmka 28). Heke ox mykuHa
B€3a ONTUMHU30BaHUX CTpyKTypa 8-10 mpencraBibeHe cy y EknepumeHTanHOM neny y Tadeinun

17, a BpeqHOCTH €JIeKTPOHCKE EHepruje, CHTANIN]je U CI000IHUX eHepruja y Tadbenu 18.
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Cnuka 28. OntumusoBane reomerpuje komiuiekca trans-[PdCl,(DEA),] (7), nenpororoBaHor
koMIuiekca 9, u onrosapajyhux npenasaux crama 8 u 10.

H6 03

YnopehuBameM nyxuHa Be3a u3 Tadene 17 M ONTHMH30BAaHUX CTPYKTYpa Ca CIIUKE
27, Mmoxke ce jmohu 110 3aK/pydka Ja Cy HOBOJOOHjeHE IeOMETpHje MOJICKYJa IOCIIeauIa
BOJIOHWYHHX Be3a u3Mel)y MoJjieKylia pactBapada u pactBopeHe cyncranne (O2-H1 y 7 u 8,

O1-H5 y 9 u 10; O3-H6 y 10). 36up cnoboanux eHepruja 2 u aneroHuTpmia Behu je of
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cnobonne enpruje crpykrype 9 3a 18,1 kJ/mol. Ha ocHOBy oBe 4MIEHHUIIE MOXE ce
3aKJbYYUTH Ja C€ JACMPOTOHOBAHH KOMILICKC y aleTOHUTpUIy (2 u 9) crabunmsyje U THMe
Oiaro JneakTHBUpa 3a JdajbM TOK peaknuje. [locMaTrpaHo W3 acmekTa CoJiBaTallyje
JMeaTaHOJIaMUHOM, TPHMETHO je aa je 30up clIo0O0AHMX eHepruja kKomiwiekca 1 wu
JMEeTaHOJaMHUHA HIDKU OJ] cI000He eHepruje qo0ujeHe ONMTUMHU3AIjOM OBa J[BAa MOJIEKYJa
3ajenHo (7) 3a 26,7 kJ/mol. OBo ummmnnupa aa je conBaranujom y DEA 1 mocrao aktiuBupan
3a JaJbU TOK peakmyje. Y cariJacHOCTH Ca OBOM ITPETIOCTaBKOM CY M aKTHBAI[MOHE CHEPTH]je
npenazuux crama 8 u 10. Hamme, Moxe ce mpumerntn 1a je 3a 8 y omHOCy Ha
HECOJIBATH30BaHO IMPEIa3HO CTamke 6 akTuBairoHa Oapujepa cHibkena Ha 102,2 kJ/mol, a 3a

10 y onnocy Ha 2 nmoBehana Ha 8,6 kd/mol.

OncarepoB Mozen Takole mokasyje Aa IMETAaHONAMHH CHHMYKAaBa, a aleTOHUTPHI
noBehaBa eHeprujy aktuBanuje. Hanme, akTuBamnurone enepruje notpedHe 3a popMupame 8 u
10 wm3nHoce 1089 wm 101,5 kJ/mol. OBe eHepruje cy Yy CarjlaCHOCTH ca HaIllUM
eKCIIEpUMEHTAIHUM DPE3yJITaTHMa, KOjH TOKa3yjy Ja ce y IPUCYCTBY jake Oa3e XekoBa

peaknuja yop3aBa, aju ce IPUHOC peakiinje 0Jaro CHUKaBa.

VY3umajyhu y o03up OBe UMIbEHUIIE, MOXKE ce 3akibyuuTu na je DEA morogauju
pacTBapay oJ alleTOHUTpWiIA 3a m3Boheme XekoBe peakiuje y Kojoj ce 1 KopucTu Kao

peKaTajaIn3aTop.

Ha ocHoBy pe3ynrata Hay4yHor paga Mysapta [133] koju je 3a TeMy UMao CHHE3y
N,O-kommnekca nanaaujyma(ll) ca amuaOamkoxomom — edeIpruHOM, TONLIA CMO HA UIIE]Y O
Moryhem HOBOM MyTY 3a npeakTtuBaiujy 1 y mpucyctBy jake 6aze. Kako cy Hamre peakiuje ca
jakom 0Oa3oM u3BOheHE y alETOHUTPUIY, Ka0 MEIHjyM 3a pa3MaTpame HOBE peakiiyje

npeakTHBAaIMje n3adpaii MO 0Baj pactBapay [134].

HoBonpeioskeHn MexaHM3aM IpeaKkTHBallMje KOMIUIeKca 1 mpencTaBibeH je Ha
cxemu 36. Y mpBOM KOpaky, KoMIulekc 1 mojyiexe ancTpakiyju alkoxonHor nporona Hl y
0a3HO0] cpenuHH, U Jasboj koopauHanyju Ol 3a manaamjym. 3atum, H2 ce koopaunyje 3a
nanmaaujym a monekyn N-(2-xuapoxcuernn)amuno-aneranaexua (C4NO2Hg) ocnobaha xao
MoOJIeKy pacTBapaua. KoHauHo, 4 mojyiexe peakiuju peayKTHBHE eIMMUHAIM]E, Y KOjoj je

nanaaujym(Il) penyxosan o nananujyma(0), najyhu koopuHaTUBHO He3acuheH KOMILUIEKC 5.
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Cxema 36. MexaHUCTHYKY MyT 3a MpeakTuBanyjy komruiekca trans-[PdCl,(DEA),] kommiekca (4).

Baxnuja melyatomcka pacrojama y MpelasHUM CTambUMa W HHTEPMEIHjepHUM
CTpyKTypama nata cy y tabenu 19 (ExcnepmenTaninu neo). YKymHa eHepruja, CHTAINHja 1

c1000/THa EHepruja CBUX peJIeBaHTHHUX BpcTa Aate ¢y y Tadenu 20 (ExcriepmMeHTaIHu /1€0).

Y panumje noMeHytoM pany Mysapra [133] mokazaHO je Jga ce MPOLECH
JCTIPOTOHOBAakba  AJIKOXOJHE Tpyle M KOoopAHuHanuja KuceoHuka 3a manaaujym(Il) mory
OJIBHjaTH M y c1ab0 KUCeJo] CpearHH. Y3umajyhu y o03up YHEECHUILY Ja MH pa3Marpamo
MeXaHH3aM IpeaKkTUBaIje KoMiuiekca 1 u y mpucycTBy jake 6a3e, MpeTIOCTaBUIN CMO Ja je
y npucyctBy EtONa cBakako moryhe mpeysumame ankoxoiHor npotoHa HI ca kuceonuka

O1, a 3atum U jgasba koopauHanmja Ol 3a mamagujym. Hama mpermnocraBka je moTBpheHa
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no0ujamkeM HHTEMEHjepHe CTPYKTYpe 2, Kao uHTepMeanjepa 3, y kome je Ol xoopanHOBaH

3a atom manaaujyma(ll) (cxema 36).

NBO-Ananu3a uatepmennjepa 2 mnokasyje aa p2ds XUOPUIN30BAHU aTOM Majiaujyma
dbopMupa KOBaJIeHTHE Be3e ca 00a xjopa u a3ora. P-OpOurane TOHOPCKUX aToMma JUTraHajaa
yaecTBYjy ca mpeko 80% y rpahemy Beza ca mamamujymoM. Ha atomy manmaamjyma je
no3uTuBHO Haenektpucamwe (0,294), a HajueratuBHUju aToM je kuceonuk Ol (—0,838).
HOMO na 2 je nenokanu3oBaHa IPeKo BUIlle aToMma, a Hajeehu gonpuHoc aaje O1, ciuka 29.
LUMO (HajHW)KE€ HETONMyHkEHa MOJEKYJICKa opOuTana) TmoKasyje Ja je eJIeKTPOH-
HajaeduuTapHUja 00JacT OKO aToMa nanaaujyma, ciauka 29. Ha oCHOBY OBHX YHMH-EHUIIA,
MOXE ce 3aKJbyuuTd na je koopamHarmmja Ol 3a Pd moryha. Kao mocnenuny HaBempeHHX
YHbEHUIIA M TIOTBPIY TPETIIOCTaBKE, ONTHMU30BAIA CMO CTPYKTYpy HHTepMenujepa 3,

ciimka 28.

Cnuka 29. HOMO (neBo) u LUMO (necHo) y uHTEpMEaujepy 2.

NBO-Ananuza wuHTepMenujepa 3 TMOKazyje J1a pzdS-XI/IGpH;[mHBaHI/I nanxagujym
oOpasyje koBajeHTHe Be3e ca Ol u o6a aroma xjopa. Cio00mHH €IeKTPOHCKHU map Ha N1
(Sp3—op61/ITana) nenokanmsyje ce y o*-antuBesuBny Pd-O1 opOutany u ¢popmanHo mpasHy p-
opOurtany namagujyma. Caka ox Pd—Cl Be3a ce nenokanu3syje y ynopeaHy 6*-aHTHBE3UBHY
Pd—Cl op6urany, nok ce Pd—O1 Be3a nenokanusyje y obe o*-antuse3uHe Pd—Cl opOuraie.
[Tocnemumna oBUX MAelOKamM3alMja Cy Malie MONYHEHOCTH MOJIEKYJICKHX OpOHTaza OKO

namagaujyma (oxo 1,90).
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Ha ocHOBy Harer UCKycTBa ca MpeTBapameM KOMIUIeKca 1 y KaTaluTUYKU aKTUBHY
dbopmy, MPETHOCTaBUIM CMO Ja [-BOJOHMKOBH aToMH (Y OJHOCY Ha MajagujyM) UMajy
aUHHTET J1a ce KOOPJUHY]Y ca nanaaujymoM. Kako HajmoBospHHU]jy o3uninjy H2 3a To uma y
uHTepmenujepy 11, mpernocraBmwin cMo aa je Hykineodunau Hamany H2 wa mamaaujym (II)
cienehu kopak peakije. Ca OBOM MPETIOCTAaBKOM y caryacHocTd je u ook HOMO 3
(cmuka 30). Hamme, HOMO je nenokanu3oBaHa MPEKO HEKOJIMKO aTOMa, ajld 3HadajaH
JOTIPUHOC ~ JAeNoKanu3arnuju  notude ox H2. Hama mnpermoctaBka je moTBpheHa
ONTUMHU3AIM]OM TIpenazHor ctama 12. Pesynrat IRC nmpopadyHa je mpeacTaB/beH Ha CIUIU
31. 3a dhopmupame mpenazHor cTama 12 HEOMXOHO je JOCTUhY aKTHBAIMOHY OapHjepy of
160,1 kJ/mol. ¥ oBom mpenaznom cramy, Pd—O1 Be3sa ce packuaa y nornyHocTH, 10K Pd—H2
Be3a Hacraje. Takohe, Beza C1-H2 ce packupa (tabema 19 y ExcnepumeHntamHoOM nemy).
Baxxno je mcrahm nma ce BOMOHWK MpeMellTa ca YIJbeHHKOBOT Ha TajaJfjyMOB aTOM Kao
XuJpuaHu aHjoH. OBaj TpaHcep JOBOIM JI0 HACTAHKA HHTEPMEHjepHEe CTpYKType 4 (cxema
35), ¥ y mOTIyHOCTH 0/iBOjeHOT Mosiekyna N-(2-XuIpoKCHEeTHII)aMUHO-alleTalIeXu/aa, KOju
Ce y JIaJb0] peaKIvju MoHaIa Kao pacTBapad. M3 oBor pasyora, oBaj MOJICKYJI j€ H30CTaBJbECH

W3 TaJbUX pa3MaTpama MeXxaHHW3Ma MpeakTuBaluje komruienca 1.

Cnuka 30. HOMO unrepmenujepa 11 m» HOMO mana uatepmenujepa 5.
Ha HOMO manu uatepMmenujepa 5 enekTpoH-HajCyQUITUTAPHU]E TIOAPYY]jE j& 03HAUCHO IPBEHO.
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Cauka 31. Pesynrar IRC npopauyHa 3a npena3Ho crame 12.

NBO-Ananuza wuHTepMenujepa 4 OTKpuUBa Ja OBaj UHTEPMEIUjep TMOCEAyje
KBaJ[paTHO-TUIaHApHY KoopauHaimjy. [lpu Tome, namaaujym ¢opmupa KOBaJCHTHE Be3e ca
oba xyopa u BojoHHKOM. llITo ce THye a3oTa, CKOpO YmMcTa P-OopOWTana ca OBOT aTroMa
JOHUPA €JICKTPOHCKY T'YCTHHY Y (hopMaiTHO mpa3Hy P-opOuTany (ca Mano S u d Memiama) Ha
nanaaujymy. Pd—H2 Besa ce nenokanusyje y ooe o*-antuBesuBne Pd—Cl opourane. Takohe,

npucyTHa je aenokanusanuja u Pd—Cl Be3a y 6*-anTuBesnBHy opourary Pd—H2 Bese.

VY najmem TOKy peakigje, nHTepMenujep 4 nomnexe peayktuBHoj enuvuHanuju HCL
Hama ncrpakuBama cy rmokasaia Ja ce 0Baj KOpak OJIBHja IIPEKO PAHOT IMpesia3HoT cTama 13
(cxema 36), 3a koje je moTpeOHa eHepruja aktuBanuje ox 86,7 kJ/mol. Pesynrar IRC
mpopadyHa 3a mpelia3Ho crame 13 mpencTaBibeH je Ha ciuiu 32. Y OBOM IMPENa3HOM CTamby
nonasu a0 packunamwa Pd-H2 u Pd-Cl1 Be3a, mpu yemy ce uctopemero ¢popmupa Beza Cl1—
H2. Hacranmu HCI manmymra peaknmonu cuctem. OBaj mporec noBoau 10 (opmupama
karanutuuku aktuBHOT Pd(0)-kommekca (5 Ha cxemu 35), KOHAUHOT MPOU3BO/A Y MPOLIECY

npeakTuBaIyje Komiuiekca 1.
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Cauka 32. Pesynrar IRC npopauyHa 3a npena3Ho crame 13.

NBO-Ananusza wuHTepMmenujepa 5 ykaszyje Ha pPS-xubpuauszanujy opOuTaia
nanaaujyma. JIoHopcku aToMu JIMraHaja (XJop u a3oT) JonpuHoce ca npeko 90% y rpahemy
Be3a ca nanaaujymoM. Pd—Cl2 Besa ce aenokanusyje y o*-antuBesuBny Pd—N1 opOurany, u
obpHyTo. Ha manamujymy ce Haiasu meT clIo00JHUX CEKTPOHCKHUX MapoBa y d-opOuTanama.
HOMO-Mana kaTaJIuTHYKH aKTUBHOT KOMIUIEKCA 5 y CarflaCHOCTH j€ Ca OBOM UHHGEHHUIIOM.
Haume, oHa ucthue aa je elneKTpoH-Hajcy(UIMTapHHjEe MOApYUYje OKO Majaaujyma (CIuka
29). EnexktpoHcka CTpyKTypa KOMILIeKca 5 moTBplyje Hally paHHjy MPETHOCTaBKy O
penykiuju nanaaujyma(ll) y mamanujym(0) y mpouecy npeaktuBanuje. OBaj KOOpIUHATUBHO
He3acuheH KOMIUIEKC ce MOHalla Kao HyKJIeopH y JajbeM TOKY XEeKOBE peakiidje, TO jecT y

¢a3u okcuIaTUBHE aTUIIH]C.
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Hamum npopauyHn MexaHuM3Ma IIpeKaTHWBalldje Yy BaKyyMmMy I[IOKa3yjy Ja cy 3a
dhopmupame npenazHux crama 12 u 13 norpebHe akTuBanuone enepruje ox 174,4 u 101,8
kJ/mol. Tlpumemenu conBaranuonn wmozaea (CPCM) He3HaTHO yThYe Ha CTPYKTYpY
UCTPaKUBAHUX BPCTa, all CMamYyje aKTHUBAIlMOHe eHepruje. [loOujeHe eneprercke Oapujepe
Cy Yy cCarilaCHOCTH Ca TEMIICPpATYpHUM PCKHUMOM HAIIUX CKCICPUMCHTAIIHO H3BCIACHUX

XeKOBHUX peakiiyja.

VY umiby najber uCnuTHUBamba, OHOCHO yHarpehema, XeKkoBe peakiiyje KaTaan30BaHe
muetanonamuHckuMm Pd(I1)-kommekcom, ypahena je m cepwja peakmuja jomOeH3eHA U
jomanu3ona ca BehOM KaTaJIMTHUYKOM KOJIMYMHOM Komiuiekca (2 mol%) u  paznuuutim
aKTUBUpPAHUM oJepuHMMA, y TpucyctBy ciabe 6aze (DEA) m y mpucyctBy jake 0Oaze

(NaOEt). Pesynratu THX eKCliepuMeHaTa MprKa3aHu ¢y y tadeau 21 [135].

Tab6ena 21. Peakmja m3meljy aktuBupanux ojedrHa U apyil-joauaa KaTaIn30BaHa KOMIUIEKcoM 1.

2 mol% trans-[PdCl,(DEA);]

Arl + CH,=CHR —= ArCH=CHR

Pennu 6poj  Arl R baza Bpeme (h)  TIpunoc (%)"
1 CeHsl CeHs DEA® 12 87
2 CeHsl CeHs NaOEt’ 8 82
3 CeHsl COOCH; DEA 12 88
4 CeHsl COOCH; NaOEt 8 80
5 CeHsl COOC;,Hs DEA 12 87
6 CeHsl COOC;,Hs NaOEt 8 83
7 CeHsl COOC;3H, DEA 12 86
8 CeHsl COOC;3H;, NaOEt 8 82
9 CeHsl COOC4Hyq DEA 12 90
10 CeHsl COOC4Hyq NaOEt 8 87
11 CeHsl COOCsH;; DEA 12 86
12 CeHsl COOCsH;;  NaOEt 8 82
13 CH3;0C4gH4I  COOCHj3 DEA 14 76
14 CH30CsH41  COOCH; NaOEt 10 74
15 CH30CsH41  COOC,4Hq DEA 14 74
16 CH3;0CsH41  COOC4H, NaOEt 10 72

“DEA 1 mol% na 110 °C, ° NaOEt na 90 °C,
® M30110BaHH IPHHOC; camo je trans-npoussox xerekrosar "H NMR-om.
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Jla Ou moCTUTIM 3a70BOJbaBajyhu MPUHOC peakifja Koje Cy U3BEICHE Yy IMPUCYCTBY
DEA, kao cmabe 6a3e, u 2 mol% komruiekca 1, ka0 mpeKaTaTUTHYKU aKTHBHE BPCTE, OMIIO
noTpeObHo Ja ce peakuuoHe cmece 3arpejy mo 110 °C. Ilokasamo ce ma je 3a MOCTH3ame
ONTUMATHOT MPUHOCA, Y CIIy4ajy joaOeH3eHa OMII0 HEOMTXOIHO PEaKIMOHO BpeMe o1 12, a 'y
ciydajy jomanu3zoia 14 gacoBa (tabenma 21). Kako O0m ce peakmmja yOp3aia, y peakIiHOHY
cmemry je ymecto DEA nonar NaOEt. Tom npuimkoM je yrBpheHo na je mouuio a0 ckpahema
peaKIMOHOT BpeMeHa, 1 To ca 12 Ha 8 yacoBa y ciydajy jogOeH3eHa, ogHOcHO ca 14 Ha 10
yacoBa y ClIy4ajy jomaHu3oiia. Tpeba HaloOMEHYTH J1a ¢c€ M NMPUHOC OYCKUBAHUX ITMHAMATA,
takohe, cMamno. butHo je ucrahu na, kaga ce peaknuja u3Boau y npucyctsy DEA, He camo
Jla je peakUMOHU MPHUHOC BHILIM, Beh ce U KoMIulekc 1 Moke peluKIUpaTH, OJHOCHO JIaKo
M30JI0BaTH U3 BOJICHOT pacTBOpa Mpu oOpaau peakIMoHE CMece, U MCKOPHCTUTH MOHOBO 3a
HapeIHy peakuujy. Y TakBUM peakifjama, npuHocu cy Ouin 3a oko 5% Hmxku. Kaga je y
peaKIuju Kao CyNCTpar yrnoTpedsbeH jOJaHn301, Kao eICKTPOH-00TaTHjH U Mamke PEaKTHBAH
apwiI-jonui, W3BECHAa KOJIMYMHA HEM3PEaroBaHOI CYyICTpaTa je 3aocTajajla y PeakiHoHOj
CMecH, IITO je AMPEKTHO YTUIAIO Ha CHIXKEHE NpuHOca mpous3Boja peakuuje. Ca npyre
cTtpane, npuiukoMm ymotpedbe DEA kao cmaGe 06aze um pacrtBapaua, mnpumeheHa je
KOMIICTUTHBHA peakiuja nojaumepusamnuje. OBaKBe MoJMMepH3aije aKpuiara y IpUucycTBy

HEYTpaJTHKX IMaIaJijyMOBUX KOMIUIEKCA MMO3HATE Cy y uTeparypu [136-138].

W oBU eKkcliepuMEHTATHH pE3yNTaTH Cy TOKa3ald Ja Ce HWCIHUTHBaHA XEKOBa
peaknuja ojBHja Opke y MPUCYCTBY jake Oa3e, IITO je Yy CarjlaCHOCTH ca J0OWjeHUM
TEOPHjCKUM pe3ynraruMma. Ha OCHOBY HammMX padyHapCKUX MCTPaKMBamba MOKa3aHO je 1a je
3a mpeTBapame Komruiekca 1 y karanutuuku aktuBHy Pd(0)-BpcTy moTpebHa 3HauajHa
KOJIMYMHA CHEprHje, U TO 3HATHO BUINA y ciy4ajy cimabe 6aze (111,8 ki/mol). Ha ocHoBy
HaBEJICHUX YHHH-CHUIA, MOTJIO C€ MPETIOCTAaBUTH Ja je ¢a3a MpeaKkTHBAIM]je KaTaau3atopa
OJITOBOpHA 3a Op3uHY XEKOBE peakilvje, U3BEACHE y HaIIo] JIabopaTopHju, OAHOCHO IO
HaIllUM PEaKIMOHUM ycloBUMa. AnM, Ja OMCMO OWIM CUTYpHH y TO OWIO je TMOTpeOHO
UCIHUTATH U HapeaHe Kopake XeKOBe peaklyje padyyHapcKuM meroaama. Hapouuto je 6uio
WHTEpPECAaHTHO HcmUTaTh a3y OKCHUIATHUBHE aJMIMje, 3a KOjy ce, MHa4ye cMarpa Jna je

Hajuenthe oAroBopHa 3a Op3uHy XEeKOBE pPeakiiuje.
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24. Mexanucmuuko pazmamparse OKCuOAmMugHe aouuuje joooeH3ena Ha KOMNJIeKc

5 (DEA-Pd(0)-CI)
Ha ocHOBY mpeTxomHHuX pe3yaTaTa 3aKJbYUHIM CMO JIa B CaM KOMIUIEKC 5, 100ujeH y
MpoLecy IMpeakTUBalje, MpecTaB/ba KaTAIUTUYKU aKTUBHY BpCTy. Y OBOoM Jeny Ouhe
OIMCAaH MEXaHW3aM OKCHJAATHBHE anunuje (Kopak 0 Ha cxemu 37) apui-jonuzaa Ha in Situ

N00WjeHU KOOPAMHATUBHO He3acuheH nueraHonaMuHCKu nanaau)ym(0)-KoMITIeKc.

[PA(DEA)>Cl,] (1)

npeaxkTHBaMja (a)

DEA-Pd-CI (5)
pEAYKTHBHA Arl
emmmuHanmja (r)
OxupaTuBHA
MUIPATOPHO amuumja (0)

HHCEPTOBam:E (B) I\

Pd—Ar
H,C=C—R
H cl

Cxema 37. [IpernocTaB/beHN MEXaHU3aM KaTATMTHYKOT IUKITyca XEKOBE peKalyje, y Kojoj ce 5
KOPHUCTH K20 MPEeKaTaInu3aTop.

Mexanuzam peakinuje u3Mel)y akTHBUpPAHOT KOMITIEKca 5 U jogOeH3eHa n3yJaBaH je,
Takohe, kopumhewem MeTona GpyHkimonana ryctune. [Iponahena cy qsa mexanucruua myra
okcuaatuBHe amunuje jomOenzeHa ©Ha Pd(0)-xommiexkc 5. OBU  peaknMOHH IyTEBU
npeacraBjbeHd cy Ha cxemu 38. IlpBM MexaHuM3aM MOYMIE HYKICO(DUIHUM HaNalIoM
nayajjyma Ha joj, mpHu uemy ce hopMmupa TeTpakoopanHoBaHu KoMiuieke (16 Ha cxemu 38)
npeko uHTepMenujepa 14 u mpemasHor crama 15 (myt A). [pyru MexaHw3aM IMOYUEE
HaraJoM Najaaujyma Ha OEH3EeHOB IPCTEH, M HACTaBJba CE€ MPEKO Mpea3Hux crama 16, 18,
20 u 22 u uarepmenujepa 17, 19 u 21 (myr b). Ha kpajy oBor MexaHucTiukor myra ¢popmupa

C€ TPUKOOPAMHOBAHU KOMILJIEKC 23.
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HO : IyrA  vo HO
/\ 2 / 2
NH-Pd-Cl1 + ‘ - NH-—-P&-—C] — 14 NH-—-Péi--I

N S gCl

HO ] HO HO
13 15
16
IIyr b l

NH-Pd — 8 T

»

Ho 17 19
—= 22 — (Cl—Pd

23

Cxewma 38. [IpeanoxeHn MexaHW3aM OKCUIATHBHE anunmje jonoensena Ha 5. DEA na myty b
npeacTaBiba 0cI000heH! MOJIEKYJ pacTBapaya.

OnTuMu3oBaHe reoMeTpHje CBUX MpeasHUX CTama MPECTaBJbeHEe Cy Ha ciuiu 33.
Opmabpana MehyaToMcka pacTtojaa ©  YIJIOBH Be3a Yy TMpENa3HUM CTalkbuMa |
WHTEepMEeaujepuMa Jatu cy y Tabemama 22 u 23 ExcnepumenrtamHor aena. Eneprercku
yjarpaM TpaHCGOpMaIMOHUX peakiihja MPEeICTaBbeH je Ha cxemu 39, a yKyllHa €Hepruja,
SHTAJINMja U CI000JHA €HEepruja CBUX PEaKLHMOHMUX BpcTa y Tabenu 24 ExcriepuMeHTanHoT

Acia.
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Cruka 33. OnTHMHU30BaHE TEOMETPHjE CBUX MPEIAa3HUX CTamka Y HCTPAKUBAHO] PEAKIIMjH.

50

PEAKTAHTH

-50

AG?# (kJ/mol)

-100

-150

15

Peakunona KoOpanHaTa

-200

Cxema 39. Eneprercku qujarpaM 3a MEXaHHUCTHYKE ITyTeBe A u b. PeaktanTu Ha cxeMu npecTaBiba

30Up eHepruja CTpyKType 5 u jonoeH3eHa.
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24.1. Mexanucmuuku nym A

Ha cnunu 34 npukazana je HOMO wmamna aktuBupanor komiiekca (5) u LUMO mana
jonoenszena. HOMO-Marma nokasyje mojapydje y 5 koje je ,,Hajooraruje enekrponuma (Pd),
u y carmacHocTH je ca NBO aHanmm3oM akTHBHpPAHOT KOMILUIEKCA, KOja TOKasyje Ja ce Ha
aToMy TajaJujyma Hajuase MeT cJI000JHUX eNEeKTPOHCKUX napoBa y d-opouranama. Ca npyre
crpane, LUMO mana moka3syje Ja je aToM joJa elIeKTpOH-HajaeGuuuTapHuje moapydje y

jonOeH3eHy.

Crmuka 34. HOMO-Mara aktuBupanor komruiekca 5 (rope sieso) u LUMO mana jogbenseHa (rope

necao). HOMO (moine neBo) u LUMO (nosne jgecHo) opOurtane uatepmeanjepa 13.

Ha ocHoBy oBHMX Mama, MOXX€ c€ OuYeKHMBaTH JAa he manmaaujym H3 aKTUBUPAHOT
KOMIUIEKCA M3BPIIUTH HYKJICO(WIHM Hamaja Ha joA U3 jomOeH3eHa. Hammw mpopauyHu cy
NOTBPAMWIM OBY IpernocTtaBky. OBaj Kopak peakiuje HpoThye O0e3 Mpolaxema Kpo3
Mpesia3Ho CTame, y3 cTadmiau3aiujy cucrema (cxema 39, tabema 24) u ¢popmupame 13. Kao
mro ce u Morio ouekuBatd, NBO Haenektpucame Ha manaaujymy je mosehano (-0,192) y

OJIHOCY Ha HaeJIeKTpUCame y akTHBHpaHoM Komriutekcy (—0,361), 10k je HaeneKTpucame Ha
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jony y omHocy Ha jombensen cHmxeno (0,104 y ognocy Ha 0,146). Ilpema NBO ananusu
uaTepmenujepa 13, Ha mamamujymy ce y d-opOwragamMa HamasM IeT CII00OJHUX
EJICKTPOHCKUX TapoBa, MPHU YEMYy j€ TOMYHEHOCT jeAHEe OJ opOuTaja 3Ha4ajHO CHUXKEHA

) oyt

0,65(p)| opOurany. Pd He rpaau KOBaJIeHTHE Be3€ ca JJOHOPCKHM aTOMUMA JIMTaHaaa. Y MeCTO
4,62

(1,72). OBaj cnoOOmHM EJICKTPOHCKH Map ce jAejokanu3yje y o-BesuBHy 0,76(Sp

TOra, MOCTOjH CHAXKHA JOHALMjA ENEKTPOHCKE TycTHHe ca Sp- -opburane Cl-a, sp
opburane N-a U ckopo uucre S-opbutane ca | y dopmamHo mpasny Sd0’14-0p6I/ITaJ'Iy
nagaaujyma. HOMO wu LUMO cy mnpukazanu Ha ciumu 10, O6Ge opOutane cy
nenokanu3oBaHe, Hajpehu nompuHoc HOMO naje mamamujym, TOK 3Ha4yajaH JOMPHHOC
LUMO pnaje C1 arom. 300r Tora cMo MCIIUTHBAIN HYKJIeOPHIHN Hanax najganujyma Ha Cl,
Kao crnenehm kopak MexaHucTmukor myra A. OBaj Kopak peakildje c€ OJIBHja IPEKO
npenasHor crama 14 (cnuka 33), y3 eHeprercky Oapujepy ox 50,7 kJ/mol. Pesyararu IRC
padyHa 3a Ipesla3Ho cTambe 14 mpencTaB/beHM Cy Ha CIMLIU 35. Y OBOM IpENAa3HOM CTamy,
nok Cl mpunasu manaaujymy, A0Ja3u 1O UCTOBpeMeHor packunama Cl-I Bese (Tabena 22).
OBuM mporecom ce dopmupa wWHTEpMenujepHu komruiekc 15. OBaj komIuIeKc mocemayje
Omaro paedopmuicaHy KBaJpaTHO-TUIAHApHY KoopauHanujy (tadema 23). NBO-Aananuza
koMiuiekca 15 moxkasyje mpucyctBo Pd—C1 u Pd-I xoBameHTHHUX Be3a, ca XHOPHIHUM
cacraBom 0,62(sp®?2d>*®)pg+ 0,78(sp>*)c1 u 0,51(sp>* ") py + 0,86(sp>'%),. Cumxena
nonymenoct 6 Pd—C1 Bese (1,84) mocneanna je aemokanusaidje y o*-antuBesuBny Pd-|
op6utany. [loBehame MonmymeHOCTH y OBOj aHTHBE3UBHO] OpOUTAIM MOKE OUTH ITOBE3aHO ca
cnabJpemeM U u3ayxuBambeM Pd-I Bese, y ogHOCY Ha mpena3Ho crame 14 (tabena 22). Kako
cy ¢eHMn-rpyna M joI Be3aHH 3a MaNaujyM, OKCHAATUBHA aJullMja je 3aBpLICHa IO
MexaHucTuukoM myTy A. Ca apyre cTpaHe, majagujyM je join yBek KoopauHoBaH ca Cl-om u
DEA, mTo je moTBph)eHO CHOXKHUM JOHOPCKUM €(PEKTOM CIO000HMX EIEKTPOHCKUX IapoBa

2,58 4,77
u SpP

nonopckux aroma (Cl u N, xubpunne opburane Sp ca nonymeHourthy 1,78 u 1,73)

4,22d0,07

y (opmanHo npaszny Sp opbOuTany namsaaujyma.
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Cmuka 35. IRC 3a penasso crame 14.

24.2. Mexanucmuuku nym b

VY3umajyhu y 003up ciocOOHOCT TT-€JIEKTPOHCKOT CUCTeMa OCH3eHa Ja JIeJIOKaIHn3Yyje
BHINIAK €JIEKTPOHA, MOXKE CE OYEKMBATH Ja he eNeKTPOH-CYQUIUTApHU MallaujyM W3
aKTUBUPAHOT KOMIUIEKCA HAamacTH OCH3€HOB INPCTEH W HarpaauTu m-Komiwiekc OBa
MPETIOCTBKA je MOTBpheHa MpoHanaXemheM MEXaHUCTHYKOT IyTa b 3a OKCUIaTUBHY aAuLIUjy
(cxema 38). Ilo oBOM MexaHHM3My, OKCHIATHBHA aJWIldja 3allOYHEGE KOOPIAMHAIIHjOM
nanagujyma 3a C3—C4 Be3y. OBaj mpoiiec ce oBHja IpeKo mpeaasHor crama 16 (ciauka 33),
3a Koje je moTpeOHa eHepruja aktuBaimje on 5,2 kJ/mol, najyhu unarepmenujep 17. Y oBom
unTepmenujepy NBO HaenekTpucame nanaanjyma je BUIIE HETO y aKTUBHPAHOM KOMILIEKCY
(0,043 nacnpam —0,361), nox ce NBO HaenekTprcama Ha YIJbeHHKOBUM aTOMHMa CMarbyjy
y OJIHOCY Ha OHa y jonOen3eHy. Ha mpumep, Ha atoMmuma C3 u C4 ona uzHoce (y joi0eH3eHY)
—0,184 u -0,203, nox y 17 Ha ucTuM aToMuMa HaenekTpucama usHoce —0,243 u —0,249.
Honatao, NBO ananuza unTepMenujepa 17 mokasyje Ja MOCTOjU CHaXKHA JIEIOKaU3allnja
€JIEKTPOHCKE TYCTHHE U3 CBaKe M-OpOWTaje y HACIpaMHy T*-aHTHBE3UBHY OpOHTAIy, YNME
ce MOTBphyje nenmokaau3ainrja y mecTouiaHoMm npcTeHy. Takohe, mocroju u aemokamu3aimja
eNEKTPOHCKE TycTuHe u3 d-opOuTana nanaaujyma (ca mocjaeIulioM CMambeha MOMyHEHOCTH)
y m*-antuBesuBHy C3-C4 opOutamy. Y pajseM TOKY peakldje, Y HUCTPaXKUBAHOM
MOJICKYJICKOM CHCTEMY JIOJIa3H JI0 BUIIIE MpEMEIITama y)K OCH3€HOBOT NMPCTCHA, YHME CE
omoryhyje mpunas nazaaujyma joay (BHAETH Ay>XKWHE Be3a u3 Tabene 22). Ha oBaj HauuH,
npeko npenasHux cramwa 18 u 20 dpopmupanu cy unrepmenujepu 19 u 21. 3a momenyra

npesa3Ha crama HEOMXOMHO je moctuhu aktuBanmone Oapujepe ox 8,0 m 17,1 kJ/mol.
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Kpyuujanna yrnora npenasHor ctama 18 je y Tome mTo ce packuaa KOOpAWHATHBHA Be3a M3Mehy
namagujyma u DEA. Op oBor crymma peaknyje, DEA ce monamma kao MoJyiekysl pacTBapaya.
300r 3HayajHOT yTHIAQja BOAOHMYHMX Be3a HA TOK pEaKIHje, Y OBOM [y IUcCEepTaIje
npencraBuheMo €0 MCTpaKuBama y KoM je Mosekyn DEA ykibydeH y Haile mpopadyHe.
ATOM BOJIOHHMKA M3 XHUIPOKCHUIHE TPYIe OBOT jeIHbEeHha 00pa3yje CHaXXHY BOJAOHUYHY BE3y
ca xaopoM (H1 y cxemu 65), u caMuMm THM, yTHUYE Ha CTPYKTYPY U €HEpruje HHTepMenujepa
U TIpeNla3HuX cTama. Y uHTepMenujepy 19, mamamujym je KoopawHOBaH ca xjopom u C2-C3
BE30M, IITO j€ TOTBpPhHEHO MeIOKaIM3aIMjoM EJEKTPOHA U3 Sp2’41-op6I/ITane xjopa (ca

0050°%8 opGurany manammjyma (dnja je momymeHOCT

nonymenouthy 1,8) y ¢opmanno npasny sp
0,27), u nenokamu3anujoM enektpoHa u3 d-opOurane nagaaujyma (momymeHocT 1,69) y m*-
antuBe3nBHy C2—C3 opOutany. Y 21 nprMeTHa je Mana monymeHocT J-opOuTaie manaadjyma
(1,64), sp**‘-opGurane xmopa (1,80) u m-Besusue 0,74(p)ci + 0,67(p)c2 opGurane (1,68).
CnoOofHu €JEeKTPOHCKM MMap ca Malaadjyma Jenokanusyje ce y m*-antuBesuBHy C1-C2
opOuTaiy, 10K ce ci1o00HU eNEKTPOHCKU map ca xyiopa u enektpoHu u3z m C1-C2 opOurane

nenokanu3yjy y dopmanto mpasuy spood®®’

opOuTany nanaaujyma. ¥ JajbeM TOKY peakiiuje,
WHTepMenrjep 23 HacTaje TMPEKO MPENIa3HOT CTama 22, y3 NMOTpeOHY €HEepPrujy akTUBaIfje O]l
camo 0,7 kJ/mol. I'maBHa kapakTepuCcTHKa MpesIa3HOT CTama 22 U HACTAJIOr KOMIUIeKca 23 je aa
najaujyM Iocenyje MCKPUBJbEHY TPUTOHAIHY KOOpAMHALM]Y. TpHKOOpANHOBAaHM KOMILIEKCH
nayiajrjyma cy mosHatu y sureparypu [41,42,47-49]. Y npena3nom cramy 22 hopmupa ce ciada
Pd-C1 Be3a. Y komruiekcy 23 manaaujym dopmupa koBaneHTHe Bee ca Cl u I, unju xubpuau
cacrasu cy 0,68(sp’ 1 d**)pg + 0,73(sp*®)c1 1 0,47(sp”¥d*™)py + 0,88(sp>"°d®™),. Manammjym
j€ KOOPIMHOBAH 3a XJIOp, IITO j& JOKYMEHTOBAHO NIEJIOKATIO3aIHjOM CIIOOOTHOT €IeKTPOHCKOT

4,81d0,10

mapa ca xJjopa (Sp4’68 opburana ca oxkymaniom 1,71) y dbopmManHo npazHy SP opourary

TaJIajIvj yma.

T'eomerpuje 19-23 onrtummszoBane cy u 0e3 mpucyctBa DEA wmonekyma (19°-23).
BuxoBe cTpykType npeacTaBibeHe cy Ha ciauuu 36, a omadpaHe Qy)KWHE Be3a U YIJIOBU Y
Ttabenama 25 u 26 y ExcriepuMeHTaIHOM JIeiTy, 0K Cy YKYITHAa €Hepryja, CHTaINja U CII000aHa
eHepruja npezacraBibenu y Tademu 27 (ExcriepumenTanu 1eo). YnopehuBame OBHX CTPYKTypa ca
AHAJIOTHUM CTPYKTypama y HpHUcycTBY MosieKkyina DEA HenBocMHCIEHO yka3yje Ha 3HadajaH
YTUIIj BOJOHMYHHX Be3a Ha TOK peakuuje. [IpucyctBo monekyna DEA cHmkaBa akTHBaIMOHE

Oapujepe 3a Gopmupame CBUX Mpella3HUX CTamkba Ha MexaHuctuukoM nyty b. Kako ce DEA
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KOPHCTH M Kao pacTBapad y peakiujama ca ciaboM 0a3om, MPETHocTaBbaMo Jia je YTHIa] OBOT

MOJIEKYJIa Y CTBAPHOCTH joIII Behu.

i
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Cnuka 36. OnTHMHU30BaHE repOMETPHje HEKHX YUYECHHKA MEXaHHCTHYKOT yTa b, y kojuMma je
Mouiekysn DEA n3ocTtaBsbeH U3 npopadyHa.

VYnopehuBamweM cTpykTypa u eHepruja mHTepmenujepa 15 u 23 mpumehyjy ce u
ciuyHOCTU 1 3HavajHe pasnuke. Pd—C1 u Pd-I Bese cy dpopmupane y o6a unrepmenujepa, u
MPHUCYTHA CYy YETHPH CII000/HA €ICKTPOHCKA Mapa y CKOpO 4KCTOj 0-opOuTamu manaiujyma.
Ca apyre cTpane, y KOMIUIEKCY 15 jaBibajy ce cTepHe cMeTHhe nHaykoBane DEA nuranmowm,
JIOK je KOMIUIeKC 23 KOOpJIWHATUBHO He3acuheH. Bpemnoct AG*® 3a 23 je Buma 3a 25,5
kJ/mol ox BpemHoctn 3a komiuteke 15. OBe YMEEHHUIIC MMIUTMIUPAjy Ja je KOMIUIeKCe 23
PEaKTHBHMJU M CTPYKTYpHO TIOBOJbHHUJU 3a cienehu Kopak peaknuje (MUTPATOPHO
WHCEpTOBamke). EHepreTnka oBa JBa MEXaHHCTHYKA IMyTa YKa3yje Ha TO Ja jeé aKTUBAI[MOHA
Oapujepa 3a (opmupame mpenasHor crama 14 3HawyajHo Beha ox CBUX aKTHBAIIMOHUX
Oapujepa y MexaHuCTHYKOM myTy b. 300r cBera HaBeAeHOT, MOKEMO 3aKJbyunuTH n1a myT b

npy’ka 3Ha4ajHO TIOBOJbHUJU MEXaHM3aM 33 OKCUIATHUBHY aMLHU]y joA0CH3eHa Ha KOMIUIEKC 5.
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Hamma mperxomHa ucTpaxuBama Ipolieca MpeakTHBaIKje KoMIiekca 1 y KaTalTuTHIKH
aKTHUBHU KOMIUIEKC 5 TOKa3aja Cy Jla OBaj MPOIEC M3KMCKYyje 3HAYajHO BHIIE aKTHBAI[MOHE
€Hepruje Hero mporecu y myreBuma A u b okcunatusHe agunuje. Ha ocHOBY Tora, Moxe ce
3aKJbYYUTH J1a OKCUJATHBHA aJIMIMja HUje OJrOBOpPHA 3a Op3UHY XEKOBE peakifje U IUKIyca

npeacTaBJbeHOT Ha cxeMu 38, Beh (aza mpeakTuBalmje.

2.5. Muzpamopno uncepmosare u ff-xuopuona erumuHayuja

Tema oBor pena je MexaHM3aM MHUIPATOPHOT MHCEPTOBama U [P-XUIpUIHE
eIMMUHALIM]E 32 PEaKLN]y METHI-aKpuiaTa ca OpoMOeH3eHOM, jOJ0EH3EHOM H jJOIaHU30JI0M
[139]. TIpomena ciioboaHe eHepruje HaBeJACHUX KOpaka MCIIMTHBAHHMX peakilija mokasyje aa
Cy MEXaHM3MH OBHX peakiidja Beoma ciuunu (cxema 40). [IpermocraBibeHd MEXaHU3aM OBE
nBe (aze peakuuje mpencTaB/beH je Ha cxemama 41 u 42, a omabpana wmelyaTtomcka
pacrojama y Mpella3HUM CTalkbuMa M MHTEPMEIjepuMa IpelcTaB/beHa cy y Tabenu 28 y
Exncepumentannom geny. Kao mro je Beh ekcnepumenrtanno mokaszano [131,135],
MPOM3BOJM OBHX peakiyja cy nmuHamaTtu. [IpoMeHa ciio0omHe eHepruje HaBEIECHUX KOopaka
peakimja MeTHJ-aKpuiaTta ca yIoTpeOJbeHUM apuil-XaJoreHHJuMa IoKa3yje Ja Cy

MEXaHHM3MHU OBUX PEakilfja BeoMa CIMYHU (cxema 41).
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Cxema 40. EnerpeTcku aujarpam 3a MUTPaTOPHO HHCEPTOBALE U B-XUAPHUIHY eMTMMHHALM]Y Y XE€KOBO] PeaKL1ju apuialnje MeTHII-akpuiiaTa ca OpoMOeH3eHOM
(R =H, X = Br, myna nunuja), jondbensenom (R = H, X = |, ucripekuiana auHuja) u jonanuzosioM (R = OCHjz, X = |, TaukacTa JIMHHA]jA).
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Cxema 41. MexaHH3aM MUTPAaTOPHOT HHCEPTOBaha U B-XUAPHIHE SITMMUHALM]E Y KaTaTUTHIKOM
LUKIIYCY apUIOBamba METHI-aKpuilaTa ca OpoMOEH3EHOM.
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Cxema 42. MexaHn3aM MUTPaTOPHOT HHCEPTOBamba U 3-XUAPHIHE eIMMUHALIN]E Y KaTaTUTUIKOM
UKJIYCY apriioBaka METHII-aKpHIIaTa ca joJI0CH3eHOM (TOpe) U jOTaHU30JI0M (J10J1€).
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[Tpu pa3marpamy oBuX (haza XeKoBe peakiiyje, MOIUIH CMO O]l MHTepMeaujepa 15 u
23 KOju Cy TMPOM3BOJM OKCHIATHBHE aaWIMje joAOCH3eHAa Ha KATAIUTHYKH aKTUBHHU
KOMIUTEKC 5. Mojke ce MpeTInocTaBuTH J1a he okcuaaTuBHA aauija 1 6pomOeH3eHa Ha 5 nhu
UCTUM MEXaHUCTUYKHM ITyTeM, Y3 HacTajame nHTepMmenujepa 24 u 25 (cxeme 41 u 42). Hame
UCTPAXKUBAKE MOKa3yje Ja MUTPATOPHO WHCEPTOBAIE 3AMOYUELE KOOPAWHAIMjOM METHII-

akpmiara 3a 00a oBa HHTEpMEIHjepa.

Uumenunie koje uay y mpuior oBoj mpernoctasiu cy: LUMO untepmenujepa 24
Oo3HayaBa aToM MajaJrjyMa Kao eJIeKTpOHMMa HajaedunurapHuje mnouapydje, nok HOMO
METHJI-aKpuJIaTa UCTHYE ABOCTPYKY Be3y Kao €JIeKTPOHMMAa HajCy(QUUUTApHHU]y pPerujy
(cnuka 37). 3atum, NBO Haenektpucama Ha arTomuMa nanaaujyma, C2 u C3 mMeTuin-akpuiara
m3Hoce 0,25, -0,27 u -0,31. IlpousBox koopauHamuje oneduna 3a 24 je trans-koopmu-
noBanu uutepmenujep 26 (cxeme 40 u 42). Kako trans-komiuiekc 26 HHje KaTaIUTHYKH
aKTHBaH, NPETIOCTaB/baMO Ja C€ IMOJ PEAKIMOHUM YCIOBHMAa KOjeé CMO MM MPHUMEHWIN
[130,135,140] oBaj mHTepMeaujep H30oMepu3yje y Mame crabwian (3a 5,6 kJ/mol), amu
KaTaJIMTHYKK aKTHBaH CiS-komruiekc 27. OBa MpETIOCTaBKa je OnpaBaaHa JIMTEPATyPHUM

nojaruma [141].

Cnuka 37. LUMO unrepmenujepa 24 (;1eBo) 1 HOMO metunakpunara (1ecHO).

V3umajyhu y o03up trans-epexar [142-144], moxke ce OYEKMBATH CYNCTUTYIHja
HeyrpanHor DEA nuranga y uatepmenujepy 25 merun-akpunatom [47,145]. V carnacaoctu
ca oBoM mpernoctaBkoM je 1 NBO ananuza oBor mHTepMenujepa. [Ipema oBOj aHanmusw,
MOCTOj BeoMa ciiaba JIOHalMja €JIEKTPOHCKE T'YCTHHE CII00O0IHOT EJIEKTPOHCKOT Tapa ca
atoma asora u3 DEA (sp’-opburana) y opmanHo mpasHy p-opGurany mamagmjyma. OBa

YUIbEHUIIA UNMIMLUpa Op3y cynctutyuujy DEA nuranna meTuia-akpuiiaToM, NpU 4eMy
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HacTaje MHTepMenujepHu Cis-komruiekce 27. JoOujeHn mHTepMeaujep moceayje KBaJapaTHO-
IaHapHy KoopauHaijy (cxema 66). NBO-Ananuzom uHTepenujepa 27 je yrBpheHo naa je
atom Pd Sde-XI/I6pI/II[I/I3OBaH. Takohe, ¢popmupa nBe koBaneHTHe Beze (ca C1 u 6pomom) u
nBe koopauHaTuBHE Bese (ca C2-C3 m-opOurtaioM u XJopoMm). Y nabeM TOKY peakiuje
J071a34 10 KCTOBpeMeHOT HacTajama HoBe 6 C1-C2 u packugama ¢ Pd—C1 Bese (cxema 66 u
tabena 28). OBaj KOpak peakilfje ce OJIBHja MPEKO Mpela3HoT cTama 28 3a Koje je moTpedHa
enepruja aktuBanje ox 48,8 klJ/mol (cxema 42, IRC mpopauyn ciauka 38). Ilpu oBome
HacTaje KOHa4aH MPOM3BOJ MHUIPATOPHOI MHCEpTOBama, uHTepMeaujep 29. Ilpema NBO
ananmusu, Pd ¢popmupa nse xoanentre ¢ Beze (Pd—C3 u Pd—-Cl1), u nBe koopauHaTUBHE Be3e
(ca 6pomom u ca m-opoutanom C1-C4 Bese). BaxkHo je HamOMeHYTH J1a je KOOpJIWHATHBHA

nHepaknuja Pd ca 1 C1-C4 Be3oM HapouuTo ciada.

Total Energy along IRC Total Energy along IRC
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Cnuka 38. Pesynrar IRC mpopauyHa 3a npena3na crama 28 (J1eBo) n34 (IecHo0) y KaTaJTUTHIKOM
IIUKITYCY apuiIoBamba METHI-aKpuiiaTa OpoMOCH3EHOM.

Peaknuja ce nmasbe HacraBsba B-XuapugHoM enuMuHanujoM. [lomro je B-BogoHHMK
ynasbeH o atoma Pd, cTpykrypa maTepMmennjepa 29 HUje MOTOJHA 3a OBY BPCTY pEaKIlvje.
Nwmajyhu y Bungy peakiuone ycnose (mosumieHa temmeparypa) [130,135,140], u yumenuiy
na je koopauHatuBHa WHTepakmuja umely atoma Pd u m C1-C4 opOurane Beoma crnada,
pa3ymHO je ouekuBaTH na he ce komruiekc 29 M30MepHU30BaTH y arOCTUYHHU KOMILUICKC, 32
KOJH j€ KapaKTepUCTUYHO MPUCYCTBO TPUIIEHTPUIHE-IBOEICKTPOHCKE Bese [146,147]. Hama
HCTpakKMBama TOKa3yjy /a je cTpykTypa komruiekca 30 morojHa 3a peakiujy B-XuapuaHe
enMMUHaIMje. Y OBOM arocTuyHoM komruiekcy Pd dopmupa nBe xoBanentne Bese (ca Cl u
C3) u jenHy KOOpAMHATUBHY Be3y (ca aromom Opoma). B-Bogonuk y 30 je okpeHyT mpema

atomy Pd, unme je omoryheno ¢opmupame TpunieHTpudHe-nBoenekrpoHcke C—H-Pd Bese.
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[Tocrojame oBe Bese y komruiekcy 30 yrBpheHo je NBO anmamuzom. ¢ C2-H Besa
nenokanm3yje ce 'y (GOpMalHO TIpa3Hy Sp3-op6I/ITany nanaaujyma. Ilocmeguma oBe
Jenokam3aiyje je moBehaHa MOMymEHOCT (OPMAIHO Mpa3He opOuTajge Ha MalandjyMy
(0,21), a C2-H je 3a 0,04 A nyxa Hero oarosapajyha Besa y untepmenujepy 29 (rabena 28).
VY cnenehem kopaky peakiuje, B-BOAOHUK, MPEKO IMpenasHor crama 31, mpenasu ca C2 Ha
atoM nanagujyma (cxeme 41 m 42). 3a oBaj crymam peakuuje MOTpeOHA je eHepruja
aktuBanuje ox 33,8 kJ/mol. [lakie, y 0BOM Ipea3HOM CTamy J0J1a3u 10 packugama C2—H u
Hacranka HoBe Pd-H Bese (tabena 28). Ilopen oBux, dopmupa ce u HOBa m-Be3a u3Melhy
aToMa yribeHuka (C2—-C3). [Ipou3Boa oBor Kopaka peakuuje je uarepmeanjep 32, y kome Pd
o0Opa3yje KOBaJIGCHTHE Be3€ ca aroMuMa OpomMa W BOJOHHMKA, M KOOpPJAMHATHBHE Be3e ca

xjopoMm u Tt opoutaiom C2—-C3 Bese.

Kao mocnenuna trans-epexra, KOOpAMHATHBHE HHTEPAKIHMje ca T-OpOUTAIOM CYy
Beoma ciabe, mMTO MHTEpMeAnjep 32 YMHH TOJJIONKHUM JIMTaHIHO] CyncTuTyiuju. Kako je
DEA peakunoHu MenujyM, MOXKE ce OYEKHBAaTH Ja he ce 0Baj MOJIEKYJ KOOPIMHOBATH 3a
nanaaujym. OBuMe ce MeTWJI-IIMHaMar ociobala kao MpoOW3BOJ peakiuje. Y peakiuju ca
jonmaHu3oJ0M, ocioOoheHn mpou3Boa je P-MeTokcunuHamaT. ONTHMH30BaHE TEOMETpHje

N00MjeHNX IMHAMaTa MpeICTaBbeHe Cy Ha cIuly 39.

Cruka 39. OnTMH30BaHe CTPYKTYpE MPOU3BOJIa peaKilnje: MeTHII-IIMHAMAaT (JIe€BO) U METHII-P-
METOKCHUIIMHAMaT (JIECHO).
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2.6. Pedykmuena enumunayuja

Haima Teopujcka ucnuTrBama Cy mokasaia Jia ce, opej IHamara, y peakiuju in situ
rpaau ¥ komiuteke 33 (cxema 43). CTpykTypa OBOT KOMILIEKCA je€ BeOMa CIIMYHA CTYPKTYpH
KoMIuIekca 4 koju je 6uo ucnutuBaH panuje. [lokasaHo je na ce U3 KoMIuIeKkca 4 enuMuHyje
HCI mpeko npena3Hor cTama Koje 3aXTeBa 3HA4YajHO BEJIHMKY eHeprujy aktuBanuje on 101,8
kJ/mol. Kommrekc 33 Takohe momasieske peayKTHBHO] CIMMHUHALIAjH, TIPH YeMy ce ociiobaha
HBr u monoBo noOuja karanutudku aktuBaH Pd(0)-xommuiekc 5. OBaj kopak peakiuje
npeacTaB/beH je mpenasHuM crambeM 34 (cxema 43, IRC mnpopauyn ciuka 38) 3a uwmje

HacTajame je HEeOIXO0/JHa aKTHBalMoHa eHepruja ox 79,2 kd/mol.

—— Pd(0) akTruBHM KOMILIEKC (5)

Cxema 43. MexaHn3aM pereHepaluje KaTaau3aTopa.

Ca eneprerckor aujarpama Ha cxemu 40 Moxxe ce BuaeTH 1a u popmupame HoBe C-C
Be3e, MIPU HaCTajarby XEKOBOI POM3BOJIA, 3aXTEBA PEJIATUBHO BUCOKY €HEPIH]y aKTUBAIHje,
u usznoce peaom 48,8, 51,6 u 57,0 kd/mol 3a cyncrpare PhBr, Phl u CH3OCgH41. Mehyrum,
MaKO BeOMa CIIMYHE, OBE AaKTHBALMOHE EHEepruje HUCYy Yy CarjJaCHOCTH ca HalluM
eKCIIEPUMEHTAIIHUM DPE3yJITaTUMa, OJHOCHO IO0OWjeHHMM INPHUHOCHMA IPOU3BOJA PEAKIIM]ja
jonOeH3eHa, jogaHu3oiaa U OpoMOEH3eHa U METHJI-aKpUiIaTa, y KOjUMa je TPUHOC IIMHaMaTa

omnazao ciaenehum penom: Phl > CH30CgH41 > PhBr.

VY3umajyhu y 003up cBe UCITUTHBAaHE KOpake XEeKOBE PEakIlyje, UCIIOCTABUIIO CE /1A je
nocnenma (aza peakiyje — pereHepaiyja Karajauzatopa, Kopak koju oxapehyje Op3uHy
ykynHe peakuuje. Kako je aktuBaumona Oapujepa 3a enumuHanyjy HBr Buma ox one 3a

enmumuHanyjy HI, Ham 3akbydak je ga je JCKOMIO3HMIMja KOMIUIEKca 33, OJHOCHO
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¢dopmupame karanutuuku akTtuBHOr Pd(0)-xomruiekca kopak Koju oxapehyje mpuHOC

MPOM3BOJIa XEKOBE PEaKIlyje.

2.7.  Ynompeba joncke meunocmu npu uzeohemwy Xekoee peakyuje

[TomTo cy ce y, 10 caja UIICUTUBAHUM, PEeaKlMjaMa JaBUJIM HEKH HEXEJbeHH e(eKTH
(y BHIy cCHOpelHE MOJIMMEpPU3AlUOHEe peakiuje wWin rpalema Malle KOIWYHHE IPHOT,
eJIeMEeTapHor, najaaujyma), cieaehu Ham nusb je 6o ONTHMU3HMBAKE PEAKIIMOHUX YCIIOBA.
Kako Owucmo yHampeawnw peakmuoHM TPOTOKON, W Kako OucMo u3bernm ynotpely
TOKCHYHOT aIleTOHUTPWJIA Kao pacTBapada, ymorpeOunun cmo joHcky TeuHocT (IL)
nueranonamonujym-anerar ([DEA][AcOH]) [140]. Ymorpeba jOHCKHMX TEYHOCTH, KOje
MHOTH HA3WBajy jOII W ,,3€JICHUM"* pacTBapaynma 300T KUXOBE HETOKCHYHOCTH M, CaMUM
THUM, €KOJIONIKE MPHUXBATJBMBOCTH, Y OPTaHCKHM peakifjama je TOCICAHBHX HEKOJIUKO
roJIMHa HApPOUYWTO MOITyJapHa. YTHoTrpeOsbeHa aueTaHonaMuHcka IL je, mpakTtuyHo, y cebu
cajp)kaBalia CBe KOMIIOHEHTE HEOMXOJHE 3a YCIICIIHY peannu3aiujy Xekose peakiuje. OHa je
yjemnHo Ouia u pactBapad, U 0a3a, ¥ JIMran 3a Gopmupame npekatanutuiku aktuHe Pd(1D)-
Bpcre. Takohe, 300r cBOje CHOCOOHOCTH J1a pacTBapa KOMIUICKCE MajiagdjymMa, OHa je uMaja
yJIOTy Ja, TOKOM peakiyje OJpkaBa AMETAHOJAMUHCKHA KOMIUIEKC PAaCTBOPHHM, OJHOCHO

uMaja je ynory MoouinHe noapike Pd-karanuzaropy.

Crpykrypa IL je omtumu3zoBana momohy merona ¢yHKIHOHaIa ryctude (cxema 44).
Harre nctpakuBame je mokasano ga He moctoje pasaBojern katjon (HDEA) u anjon (AcO")
y JOHCKO] T€YHOCTH 35, anM 3axBajbyjyhu BOJOHWYHUM Be3aMma, MOJICKYJICKa acoIlHjalyja
nocroju. Monekyn 35 je mosapaH, ca HapUUjaIHUM HETaTHUBHUM HAeJIeKTpUCAmEeM Ha
aTOMHMa a30Ta M KHCEOHHMKA, W MapLUjaIHUM TO3UTUBHUM HAEJICKTPUCAKHEM Ha aTomy
BosloHHKa. OBe 0COOMHE Cy KapaKTEPUCTHYHE 332 MOJICKYJICKE, OJHOCHO jOHCKE, TEYHOCTH.
JloOujeHe my>XWHE Be3a yKa3zyjy Ha TMOCTOjalkhe JaKUX MHTEPMOJICKYJICKHX BOJIOHUYHUX Be3a.
NBO ananu3a, Koja TOKa3zyje H3paXKeHY JAEIOKaIU3alM]y eJNEeKTPOHCKE TyCTHHE M3 -
opubarana Ha a30Ty y ¢*-antuBe3uBHy O—H opburany cupherHe kucenuHe, y cariacHOCTH

j€ ca TUM.

JOHCKa TEYHOCT je CHUHTETH30BaHAa IO JCJHOCTABHOM TMOCTYIKY MEIIAmkheM
exBuMoapaux kommuuHa DEA u AcOH. 13 oBako 100ujeHe jOHCKE TEYHOCTH je T0OUjeH U

komruiekc 1 3arpeBambem PdCl; u 35 Ha 55 °C. U3 mobujeHor HapaHIIacTOr pacTBOpa, HAKOH
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7IBa JlaHa, MCKpUCTaJUcaja je >KyTo-HapaHlacrta cyrncrtanua. Ha ocHoBy 'H-NMR #u IR-
CIIEKTPOCKOIICKMX MOJaTaka, Ka0 U Ha OCHOBY €JIEMEHTAJHE aHalu3e, 3aKJbyuyeHO je Ja

CTPYKTYpa J00H]jEHOT KOMIUIEKCca oiroBapa cTpyktypu Pd-kommiekca 1.

Yenemno kommuiekcupamwe PACl, ca 35 HaBeno Hac je Ja ucnutamo e(hUKacacHOCT
KaTaJTUTHYKOT cucTeMa joHcka TeuHocT-nananujym (IL-Pd) y ,,;3enenoj” XekoBoj peakuuju.
Peakmuja je m3BeneHa 6e3 mogaTHUX aauTHBA (01 KOjuX ce Hajuemthe KopucTe 0a3e MoImyT
CH30ONa, CH3COONa, NaHCO3, K,COg3, EtsN u conu, monmyT aMOHH]yM-XJIOpHIa), KOJU CE&
707ajy Kako OM crabuinu3oBasiv KaTanuTuuku akTuBHy Pd(0)-Bpcty. Y Hamem ciydajy,
ynotpebJbeHa jOHCKa TEYHOCT je, cama mo ceOu, Ouia cBe — U 6a3a U aMOHHjyMOBa CO U

areHc Koju MMOOHMIIN3yje U cTabuIu3yje KaranuTuuky aktuBad Pd(0)-komruiekc.

[Tokazamo ce ga cy ontumainHu yciaoBu peakije: 1,5 mmol%-uu PACl, y 35 u
temmeparypa ox 100 °C. Kao apun-xanoreHuau ynotpeOs/beHH Cy joI0OCH3eH U OpOMOCH3EH.
BbuxoBa koHBep3uja Ouia je motnyHa, y3 99% cenekTUBHOCTH y KOpPHUCT trans-npoussonaa. ¥
TOKY peakuuje GopMHpao ce XOMOTEHH XYTO-HapaHUacTh pacTBop. JloOHMjeHH MpOU3BOIU
peaknuje cy npeunntheHu xpomartorpadujoM Ha KOJOHU M u3ojoBaHU. [IpuHoc moOujeHux

npou3Boa O1o je Bpiio 106ap — mpeko 94% (tabena 29).

Tab6ema 29. [NanaamjyM-KaTaan3oBaHa XeKoBa peakiiija y THeTaHOJIAMOHHN] yM-aIleTary.

2 mol% trans-[PdClz(DEA)z} o C6H5CH=CHR
6e3 pacTBapaya -
0e3 nuranna

C6H5X + CH2=CHR

6e3 Oaze
CsHsX R Bpewme (h) [punoc (%)°
1 CeHsl COOCHj; 12 96
2 CesHsBr COOCHj; 16 94
3 CeHsl COOC;,Hs 12 95
4 CeHsBr COOC;,Hs 16 93
5 CeHsl COOC4Hyq 12 96
6 CgHsBr COOC,4Hq 17 91

® U3onoBanu npuroc; Camo je trans-mpoussox nerextosan 'H-NMR-criekTpockorujom.
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Hamm pesynratu cy moka3ald Ja OBaKO M3BEICHA peaklyja, CBAaKaKoO MpEACTaBIba
yHanpeheme XeKoBor MpoTOKoJIa, TJIeaH0 ca BUIlle acriekara. Hanme, ynorpeGbeHa joHCKa
TeuyHOCT yOp3aBa pactBapame PdCl, u ogrosapajyher Pd(Il)-mpekaranuzaropa. Katanuruaku
CHUCTEM OCTajeé HEMpPOMEHEH TOKOM peakiuje (He Joja3u A0 TOjaBe TaloXKema ILPHOT
nananujyma). Takohe, Munubeme je na ynoreda joHcke TeqHoctr noBehasa crabumHocT Pd-
Karajau3aTopa, YuMe My Ce€ MpOAYXaBa >XKMBOTHU BeK TOKoM peakivje. [L-Pd xaTanutnyaku
CHCTEM MOXXE C€ jEeIHOCTAaBHO pEreHEpUCaTH, a IPOWU3BOAM JIAKO OJBOJUTH IPOCTOM
EKCTpaKIMjoM (IueTHI-eTap/N-XeKCaH) U IEKaHTOBAamkEeM U3 peaknuoHe cMeme. Ha coumum 16
npeacTaBibeHa je oudasna cmema [L-Pd kaTanuTHukor cucreMa (JOWU CII0j) U IUeTHII-eTap/
N-xekcaH (TOPH-U CI10j), IPH YEMY je PacTBOPJHMBOCT KyTo-HapaHnactor Pd-karanuszaropa y

JOHCKO] TEUHOCTH OYUTJICTHA.

Crnuka 16. budasna cMelia joHCKa TEUHOCT-MAIaAN] YM KATATUTHUKYA CUCTEM (JIOEH CJ10j) ¥ TUCTHII
eTap/xeKcaH (TOpbH CJI0j).

HakoH ekcTpakiyje Mpou3BOJa W3 PEAKIMOHE CMEIIe, KATaUTUYKH CHUCTEM je
pereHepucan U ymnoTrpeds/beH y HOBOj XekoBoj peaknuju. IL-Pd kxaramutuukm cucrem je
pereHepucan Tpu IyTa 0e3 3Ha4ajHOT TYOUTKA Yy aKTHBHOCTH (MPUHOC MPOU3BOA PEAKITH]e

KyIUIOBama 610 je 10 5% Huxn).

Naxko je jacHO 1a Cy jOHCKE TEYHOCTH KOPHUCHE Y ,,3eTICHUM* XEeKOBUM peakiinjama 1
IPYTUM XOMOTE€HUM KaTalli3ama, Majo je TMO3HAaTO O MEXaHM3MHMa OJUTPaBama OBAKBUX
peaknuja. HapounTo ce Mano 3Ha 0 BMXOBO] YI03U Y (hOpMUpPakHy MPEKATATUTHYKH aKTHBHE
BpcTe. 300r TOra CMO MCTpPaXWJIM M MOryhum MexaHu3aMm peakiuje rpahema komruiekca 1

Kopuctehu Merone pyHKIIMOHATIA TYCTHHE.

[IpeTnocTaB/beHn MexXaHW3aM TIPENCTaBbeH je Ha cxemMu 44, Peakimja 3amodunmbe

enektpodmraM HamagoMm Pd Ha enextponmma Oorat azor y 35. Tako, mpeko mpean3HOr
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crama 36 HacTanu TPU-KOOPAMHOBAHM KOMIUIEKC 37, BPLIM EJICKTPOPHUIHU HArai, MPeKo
mpena3Hor crama 38, Ha a30T Apyror mosiekyna 35, majyhu komrmiekc 1. OnTtumuzoBaHe
CTPYKTYpE TIpeCcTaB/beHe cy Ha cxemu 44. Onabpana mehyaToMcka pacrojama y npeaa3HuM
CTalkbuMa M MHTepMeaujepuma jaata cy y tabenu 30 y ExcriepuMeHTaqHOM Jielly, a YKyIHa
eHepruja, eHTaiunuja M ciro0oJHAa EeHepruja CBHX peNeBaHTHUX Bpcra y Tabenn 31

(ExcriepuMeHnTamHu 1€0).

Cxema 44. MexanuzaMm dopmupama npekaraimusaropa Pd(Il)-kommiekca 1.

Ha counu 40 npencraBibere cy LUMO mana PdCl; 1 HOMO wmamna 35. Ha LUMO
Maru ce MOKe BUACTH Ja je eleKTpoHuMa Hajaedumurapauju arom Pd, mTo je carmacHo ca
NBO ananu3omMm, koja mokasyje aa ce y Pd atomy y d-opOurtanama Hamase camMo 4YeTHPHU
enektponcka mapa. Ca gapyre crpane, Ha HOMO wmanm je mpeAcTaBJbeH €JIEKTPOHHMA
HajcybunuTapHuju Aeo Mojekyina 35, 1j. atom asorta. I[lopem oBux ummenuna, NBO
Haenektpucawa Ha Pd (0,792) m ma N (-0,702) ummy y mOpWwiIor MPeTIOCTaBIU O
enexktpopmiHom Hanaay Pd na N. OBa mpernocraBka je moTBpheHa mpenasHUM cTameM 36

(cxema 44). Y oBom mpenasHoMm crtamy, Pd-N1 Besa ce dopmmupa, mok ce Beza N1-H1 y
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notnyHoctu packuna (tabena 30), y3 moTpedHy eHeprujy aktupanuje ox 75,2 kJ/mol. AcOH

HamylIITa peakliMOHU CHCTEM Kao MOJIEKYJI pacTBapaya.

Cnuka 40. LUMO mama PdCl,, HOMO wmamna 35 u LUMO mamna 37.

Hakon mnpenasnor crama 36 dopmupa ce TpU-KOOpPIWHOBAHM HHTepMmenujep 37
(cxema 44). NBO-Ananm3om oBor uHTepMenujepa yTBpheHO je Ja JOHOPCKHA AaTOMHU
JIUTaHaaa, TauHWje CI000IHU EJEKTPOHCKH TMapoBH y P-opOWTaliaMa a3oTa, YYECTBY]y ca
npeko 80% y Be3zama ca nanagujymoM. [lpucyTHa je cHakHa JelloKaiu3aluja eleKTPOHCKe
ryctuHe u3 cBake Pd—Cl Bese y cycenny o*-antuse3uBny Pd—Cl opOutany, kao u u3 Pd—N1
y o0e o*-antuBesuBHe Pd—Cl opOutane. Ilocnenuma nenokanuszanuje je CMameHa
nonymenoct opoutana oko Pd (1,87). Pd arom jomr yBek ,,moceayje” 4eTHPH €IECKTPOHCKA
mapa, ma je crora enaekTpoH-aedunurapad. LUMO-Mamna uatepmennjepa 37 (ciuka 40) xao

u NBO ananmmza uctnuy atom Pd xao moryhu enexrpodumi.

Hame ucrpaxkuBame je mokaszano na ce enekrpopwinu Hamaj Pd w3 37 Ha apyru
MoJiekyn 35 olBHja IPEKo Mpea3Hor crama 38, y3 akTuBaimony oapujepy on 120,6 ki/mol.
CouvyHO Kao W y mpeiasHoM cramy 36, ¢dopmupa ce Beza Pd-N2, nok ce N2-H2 y
MOTIYHOCTH packuaa (cxema 44), mpu dYeMmy oIl jeaH MOJIEKYJ CHpheTHEe KHCeTuHe
HAITyIITa PeaKkIMOHW CUCTEM Kao MOJEKYN pacTBapaya. Tume je ¢popmupame Pd-komriekca

1 3aBpuieHo.
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2.8. Hcnumueamwe Xekose peakuyuje Memun-memaxkpuiama U HeKUX apu-

xanozenuoa y npucycmey kamaauzamopa 1 u [DEA][AcOH|/DEA

Kako OucMo Tectrpanu KaTaTUTHIKY e(hUKacHOCT KoMmruiekca 1 y XeKkoBoj peakiuju
ca 1,l-gucyncrutyncanuMm oJepUHHMMA, U3BEICHA j€ MOJEN peakifja ca METUI-
meTakpuiarom [148]. Peakiuja je u3BeneHa Ha nBa HaunHa: y npucyctBy DEA, onnocHo 35,
KOJH Cy MMM YJIOTY M PEaKIMOHOT MeAujyma, U 0aze W TMpeKypcopa MpeKaTaTUTHIKH
aKTHBHE BpcTe (Komruiekca 1). Peakimonu ycioBu ¢y mojemieHu Tako aa ce Pd-komruiekc 1

nobwuje in situ.

[To3nato je ma ce ymoTpeboM pa3inuuuTuX 0a3a MOXKE YTHUIATH Ha JUCTPUOYLH]jY
npou3Bojia u Op3uHy XekoBe peakuuje. bpojue komOuHanuje 6a3a 1 pacTBapaya, Ha IpUMEp
K;CO3 u DMF wmwmm NaOAc u BusN y DMAc-y, ynorpebsbeHe Cy y pazIdduTUM
MoKylajuMa Ja ce o00e30enn edukacHa CHHTE3a CTEpeo- U PEruo-acuHUCAHUX
Tpucyncrutyucanux onepuna [149-151]. VYV Hamem mNpoTOKOIY XOMOIEHE KaTajuse,

KopuiheHu ¢y joq0eH3eH, JOAaHr30 1 OpOMOESH3EH 3a apUIIOBamkhe METHUII-METaKpUIIaTa.

VY nuteparypu ce mory Hahu aBa mMoryha HaumHa (GopMupama JIBOCTPYKE BE3€ Y
XekoBoj peakuuju 1,1-gucyncruryncanux ojeduHa, TO jeCT JBa HayWHA [-XUAPUIHE
enmuMmuHanMje. [IpBr Ha4YMH Jaje OYCKMBAHU TPUCYICTUTYHCaHH (yHyTpammn) E/Z-onedun
A, a npyru HauuH Bogu 110 popmupama 1,1-gucyncrutyucanor (TepmuHanHor) onepuHa b

(cxema 45).

Ar BH2 Ar. COOCH3 B-H1 COOCH3
:<7 enuMuHaLmja H2 enuMuHaumja _<

COOCH; H1  pd—L Ar

B ||_ A

Cxewma 45. B-Xunpugna enumusaanygja y 1,1-qucynctuTyucanum onepuHUMA.

V Hamoj Mozen-peakiuju 1o0ujeHa je cMea tpu oneduna (a, 6 u B, ciuka 41), npu
YeMy je IJIaBHH MPOHM3BOJ PETHOCEICKTUBHE peakuuje oneduH a (tadena 32). Yiumajyhu y
003up na onepuH 6 MOHOBO MOJUIC)KEe XEKOBO] PEAKIMjU, MPU YEMY HACcTaje TUapUIOBAHHU

oneprH B, MOXKE C€ 3aKJbYUHTH JIa j€ HajOOJba PETHOCEICKTUBHOCT JOOUjeHA Y peaKIuju ca
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4-jomanuzonom y DEA wunu 35 mocne 24 yaca (a @ (0 + B) = 5 : 2,5). PernocenekTuBHOCT
peaknuja ca joa0e3eHOM M OpoMOeH3eHOM Omiia je HemTo Hrbka. [IpuHOC muapuiaoBaHOT
mpou3BoJa B OWO je HAJBUINM Yy pEaKIUju ca jJoJOCH3eHOM, W TO HAKOH moBehama
peakioHor BpemeHa ca 12 Ha 24 yaca. Tpeba HamoMeHyTH Ja je y CBUM CllyyajeBUMa
JeIVHM M30JI0BAaHM CTEPEOM30MEp WHTEepHOr ojeguHa a Ouo E-m3oMep, NOK je jeauHH
M30JI0BaHU CTEPEON3OMEP AUApUIIOBaHOT oneduHa B, 6no Z-uzomep. CTepeoceeKTUBHOCT je

yTBpheHa Ha OCHOBY H NMR-cniekTapa n3010BaHUX TPOU3BO/IA.

)] -

R . ¢
Y" 9 4 },)
.',b ){. >

a,

Cmuka 41. OntuMu30BaHe reoMeTpHje a, 0 ¥ B TIPOU3BOIa XEKOBE PEaKIIHje.

-

Tab6ema 32. [1anaanjyM-KaTaan30BaHO apHUIOBAFC METHII-METaKPHIIATA.

Apui- Bpeme Onpoc 6
P.6. POTT— PactBapau ) IIPOU3BOAA
a/6/B

1 CeHsl DEA 12 25:1:1
2 CeHsl DEA 24 4:1:2
3 CeHsl [DEA][HAC] 12 35:1:1
4 CeHsl [DEA][HAC] 24 55:1:2

5 CH3;0CsH4,l DEA 12 25:1:0,8
6 CH3;0CgH,I DEA 24 5:1:15
7 CH3;0CgH,I [DEA][HAC] 12 3:1:1
8 CH3;0CgH,I [DEA][HAC] 24 5:1:15
9 CsHsBr DEA 12 25:1:1
10 CsHsBr DEA 24 3:1:1
11 CsHsBr [DEA][HAC] 12 3:1:1
12 CeHsBr [DEA][HAC] 24 35:1:1

*Oxo 85% Gpombensena n 4-jonannsona, U 0ko 95% jonOeH3eHa, KOHBEPTOBAHO j€ y
nponsBoe peakumje. "OaHoc mpoussoza je ogpelhen kopumrhemem GC i Ha OCHOBY
M30JIOBAaHUX KOJIMYUHA.
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Karanmutuuku cucrem IL-Pd ocTaje HEmpoMEmEH TOKOM XOMOI€HE KaTaIUTHYKe
peaknuje (3aapikaBa ce HapaHIjacTa 00ja peakI[MoHEe cMmece, He mpuMmehyje ce enmeMeHTapHu

naaaujym).

Waxo nuTepaTypHHU MOAAIM TIOKa3yjy a ¢y XEeKOBE peakiiyje, U3BeAeHE Y IPUCYCTBY
JOHCKHX TEYHOCTH, €(UKACHE U aTPaKTHUBE, y HAYYHUM pPaZOBHUMA C€, MPAKTUYHO, HE MOTY
Hahyu mojany o MexXaHu3My OJMIpaBama THX peakuuja. M3 tor pasnora, ogmyumsiu cMo ce aa

HCIIUTAMO MEXaHM3aM Hallle TAKBE PeaKIyje.

Kao mro je HaBeeHO rope, OKCUJATHUBHOM AJMLUJOM jOJOCH3€HA HAa KaTaJTUTUYKH
akTuBHU Pd-kommiekc 5, Moryhe je Hactajame aBa nHTepMeaujepa 24 u 25 (cxeme 46, 47, 48
u 49), a y peakju MHIPaTOPHOT MHCEPTOBamha METHII-aKpHUJaTa Ha OBE MHTEPMEIH]epHe
KoMIUIeKce, Moryhe je HacTajame narepMmenujepa 26 u 27. [1o aHamoruju ¢ THM MEXaHU3MOM,
IPEeTIIOCTaBIIIN CMO J1a he ce W peaknuja MUTPATOPHOT MHCEPTOBama METHII-METaKpHIIATa
OJIBUjaTH IO CIMYHOM MEXaHHW3My, ILITO je TMOABPIHYTO HCIHMTHBamky IOMOhy Merona

(byHKLIMOHATIA TYCTHHE.

Ha ocaoBy HOMO wmamne merun-merakpuwiara 1 LUMO wmane mHTepMenujepa 24
(cnmuka 42) Moke ce 3aK/byUYUTH Ja KOpPaK MHIPAaTOPHOT HMHCEPTOBAama 3allOuHibe
KOOpJAMHAIMjOM MeTwi-Merakpuiara 3a 24. Hamme, LUMO wmana wuntepmenujepa 24
nokasyje na je Pd arom Hajnedpunurapauju enekrponuma, 1ok HOMO mamna nokasyje na je
€JIEKTPOHMMA HajOOTaTHjH JCO METHJI-METaKpuiara ABocTpyka Beza. NBO-Haenekrpucama
Ha atomuma Pd, C2 u C3 usnoce 0,17, -0,30 u —0,12. CBe oBe yMmEHHUIIC Uy y TPUIOT
Moryhoj KoOpauHalMju METHJI-MeTakpuiara 3a uHrepmenujep 24. Jloobujenu komrmiekc 39
nocenyje trans-reomerpujy (cxema 46). OBako n00WjeHHM KOMIUICKC HUje KaTaTHTHUYKU
akTuBaH. Ha ocHOBY nuTeparypHHX MmojaTaka, trans-komiuieke 39 m3zomepusyje ce y Cis-

komrutekc 40 koju je Mame ctadbuian (3a 3 kJ/mol), anu 1 KaTaTUTHYKK aKTHBAH.
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Cxema 46. Moryhu MexaHU3MU 32 MUTPATOPHO MHCEPTOBAKE U B-XUAPUIHY IUMHUHAIA]Y Y
KaTaJINTUYKOM apHIIOBakby METUII-METaKpHIIaTa jO10CH3CHOM.
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9

Cxema 47. Moryhu MexaHU3MHU 32 MUTPATOPHO HHCEPTOBAKE U B-XUAPUIHY CTUMHUHAII]Y Y
peakuuju npousBoa 6 ca jogO0CH3EHOM, IIPH YeMy ce Jo0uja TUapuIOBaHU IPOU3BOJ B.
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42 46

Cxema 48. Moryhun MexaHH3MH 32 MUTPATOPHO MHCEPTOBAE U B-XUAPUAHY CITUMUHALI]Y Y
KaTaINTHYKOM apuiIoBamby METHI-METaKpuiaTta OpoMOESH3EHOM.
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Cxema 49. Moryhun MexaHU3MU 32 MUTPATOPHO UHCEPTOBAE, J-XUIPUIHY SITMMUHAIIN]YY
KaTaJINTUYKOM apHJIOBakby METUII-METaKpHIIATa jO1aHU30JI0M.
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Cauka 42. HOMO-Mana metun-merakpuiara (1eBo) 1 LUMO-mana untepmennjepa 24.

C npyre crpane, MOKeMO MPETIIOCTaBUTH Ja he 300r trans-edekra, KOOpAUHATHBHA
Be3a Pd-N y kommiekcy 25 6utu ocnabsbeHa. OBa mpernoctaBka je moTrBphena NBO-
aHAJIM30M KOMIUIeKca 25, M3 KOje ce MO)KEe BHJIETH Ja IOCTOjH BeoMma ciiaba JIoHaIuja
CIIEKTPOHCKE TYCTHHE CIIOGOIHOT eIEKTPOHCKOT Iapa ca ZOHOpPCKor atoma yuranzaa (N, sp -
opbutana), y nse ¢popmanno npasne opoutane Pd. Kao mocnenunia oBora, DEA nurann ce
MOJKE JIAKO CYICTUTYUCATH METHUJI-METaKpUiIaToM, NMpH YeMy ce J00Mja MHTEpMEAMjepHH
komruieke 40 (cxema 46). Kommneke 40 mocenyje kBaapaTHO-IIaHapHy reomerpujy. NBO-
AHanu3za nokasyje na je Pd Sde-XI/I6pI/I,I[I/I30BaH. [Tputom, Pd dhopmupa nBe kKoBajieHTHE Be3e
(ca C1 u 1), u nBe koopauHaTUBHE Be3e (ca m-opouTtanom C2—C3 Bese u xiopom). CMmameHa
nonywenoct 6 Pd-C1 (1,81) u Pd-I (1,88) opOurana mocnenuna je y3ajamHe ACIOKaJH-
3alMje eJEeKTPOHA M3 OBHMX BE3MBHUX OpOMTana, y CyNpOTHY G*-aHTUBE3WBHY OpOuTaly.
Atom Pd mma yerupu ci1o00aHa €ICKTPOHCKA Mapa y cBojuM O-opOuTanama, mpu 4emy je
MONyHEHOCT jenHe cMameHa (1,86). OBaj ciio00MHH €IeKTPOHCKH Tap ce JeIoKaIu3yje y m*-
anTHBe3uBHY opbutary C2-C3 Bese, mpu yemy ce m opourana C2—-C3 Bese genokanusyje y
dbopMarHO mpa3Hy, CKOpo 4ucTy p-opbutany Pd. Takohe, mocToju cHaxkHa JellOKaIn3aIyja
EJIEKTPOHCKE T'yCTHHE CII000HOT EIEKTPOHCKOT Tlapa ca aToMa XJjopa y (hopMaiHo mnpas3Hy p-

op6utany Pd-a.

Y cnenehem kopaky peaknuje gonazu g0 ¢dopmupama HOBe Cl1-C2 Bese, y3
uctoBpemeHo packuaame ¢ Pd—C1 Bese. OBaj kopak ce ogurpaBa MpEeKO MPENIa3HOT CTamba
41, 3a koje je morpeOHa eHepruja aktuBaije onx 45,4 kJ/mol. Ilpu oBome Hactaje
WHTEPMEIUjEPHH KOMIUIEKC 42, TocleAmr WHTepMeanjep y ¢a3d  MUTPATOPHOT
uHcepToBama. Ha ocHoBy NBO-aHanu3e oBOI KOMIUIEKCAa MOKE CE€ BUACTH Ja MalaJujyM

dbopmupa camo jenHy koBasieHTHY Be3y (Pd—C3), u Tpu koopauHnatuBHe Bese (ca aromuma Cl,
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I u m-op6uranom C1-C4 Bese). 3HauajHO je HATOMEHYTH J1a j€é KOOPJMHATUBHA WHTEpaKIHja

Pd ca m-opburtanom C1-C4 Bese npunudHo ciada.

Nutepmenujepuan Pd-komriekc 42 Moxke n1a mojjierne B-XuapuaHo] eIMMUHAIIN]U Ha
nBa HaunHa: B-XxuapuaHoj enumuHauuju H1 wim B-xunpuanoj enuvunanuju H2 (cxema 72).
WNmajyhu y Buay peakiuoHe ycioBe (IOBHIIEHA TeMIepaTypa), M YHICHUIY Ja je
KoopauHaTtuBHA UHTEpakiuja Pd ca m opbutanom C1-C4 Bese crmaba, pa3yMHO je OUEKHBATH
na he ce 42 uzomepu3oBaTH y JBa arocTUYHa KoMIUIekca. Hamma ucrpaxuBama Cy mokasasna
JIa cy CTpyKType oBa JaBa aroctTuyHa Komruiekca (44 w 48) moromHe 3a PB-XUApUIHY
enumMuHanyjy. OB KOMIUIEKCH HACTajy M3 KoMIUiekca 42 mpeko npenasHux crama 43 u 47
(cxema 71). ITorpebHe akTHBanuoHe enepruje usHoce 29,4 u 26,5 kd/mol. YV 44, Pd obpasyje
Tpu koBajeHTHe Be3e (ca C3, Cl u 1), nox y 48 arom Pd dpopmupa camo nBe koBaneHTHe (ca
C3 u 1), u jemny xoopauHatuBHy Be3y (ca Cl). Hl y 44 u H2 y 48, ycmepenn cy mpema
nanaaujymy, omoryhyjyhu crtBapame TpuneHTpuuHe JBoeiekTpoHncke C—-H-Pd Bese.
[Tocrojame oBe Be3e yrBpheno je NBO ananmzom untepmenujepa 44. ¢ C2-HI1 Besa ce
nenokam3yje 'y (GopMaaHo TpasHy Sp3-0p6I/ITaJ'Iy najagnjyma, MmTO 3a TMOCICAUIy HMa
noBehame monymenocTu oBe opoutane (0,10), kao u moehawe myxune o C2-HI1 Bese 3a
0,08 A. Cnuuno, C5-H2-Pd TpuneHTpuyHa 1BOEIEKTPOHCKA Be3a IOCTOjH U Y u3oMepy 48.
Osne, 6 C5-H2 opGuTana 1OHHpa eIEKTPOHCKY IYCTHHY Y (JOPMAITHO MpasHy SP -opOHTaTy

nanaaujyma, nosehasajyhu nomymenoct (0,10) u u3nyxyjyhn C6-H2 Besy 3a 0,07 A.

Hamu O6pojHu mokymiaju fa yTBpAMMO MexaHHu3aMm u3oMepusauuje 44 y 48 ounm cy
Heycnemnu. Illta Bumie, HICMO ycmenu jaa mpoHal)eMo HM IMpenaszHo cTame 3a GpopMmupame
KOMILJIEKCa U3 Kora O B-XUAPUAHOM eTUMHHAIjoM no0unu Z-npousBo/. [IpermnocraBibamo
Jla j€ pasJior 3a TO IITO j€ U30MEepHu3aIlrja OMETeHa MMPUCYCTBOM METUJI-TPYIIE Ha IBOCTPYKO]
Be3n. C pyre cTpaHe, yCIelau CMO JIa ONTHMH3YjeMO CTPYKTYPY OBOT Komiuiekca (ciuka 43).
Kommiekc je 3HauajHO HaNpEerHyT, 1a je BeroBa eHepruja y oJHOCY Ha €Hepruje KOMILIeKca
44 u 48 Beha 3a 10,5 u 8,8 ki/mol. OBu pe3yaraTi cy y carilaCHOCTH ca €KCIIEPUMEHTAITHO

ozpeheHoOM cTepeoceIeKTUBHOIIhY Hallle peakiyje.
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Cnuka 43. OnTHMHU30BaHa CTPYKTYpa aroOCTUYHOT KOMIUIEKca Koju Ou Ouo moroaaH 3a popMupame
Z-oneduna.

Y nmamem Toky peaknuje, B-omonunn (H1 w H2) momnmexy mnpememramy ca
omoBapajyhux atoma yriberuka (C2 y 44 u C5 y 48) na arom namaaujyma (cxeme 46-49).
OBu Kopaly peakilje ce OJBHjajy MpeKo mpena3Hux crama 45 u 49, 3a xoje cy motpedOHe
aKTUBaIMOHe eHepruje ox 28,9 u 26,7 kJ/mol. V o6a npenasna crama, C—H Be3sa ce packuaa,
a opmupa ce HoBa Pd—H Beza. ®opmupa ce u n-Be3a uzmely yriberunka (C2—-C3 y 45 u C3—
C5 y 49). IlpousBoau 0BUX KOpaka peakiyje cy MHTepMmeaujepHu komruiekcu 46 u 50. V
OBHUM KoMILIEKcuMa, atoM Pd rpaau koBanenTHe Besze ca aromuma | u H, u koopauHaTHBHE

Bese ca aromoM Cl u m-opouranom C-C Bese (C2-C3 y 46 u C3-C5 y 50).

[Ipomena cnobogHe €HEpruje y MUTPATOPHOM HWHCEPTOBAKY W [-XUIPHIHO]
enmuMmuHanMju nara je Ha cxemu 50. Ca cxeme ce MOXKe BHJETH Ja je Kopak Koju oxapehyje
Op3uny peakiyje (3a oBe daze) popmupame HoBe C1-C2 Beze. OBaj 1e0 peakiyje ce oaBuja
IpeKo mpenasHor crama 41. Jlpyra nBa napa npeanasnux crama (43 u 47; 45 u 49) 3axteBajy
Mel)ycoOHO clIMuHE aju 3Ha4ajHO Mamke SHEPryje aKTHUBAIM]e OJ1 Mpesa3Hor ctama 41. Moxke
C€ 3aKJbYUMTH Jla PEIaTUBHO HHCKE aKTHUBAIlMOHE Oapujepe 3a mpenaszHa crtama 43 u 49
omoryhyjy oba nmena mexanusma peaknuje. [locnenuiia oBora je popmMupame HHTEpMeanjepa

46 u 50, a 3aTUM ¥ IPOU3BO/IA peakuuje a u 0.
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PeakioHa KOOpAHHATA

Cxema 50. [Ipomena cnoboaHe eHeprije y MUrpaToOpHOM HHCEPTOBakbY U -XUAPUIHO] eTMMHUHALIN]H
y KaTaJIUTHYKOM apHiIOBaky METHII-METAKpHiIaTa ca joI0e3eHOM.

Kao u y ciydajy ca MeTmi-akpuiiaToM, KOOpJMHATHBHA MHTEPAKIMja T-opouTaia ca
atomoM Pd je 3HauajHO crmaba, mMTO OMET yKa3yje Ja cy HHTepMeanjepan komrieken 46 u 50
MOJUIOKHU  CyncTUTynuju Jsmranaga. Kako je DEA poctynman y peakimuoHoj cMecH,
KoOpauHyje ce 3a atoMm Pd, mpu wemy ce ¢popmupa komrmieke 51 (ciuka 44) u ocnobahajy
MIPOM3BOIU peakiuje a U 6 (cxema 46). Harre uctpakuBambe je mokasajo Ja je a CTaOHIHHU|H
ox 0 u to 3a 15,7 kJ/mol y peakuuju ca jou- u 6pombenserom, u 3a 22,0 kJ/mol y peakuuju
ca 4-jomanuzosnoM. PenaTuBHEe CTaOMIHOCTH TpouM3Boga a M O Cy y carjacHOCTH ca
JIOOHMjeHUM OJTHOCOM MPOU3BOA. PErnoceneKTUBHOCT je BUILA y peakifju ca 4-j01aHu30JI0M
y OJHOCY Ha peakidje ca jomoeH3eHOM u 6pombensenoM (tabdemna 32). U3 ucre tabene Moxe
ce BHAETH jaa ce oxHoc a/(6 + B) moBehaBa ca mpoayKHBameM peakmuoHOT BpemeHa. OBe
YUIHCHHIIC, KA0 M PEIaTMBHO HUCKE aKTHBAIIMOHE CHEPTHje 3a HAacTajamke MPOou3BoOJa a U 0,
MHIMKY]Y J1a je peakluja TepMOIUHAMUYKY KOHTpoJHcaHa. Hamm pe3ynraTu ce pasnukyjy
on pesyatata AMOpoha u capagHUKa KOjH Cy UCIIUTHUBAIN PEAKIH]y apuii-joauia u OpoMuaa
ca amwi-eTpuMa. HamMe OHHM Cy MpoHAUDIM Ja je MHXOBAa peakiuja KHHETHYKU
KoHTponucana [152]. [lo pasnmka y peakUMOHMM MEXaHM3MHMMa BEpPOBATHO J0JIa3u 300T
Pa3NUYUTUX PEAKIMOHMUX YCJIOBA, KA0 U 300T pa3InuuTe XeMHjCKe TPUPOIE YHOTPEOIbEHUX

CymcTpara.
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CtpykTypa MUHTEpMeIujepHOr KOMIUIeKca 51 je BeoMa ciiMyHa CTPYKTYPHU KOMILJIEKca
4Mja je peayKTHBHA enuMuHaiuja Beh onucana (narepmenujepuu Pd-kommiec 4) (cnuka 44).
Mosxke ce npernoctaButh 1a he 51 takohe moanehu penykruBHoj enmumuHanuju. Kako je y 51
eJIeKTpOHNMa HajcypummurapHuju neo jox (cmuka 44), moxe ce ouekuBatu aa he HI Gutu
eIMMUHKCAH U3 Komiiekca. OBa MPETIOCTaBKa je MOTBpleHa mpea3HuM cTambeM 52 (ciuka
21) 3a koje je moTpeOHa akTUBaIKOHa eHepruja ox 75,6 KJ/mol. Y oBoM mpenazHoOM CTamy,
packumajy ce Pd-H u Pd-l Beze, a rpamgm ce HoBa H-I Besza. Tpeba HamomeHyTH na
enekTponcku nap u3 Pd—H Bese octaje Ha atomy Pd, unme ce oBaj monoBo penykyje u3z Pd(Il)
y okcupanuoHo crtame Pd(0). [lakie, mpu 0OBOj eNMMHHALMjU JIOJIa3W O PEreHepaluje
karanutuakn aktuBHOT Pd(0)-kommuiekca 5. Ocnobohenn HI OuBa ,,yxBaheH* momnexynom

DEA crBapajyhu co [DEAH][I].

Cruka 44. OnTUMH30BaHe CTPYKTYpe HHTEpMeIujepHor komiuiekca 51 (ca HaznaueHom HOMO) n
MpeJia3HoT CTama 52.

Pd(0)-Komruteke 5 moHOBO ce Bpaha y KaTalMTHYKU LUKIYC PEaKLHUje U TOMAJICIKE
OKCHJATHBHO] aJWIUjU apui-XajoreHuaa. HakoH Tora, mpou3BOJ OKCHIATHBHE aauIIMje
CTyIa y peakiujy ca Mpou3BoJaoM O (KOju MMa TEPMUHAIIHY JBOCTPYKY Be3y), IPH TOME C€
MoKopaBajyhn MexaHu3my kao u apyru 1,l-nmucyncruryucanu ankeHu. [IpousBos oBor nmena

peakiuje je onedun B (cxeme 46-49).
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Pesynraru IRC npopauyna 3a npena3Ha crama 41, 45 u 49 npeacraBibeHu Cy Ha
cnuiy 45.

Total Energy along IRC Total Energy along IRC Total Energy along IRC
363 7 06610 - 45 ' Rt g o \ j
A3 7 -6 \.46 g ey 50|
0 2 9 i 80836640
£ 063542 £ 4 = ]
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Cruka 45. Pesynratu IRC npopauyHa 3a npesasHa crama 41 (;ieBo), 45 (y cpeaunn) u 49 (necHo).

AKo ce y3My y 003up cBe (ha3e KaTaTuTUYKOT ITUKITyca Harle - HehochuHCcke XeKoBe
peakmuje, 1meo TOK peakiuje ce Moxke mpeactaButu cxemoMm 51. Ipomec mpeakrumnuje Pd-
KoMIUIeKca 1 je BeoMma eHAOTEpMaH, U 3a OBY a3y peakiuje moTpedHa je HajBeha eHepruja
aktuBanuje (tademna 33). llTo ce THUe camor IMKIyca peakiiyje, Gpa3e OKCUIATUBHE aHIIN]je
U MHUTPAaTOPHOT WMHCEPTOBAEKE Cy €r30TepPMHE, JOK Cy P-XuIpuIHa eJMMHHAIN]a,
CYNCTUTYIIMja JIMTaHJa ¥ PEIYKTHBHA €IMMHHAIMja (pereHepaiyja KaTajm3aTopa) 0Jaro
er3oTepMHe. YKYIHO riefajyhu, 1eo KaTaTuTUYKU IUKIYC je 6Jaro ersorepMas, pu 4yemy

je Hajpeha eHepruja akTuBaIyje NOTpedOHa 3a MPOLEC PEAYKTUBHE €ITMMHUHAIIH]E.
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Cxema 51. Katanutnuku muknyc Xexose peakuuje PACl, u metun-merakpunara y DEA.
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Tabena 33. EnepreTika kaTauTHIKOr IMKITyca XekoBe peakije ca PACl, n metun-merakpunarom y DEA.

DEA

|11 _
Cl—Pd—Cl ———=  [DEA-Pd(0)-CI]" +HCl + C4H;(NO,' AG=584,8 ki/mol

¢1
DEA 5 E,=111,8 kJ/mol
1
AG=-169,0 kJ/mol
[DEA-PA(0)-CI] + Phl — 3 24 + DEA Es=17.1 ki/mol
5
$2
E.=50,7 kJ/mol
AG=-32,9 kJ/mol
24 + METHII-METAKPHANAT —— 3= 42
33
25 + MeTHII-METaK aT ———» 42 + DEA
e AG=-53,6 kJ/mol
AG=29,8 kJ/mol
E.=29,4 kJ/mol
42 —— 46
b4
42— 50
AG=30,6 kJ/mol
E.=26,5 kJ/mol
AG=28,0 kJ/mol
46 + DEA ——» 51 +a
d5
50+ DEA > 5146 AG=43,0 ki/mol
6 51 + DEA ———3 [DEA-Pd(0)-Cl]" + [HDEA][I] AG=40,0 kj/mol
5

E.=75,6 ki/mol

109



Hoxmopcka oucepmayuja

3. EKCIIEPUMEHTAJ/IHHU JIEO
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3.1.  @u3uuka mepewa

Enemenranna ananmza komruiekca 1 ypahena je momohy cranmapHux merona y
IlenTpy 3a WMHCTpYMEHTalHEe aHanu3e Xemujckor ¢akynrera y beorpany. Muadpanpsenu
cnektpu cauManu ¢y Ha Perkin Elmer Spectrum FT-IR cnextpodoromerpy. CBu 'H NMR
CIeKTpU cHUMaHU cy Ha Varian Gemini 200 MHz cnektpomerpy. Xemujcka momepama aara
cy y onnocy Ha TMS (rerpameruncunan). GC ananuse cy ypahene Ha Agilent (Palo Alto,
CA, USA) 6,890 N (G 1,530 N) wuncrpymenty (Cepujcku 6poj CN10702033), ca

KalnnuJIapHOM HEIIOJApHOM KOJIOHOM.

3.2.  IIpomoxon Xexoge peaxyuje uzgeeoene y npucycmay 1 mol% xomnnekca 1 u
DEA, oonocno NaOEt, kao 6ase (jeourwemwa 1-10 y mabenu 13)

Peaknuje oneduHa U apui-xaJoreHuaa y MpHCYCTBY KoMIulekca 1 u3BeneHe cy Ha
cnenchn maunn. V pacrop 1 mol% PdCl; y 2 cm® eramoma, koju je meman momohy
Mar"HeTHe Memianuie, n1oaaro je 2 mol% DEA. Ca memameM je HacTaB/bEHO Ha TEMIEpaTypu
on 50-60 °C toxom 30 mmuyra. HakoH ucmapaBama eTaHOoda y BaKyymy J00HjeHa je
HapaH[JacTa KpUCTaJIHA CYNCTaHIa. AHATM30M JOOU]CHOT jJeIU-ECHha ITOMOhy 'H NMR- u IR-
CIeKTapa YCTaHOBJBECHO je Ja ce paau o trans-guxmnopoduc(aueranonamun-N )manamujym(11)-

komruiekcy (1). Kpucranna cTpykTypHa aHayin3a OBOT KOMILJIEKCA MPEICTaB/beHA j€ paHHuje

[130].

VY cnydajeBuma y kKojuma je kao 6aza ynmorpedsbeH DEA (tabena 13, peakmuje 6poj 1,
3, 5 7, 9) y uctu peakumonu OanoH je gomaro 1 mmol apwmi-xamorenmma (0,2040 g
jonbenseHa y peakumjama 1, 3, 5, 7 u 0,1571 g 6pombensena y peakuuju 9) u 0,25 mmol
(0,0260 g) DEA. Peakunona cmeca je 3arpeBana Ha 110 °C u merana 8 yacoBa y ciay4ajy
jonbensena, ogHocHo 11 wacoBa y ciyuajy OpomOensena. Hakon xiahema peakuunoHe
cMmerie 0 coOHe TeMrmeparype, A0J1aTo je 7 cm® CH 2Cl, KaKko Ou ce eKCTpaxoBao MPOU3BOI.
Oprancka ¢aza ucrpaHa je BOJOM, a BOACHHU CJI0] MOHOBO auxjopMmeraHom (2 x 10 Cm3).
[Tomenrianu OpraHCKH CIIOjEBH CY 3aTHM CYIIEHH IMPEKO aHXHUIPOBAHOI HATpH]jyM-cyidarta.

Haxon cymema u nehema, OpraHcKu pacTBapad je UCIIapeH y BaKyyMmy.

3a XekoBy peakiujy, uzBeneny y npucyctBy 1 mol% kommiekca 1 u NaOEt kao
0a3e, ynorpeOsbeHe Cy €KBUMOJApHE KOJIMYMHE apyiI-XaJIOTCHHIAa M aKTUBUPAHOT oyiepuHa

(1 mmol), u 0,20 mmol NaOEt. Peakumje 2, 4, 6, 8, 10 cy u3Benene Ha 110 °C, y 1 cm®
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alleTOHUTpUJIA Kao pacTBapada. Bpeme Tpajama peakuuja 6uio je 4 yaca y ciiyyajeBUMa ca

JOnOEH3EeHOM, OJTHOCHO 6 YacoBa y peakiidjama ca OpoMOeH3EHOM.

Peaknmonu mpousBonu cy mpeunmmheHn XpomaTorpadujoM Ha KOJIOHU (CHIIMKA-TEN
(Silica gel 60, 3a xpomarorpadujy Ha KOJOHH; eTwi-aneTar/auxiopmeran = 1 : 1). Hakon
TOra, MPOU3BOAU CY CIIEKTPOCKOIICKM aHAIM3MpaHH, a JoOMjeHH mojauu nopehenu ca

CIIEKTPAIHUM TMOAALMMa KOMEPLHUJAITHO TOCTYITHUX jeANCHbA.

3.3.  IIpomoxon Xekose peaxuuje uzeeoene y npucycmaey 2 mol% xomnnekca 1 u
DEA, oonocno NaOEt, kao 6ase (jeourwemwa 1-16 y maoenu 21)

[TocTymak 3a moOujeme KomIUiekca 1 MCTH je Kao M y ofesbky 3.2. YV omHocy Ha
MPETXOAHY CHHTE3Y, yrmoTpeOsbeHe cy Behe, ekBumonapue koauunue (2 mol%) PdACl, u
DEA. 3atum je y peakmuonu OanoH momaro | mmol apun-jomuma (jomOenseH winm 4-
jomanmuson), 1,1 mmol akTuBHpaHor oneduHa (CTUPEH, METHI-aKpWJIAT, eTUJI-aKpHiaT, N-
nponwi-akpuiiaT wim N-0ytmi-akpuiat) u 1 mmol DEA (0,105 g, pactBapau u cinaba 6aza).
OBaxo npunpemMspeHa peakIoHa cMeca je 3arpeBana Ha temrneparypu ox 110 °C, 12 yacosa
y ciydajy jomOeHzeHa u 14 wacoBa y chydajy 4-jomaHuzonia. Y IHJbY EKCTpPaKIje
MpPOM3BOJA, HAKOH Xmaljerma peakiuoHe cMece, y OatoH je pogar auxiopmerad (7 cmd).
Oprascku cJ0j je WUCIpaH BOJOM, a BOACHM CJOj omeT auxyiopmeranom (2 x 10 cm®).
OpraHcKu CJIOjeBH Cy CIIOJEHU U CYIICHH MPEKO aHX. HaTpHjyM-cyndarta. Hakon cymema u

nehema, OpraHCKy pacTBapad je UCIapeH Ha BaKyyMy.

Haxon npBe ekcTpakiyje Npou3Boja AUXJIOPMETAHOM, Y PEaKIIMOHU OaJIOH je oJaT
EtOH (3 x 10 cm®) y uuiby oxsajama Karanusaropa. Hakon mcrmapasama EtOH 3aocraje
noyiazan komruieke 1. OBako M3/IBOjeHU MpeKaTau3aTop, MOHOBO je (Ba myTa) ymoTpedsbeH
y XekoBoj peakiuju. [Ipu Tome, HUje OMIIO 3HAYAJHOT CMamkEHha aKTUBHOCTH KaTaIM3aTopa

(mpuHOC Mpou3BoIa peakiifja Ono je oko 5% HuxH).

3a peakuuje u3BeAeHe y npucyctBy jake 0aze (NaOEt), y peakunoHom OayoHy cy
MOMEIIaHe EKBUMOJIapHE KonuuuHe apui-jogunaa (1 mmol), axtuBupanor oneduna (1,1
mmol), 2 mol% xommiekca 1 u 0,20 mmol% NaOEt. Peakuuje cy uzBenene Ha TemrnepaTypu
ox 90 °C y Toky 8 yacoBa y ciyudajy jonoensena u 10 yacoBa, y ciyuajy 4-jonanuzona. Kao

pacTBapad ynoTpeOJbeH je aneToHuTpui (1 cma).
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[IpousBomu peakmuja cy pa3ABOjeHH XpomaTorpadujoM Ha KonoHU. M3omoBaHu
nmpou3Boau peaknuja 1-16 w3 Tabenme 21 aHanM3upaHW Cy HAa OCHOBY HbUXOBUX
CIEKTPOCKOIICKHMX IO/aTaKa (1H NMR) koju cy mopeheHn ca creKTpuMa KOMEPIIHjaTHO

JOCTYITHUX CYTMCTaHIH.
3.4.  Ilpomoxkon 3a cunme3sy ouemanonamonujym-auemama (35)

Jueranonamonujym-anerar (35) CHHTETH30BaH j€ yKalaBambeM CTEXHOMETPHjCKE
KonnynHe cupheTHe KHcenuHe y auxyiopMeTancku pactBop DEA. Peakmmona cmeca je
MelllaHa JIBa Yaca Ha coOHOj Temmeparypu. HakoH KoMIUIeTHpama peakivje, JT00ujeHU
pacTBOp je ucmpaH eTui-amneraroM (2 X 5 Cm3) U queTui-etpoMm (2 X 5 Cm3). Oprancku
pacTBapayd Cy MCHApeHH O] CHIKEHUM NpHUTUCKOM. OcTaTak je CyIIeH MOJ BaKyyMOM Yy

TOKY 4eTupu 4aca. Jlo6ujeHa joncka TeuHocT je 6e300jHa, BUCKO3HA TEYHOCT.

CrnexTpasiHa KapakTepusaiuja 35:
IR (pmam): v = 3415, 1620, 1560, 1410, 1070, 620 cm™™;

'H NMR (200 MHz, CDCl3): $=1,962 (3H, CH3-CO, s, J=5,0 Hz) ppm; 3,101 (4H, -CH,—

NH,, t, J=5,0 Hz) ppm; 3,869 (4H, -CH,-0H, t, J=5,0 Hz) ppm;

3.5.  IIpomokon 3a cunme3sy komnnekca 1 nonazehu 00 35 u PdCl,

Kommiiekc 1 je cunatern3oBan monazehu om PACl; m 35 y monckom omnHocy 1:2.
Peakmuja 1 mmol PdCl; u 2 mmol 35y 10 cm® Boze, Ha temmneparypu 50-60 °C y Toky Tpu
Jaca J1aje )KyTo-HapaHacTu pacTBop. HakoH cTajama o ABa JaHa Ha COOHOj TeMIIEpaTypH,
MI0jJaBUJIHM CY C€ KyTO-HapaHUacTH Kpuctanu. JloOujeHn KpucTamu cy GpuiaTpupanu, UCIpaHH
€TAaHOJIOM U CYILICHM Ha Ba3fyxy. EneMeHTanHa aHanusa u 'H NMR CIIEKTPOCKOMHja
O0OUjCHOT jebEeha TOTBPAWIN Cy Jla BeroBa CTPYKTYpa OJroBapa CTPYKTYpHU KOMILIEKCa
1. Ilpepauynato 3a komruiekc 1 = CgH2,CI;N,04Pd (Mr = 387,58): C, 24,77; N, 7,22; H,
5,68%; naheno: C, 24,83; N, 7,30; H, 5,75%.
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3.6.  IIpomoxon Xekxoee peaxuyuje uzgeeoene y npucycmey IL unu DEA kao oa3e,

pacmeapaua u auzanoa (jeouremwa 1-6 y mavenu 29)

Onrosapajyhu apun-xamorenua (1 mmol), onedpun (1 mmol), 35 (1,5 Cm3) u PdCl,
MoMeInIaHu ¢y y 6amony u memranu Ha Temneparypu o 100 °C tokom 12-18 vacosa. Hakon
xnahema peakimoHe cMece 10 COOHE TeMIiepaType, MPOU3BOAM PEeakihja Cy W3ABOJCHU W3
peaKkIMoHe CMeIIe eKCTPaKIUjOM ca cMecoM AueTwi-etap/N-xekcan (5:1). OpraHcku cioj je
UCIIpaH BOJIOM, CYILIEH NPEKO aHX. HAaTpHjyM-cyidara, mporehen a 3aTum pacTBapau UcapeH
0/ CHUKEHUM NpUTHCKOM. Peaknmje cy mpahene momohy racHo-maceHor xpomaTrporpada u
'H NMR CIIEKTPOCKOIIMje, a MPOU3BOJAM MpeduinheHn xpomarorpadgujoM Ha KOJOHH
(cunmka-ren, erun-auerar/quxiaopmerad = 1:1). [IpousBoam KyruioBama Cy aHaJIM3UPAHU U
OKapaKTepUCaHU Ha OCHOBY HHMXOBHMX CIIEKTPOCKOICKHX I0jIaTaka, Koju cy mopehenu ca

CHEKTPOCKOIICKHUM IT0JIalliMa KOMEPIIHjaTHO JOCTYITHUX jeIHbCHA.
3.7.  Peyuxnasca kamanumuuxoz cucmema IL-Pd

Hakon ekcTpakiyje Npou3BOAa peakiifje, PacTBOPEHH OCTaTak XEKOBE peakiuje
(jorcka Teunoct 35 + Pd-karanusarop) ucnpas je eranonom (3 cm®) u guerua-erpom (3x3
Cm3). Haxon ucnupama, cMeca je ymapaBaHa Tj. CyIIeHa M0l CHIKCHHM mpuTrckoM. [L-Pd
KAaTAIATUYKA CHUCTEM C€, HAKOH OBAaKBOT TPETMaHAa, MOTA0 AMPEKTHO KOPUCTH y HAPEIHO]

XeKkoBoj peakuuju, 6e3 JoAaTHUX MpeyninhaBama.

3.8.  IIpomoxon Xexoge peaxyuje uzgedene y npucycmey IL unu DEA kao 6a3ze
(jeoumwemwa 1-12 y maoenu 32)

VY peakmuonoMm OamoHy mnomemanu cy apwi-xamoreHun (1,05 mmol), merun-
mertakpunar, DEA wmm 35 (1,0 cm®) u PACl, (1,5 mol%). Peakipona cMeca je MeliaHa Ha
temmneparypu o1 110 °C Ttoxom 12 u 24 vaca. Hakon xmalhema peakimoHe cmece 10 coOHe
TemIeparype, peakiuonu npousBogu (E-mernn-3-dennn-2-metunnponenoar (a), MeTui-2-
oensunpornenoar (0) u Z-metwi-2-0eH3wi-3-peHuanporneHoar (B)) HU3ABOjEHH CYy U3
pPEaKIMOHe CMece EKCTPAKIIMjOM ca cMecoM aueTui-erap/ N-xekcad (5:1). Oprancku cioj je
UCTpaH BOJIOM, CYIIEH MPEKO aHX. HaTpujyM-cyidara, mpouehe, HAKOH Yera je OpraHcKu
pacTBapau MCIapeH MoJi CHKEHUM puTuckoM. Peakmuje cy nmpahene GC xpomarporpadcku
1 "H NMR CIIEKTPOCKOIHjOM. 3aKJbyUeHO j€ J1a C€ HapaHIlacTu KoMmiuieke 1 oOpa3yje HaKoH
JIECETOMUHYTHOT 3arpeaBama PeakimoHe cMece, U To y o0a peakimona menujyma (DEA u

35).
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

[TpousBoau peaknuja cy npeuuitheHr xpomatorpadujoM Ha KOJOHHU (CHIIMKA-TEN)
yrmotpeboM cMmece elyeHara merposerap/erui-anerar = 8 @ 1 3a cMmenry a U 0, W cMmece

netpoierap/erun-anerar = 8 : 1, u nmerposietap/etun-amerar = 2 : 1 y ciaydajy jennmbermba B.

Hakon ekcTpakiyje Npou3BOAa peakiifje, PacTBOPEHH OCTaTak XEKOBE peakiuje
(jorcka Teunoct 35 + Pd-karanmusarop) ucnpas je eranonom (3 cm®) u auerua-erpom (3x3
Cm3). Hakon ucnimpama, cMeca je cyiieHa moj cHukeHUM npuTuckoM. IL-Pd karamutuuaku
CHUCTEM Ce€, HAaKOH OBAaKBOT TPETMaHa, MOTao JMPEKTHO KOPUCTUTH Yy HapeaHo] dasu, 6e3

JOJAaTHUX MpeyHnihaBama.
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Hoxmopcka oucepmayuja

3.9. 'H-NMR-Cnexmpannu nooayu npousoda peaxyuja y maderama 13, 21, 29
u32.

1. trans-[PdCI,(DEA),] (1)

T T T T T T T T T T T T T T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.3
| el

trans-CtunbeH, peakuuje 1, 2, 9 u 10 y Tabenu 13, u peakuuje 1 u 2 y rabenu 21.

e

AR R R R RN RN RN RN RN RN R
7 3 5 4 3 2 PPM 1
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Juemanonamuncku nanaoujym(ll)-xomnaexc kao kamanuzamop Xexose peaxyuje

trans-Mertun-umHamar, peakiuje 3 u 4 y rabenu 13, peaknuje 3 u 4 y tabenu 21 u peaxiuje

1 u 2y tabenu 29.

8
u
B

trans-Etun-nimaamar, peakiuje S u 6 y Tabenama 13 u 21, u peakmuje 3 u 4 y Tabenu 29.

5 Bl
g3 :iﬁ.
) if ¢
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Hoxmopcka oucepmayuja

trans-n-byrmin-ninnamar, peakmuje 7 u 8 y tabenu 13, peaknuje 9 u 10 y tabenu 21, u
peakuuje 5 u 6 y Tabenu 29.

i
=
1
&
v
I
=
8
¢ 1
it 5z
Lo s|=
' B
|| ==
T LU L L N N L L B O L 0 [ L L 1T
8 bk ¥ 6 5 4 3 2 1 PPM
J LA [ S —  —
hS'._‘;_‘E‘ZT S,JQ_‘ 28.1 2.1 ns @.3
7.0 4.3 8.0

trans-4-Metokcu-meTmin-unHamar, peaknuje 13 u 14 y tabemn 21.

}. / _||:' I
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Juemanonamuncku nanaoujym(ll)-xomnaexc kao kamanuzamop Xexose peaxyuje

trans-4-MetokcuOyTun-imHamar, peakuuje 15 u 16 y rabenu 21

E-Metun-3-¢heHu-2-MeTHI-IPONeHOAT (a) U METHII-2-0eH3WI-TIpoIieHoaT (0)

all s
- @ o
-] m m
% -
&
T
r 3
s
s i
| 1 T T T T T T T T T T T T T —
3 7 6 5 4 3 2 1 ppm
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Hoxmopcka oucepmayuja

Z-Metun-2-6en3ui-3-¢peHmt-poreHoar (B)

qmw.m.)|J

TLE B~

ppm
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Juemanonamuncku nanaoujym(ll)-xomnaexc kao kamanuzamop Xexose peaxyuje

E-Metui-3-(4-mMeTokcudennn)-2-MeTuia-mporneHoar (a) MeTui-2-(4-MeTokcnOeH3m)-
nporenoar (0)

2. 135

‘-3.788

~7.648

g RO
——6 204
5. 44
5,449
Th-——o—
T

)\ A \ Jl A e
T T T T T T T T T | T T T T T' T T T T | T T T T ™ T T e ﬁ__l_'_r_
7 6 5 4 3 2 1 ppm
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Z-Metun-2-(4-merockubensun)-3-(4-merokcupeHun)-nporneHoar (B)

Hoxmopcka oucepmayuja
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

3.10. Pauynapcke memooe

Cga m3pauyHaBama n3BeqeHa cy momohy mporpama Gaussian 03[153] u Gaussian 09
[154]. ¥V oxBupy Teopuje ¢ynkumonana rycrure (DFT, Density Functional Theory)
ynorpebsbern cy ¢ynkumonamu B3LYP [155-157] u MO6 [158]. basuchu ckymoBu 6-
31G(d), 6-311G(d,p) u 6-311+G(d,p) xopurthenu cy 3a arome C, H, O, N, Cl u Br, 1ok je 3a
atome Pd u I ynmorpe6sben LANL2DZAECP. I'eomeTpuje CBUX CTallMOHAPHUX Tadaka y
racoBuToj (a3u W pacTBapaunma ojpeheHe cy onTumuzanujoM 0€3 MKAKBHUX OTpaHUYCHA.
[IpeakTuBamuja koMmiuiekca 1 y karanuTuyky akTuBHU Komiuieke S mpeko N,O-koopanHaruje
ucnHTaHa je y amneroHuTpuiny (¢ = 37,5), noK cy ¢ase MHUrpaTopHOr HHCEpPTOBama, [-
XUAPUIHE eTUMHUHAIM]E M PEeNyKTUBHE enmMmuHaije ucnutane y DEA (e = 25,75). Ilpu
onTUMU3alMju y pacTBapauy kopumheH je CPCM wmogen [159,160]. M3pauyHaBamem
¢bpekBeHnrja NOTBphEHO je 3a cBe u3pauyHaTe CTPYKTYpeE J1a Cy WIH PaBHOTEKHE T€OMETpHUje
(cBe peanHe BHOpaluje) WK Mpea3Ha cTama (jeHa UMarnHapHa BuOpanuja). M3senenu cy
IRC (ene. Intrinsic Reaction Coordinates) pauynu 3a mponaljeHa mpenasHa crama. OBH
payyHH Cy TOTBPAWJIM Ja CBaKO TPEa3HO CTamke MOBE3yje oaroBapajyhe peakTaHTe u
npousBoge. NBO (eng. Natural Bond Orbital) ananusa je u3BeneHa 3a cBe CTPYKType AYK

peakuuone koopaunare [161].
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Hoxmopcka oucepmayuja

3.11. Tabene ca ooabpanum meljyamomckum pacmojaruma u 00adpaHum
yenoeuma, Kao u maodene ca eHePeMmCcKUM CAOPHCajumMa CmpyKmypa

Tabena 14. Hekamehyaromcka pactojama (NM) 3a pasMaTpaHe CTPYKType.
Pactojame

1 2 3 4 5
(nm)

Pd-Cl1 0,238 0,241 0,239 0,239 0,232
Pd-CI2 0,238 0,241 0,239 0,240 -
Pd-N1 0,212 0,211 0,245 - -
Pd-N2 0,212 0,212 0,225 0,232 0,218
C1l-H2 0,110 0,112 0,120 - -
Pd-H2 0,236 0,260 0,206 0,153 -

Tabena 15. Heka meljyaTomcka pacrojama (NM) y mpeaasHoM cTamy 6.
Pacrojame (nm)

Pd-Cl1 0,237
Pd-CI2 0,235
Pd-N1 0,348
Pd-N2 0,205
Pd-H2 0,182
C1-H2 0,113

Tabena 16. Enextponcka enepruja (E), enranmuja (H**)
1 cioboxna enepruja (G**) 3a crpykrype 1, 4, 5 1 6.

BpCTa 1 4 5 6
—E/a.u. 1775,3440 1775,2980 1411,1060 951,0819
—H298/a.u. 1775,3190 1775,2740 1411,9000 951,0683
—-G298/a.u. 1775,4010 1775,3580 1411,9810 951,1235
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Tabena 17. Heka meljyatomcka pacrojama (NM) y onTHMU30BaHUM cTpykTypama 8-10.

JyxuHa Be3e/nm JyxuHa Be3e/nm

7 8 9 10 7 8 9

Pd-CI1 0,238 0,234 0,240 0,233 | O1-H1 0,098 0,099
Pd-CI2 0,238 0,234 0,240 0,235 | O2-H1 0,114 0,173
Pd-N1 0,211 0,366 0,211 0,254 | O2-H3 0,097 0,098

Pd-N2 0,212 0,315 0,212 0,223 O1-H4 0,154 0,194
Pd-H2 0,304 0,180 0,263 0,194 | O3-H4 0,103 0,097
C1-01 0,141 0,137 0,137 0,130 O1-H5 0,172 0,194
C1-H2 0,109 0,116 0,112 0,121 0O3-H6 0,210 0,464

Tab6ena 18. Enexrponcka enepruja (E), entanmuja (H**)
1 cioboxnua enepruja (G**®) 3a crpykrype 7-10.

7 8 9 10
—-Ela,u, 2139,390 2139,353 177,512 177,476
—H298/a,u, 2139,355 2139,318 177,410 177,446
—-G298/a,u, 2139,465 2139,426 177,576 177,541

Tabena 19. M3abpane nyxuHe Be3a (NM) y ICOIUTUBAHUM BpCcTaMa yYECHUIIIMA MEXaHU3Ma
tdopmupama Pd(0)-kommiekca.
1 2 11 12 4 13 5

Pd-N1 0,211 0,210 0,214 0,208 0,228 0,238 0,218
Pd-N2 0,211 0,210 0,464 4,58 - - -
Pd-CI1 0,238 0,241 0,242 0,239 0,240 0,298
Pd-CI2 0,238 0,241 0,241 0,238 0,240 0,238 0,241
O1-H1 0,096 0,119 - - - - -
Pd-O1 0,466 0,305 0,201 0,252 - - -
C1-H2 0,110 - 0,111 0,11 0,117 - -
Pd-H2 0,285 0,328 0,306 0,197 0,153 0,150 -
Cl1-H2 0,373 0,391 0,474 0,297 0,278 0,218 -
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Jlokmopcka oucepmayuja

TaGena 20. Yxynna enepruja (E), earanmuja (H**®), n cnobonua enepruja (G**%) ucrpaxusannx

BpcTa y Mexanusmy dopmupama Pd(0)-komrurekca.

-E (a.u.) -H?® (a.u.) -G*® (a.u.)
1 1775,161146 1775,137142 1775,214621
2 1774,689622 1774,666976 1774,74083
11 1774,681225 1774,656542 1774,738679
12 1774,621116 1774,596941 1774,67769
4 1411,922325 1411,906776 1411,966057
13 1411,887604 1411,871834 1411,933015
5 951,100186 951,087102 951,140763

Tabena 22. Opabpane mayxuHe Be3za (NM) y HHTEpMEAMjepUMa U TpETa3HUM CTamkbuMa 3a

MEXaHHCTHYKe myTeBe A u b.

Pd-N Pd-I Pd-ClI Pd-C1 Pd-C2 Pd-C3 Pd-C4 Cl-H1 I-C1
13 0,221 0,292 0,238 / / / / / 0,226
14 0,262 0,262 0,265 0,288 / / / 0,235 0,220
15 0,222 0,267 0,258 0,200 / / / 0,225 0,330
16 0,238 5,48 0,249 0,376 0,297 0,229 0,274 / 0,215
17 0,244 5,57 0,264 0,367 0,301 0,213 0,219 0,231 0,215
18 0,45 0,494 0,244 0,326 0,251 0,211 0,252 0,321 0,215
19 0,481 0,454 0,243 0,303 0,219 0,214 0,293 0,299 0,215
20 6,05 0,385 0,246 0,247 0,209 0,25 0,325 0,237 0,216
21 0,496 0,350 0,244 0,207 0,22 0,306 0,366 0,291 0,223
22 5,060 0,324 0,247 0,200 0,251 0,348 0,397 0,229 0,232
23 5,990 0,266 0,241 0,196 0,291 0,422 0,476 0,238 0,347
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Tabena 23. Onabpanu yriosu Besa (') y HHTEpMEAUjeprMa U MPEIa3HUM CTalbHMa 33 MEXaHUCTHUKE

myteBe A u b.

13

14

15

16

17

18

19

20

21

22

23

Cl-Pd-N 172,1
I-Pd-N 128,0
I-Pd-N 178,5

N-Pd-Cl 146,5
N-Pd-CI 93,8

C3-Pd-Cl 163,3

C2-Pd-Cl 171,3

C2-Pd-Cl 163,4

C1-Pd-Cl 175,8

C1-Pd-Cl 176,0

I-Pd-Cl 167,6

Cl-Pd-1100,7
I-Pd-Cl 142,1
C1-Pd-Cl 171,9
C3-Pd-C4 31,1
C3-Pd-C4 39,0
C2-C3-Pd 88,1

C3-Pd-Cl 149,2

N-Pd-1 87,2 Pd-1-C1 173,8

Cl-Pd-N 90,0 I-Pd-C1 46,8

C4-Pd-N 92,4 C3-Pd-ClI 95,2
C4-Pd-N 117,5  C3-Pd-Cl 108,6
C4-C3-Pd 88,7

C2-Pd-C3 38,6

C1-C2-Pd 87,3 C3-C2-Pd 88,3

C2-Pd-Cl 145,3 C1-Pd-C2 38,9

I-C1-Pd 97,1

I-Pd-C1 96,1 Cl-Pd-C1 96,1

Tabena 24. Bpexnoctu y kJ/mol 3a ykymny eneprujy (AE), enrannujy (AH*®) u cnoGomny
eneprijy (AG™®) 3a cme mcrpaxuBane Bpcre y Mexammsvmma A u B. Emepruje cy
M3padyHaTe y OJIHOCY Ha CyMy ojroBapajyhux eHepruja jogOoeH3eHa 1 KOMITIEKca 5.

AE AH298 AG298

BpCTa

13
14
15
16
17
18
19
20
21
22
23

577 87
539 62

142 365
442 436
947 939
803 791
881 851
679 66

909 -871
896 87,3

2485
2474
~194,5
5.2
42,8
34,8
46,2
29,2
50,4
49,7

-204,8 -200,9 -169,0
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TaGena 25. Meljyaromcka pactojama (nm) y Ipesia3HuM CTambhMa U HHTEPMEAH]jepuMa y
kojuMa je Mosiekysl DEA n3ocTaBsbeH U3 npopadyHa.

Pd-1 Pd-Cl Pd-C1 Pd-C2 Pd-C3 Pd-C4 I-C1
19° 0,451 0,244 0,301 0,216 0,213 0,295 0,215
20° 0,385 0,245 0,246 0,208 0,248 0,324 0,216
21 0,350 0,244 0,203 0,222 0,312 0,37 0,226
22° 0,326 0,246 0,199 0,251 0,350 0,399 0,235
23 0,268 0,240 0,196 0,291 0,422 0,476 0,350

Tab6ena 26. Onabpanu yrinosu Be3a () y IpegasHUM CTalbMMa M HHTEPMEIMjEpUMa Y KOojuma
je Mmosiekyn DEA m3ocTaBsbeH U3 IpopayyHa.

19°

C2-Pd-Cl 162,1
200 co-pd-Cl 169,2
21" C1-Pd-Cl 166,9
22 C1-pd-Cl 176,3
23 |pd-Cl167.6

I-C1-Pd 97,2

I-Pd-C1 96,9

C3-Pd-Cl 157,9 C2-Pd-C3 39,2
C1-C2-Pd 86,9 C3-C2-Pd 87,9

C2-Pd-Cl 154,1 C1-Pd-C2 38,9

Cl-Pd-C1 95,4

Tabena 27. Bpennoctu y ki/mol 3a ykynny eneprujy (AE), enrammujy (AH*®) u cno6ommy
eneprujy (AG*®) 3a crpykrype m3pauynare 6e3 monekyna DEA. Exepruje cy nspadyHate y OIHOCY

Ha eHeprujy 19°.

Bpcra AE AE® AG™*®
19° 19,33 17,98 21,59
20° -7,04 —6,43 -7,34
21 -3,79 4,54 -3,26
22° -129,27 -128,552 -131,77
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Tabena 28. MehaTomcka pacrojama (NM) y HHTEpMEIHjepruMa U Mpesia3HUM CTambuMa y XeKOBOj
peaknuju OpoMOCH3eHA U METHJI-aKpUJIaTa.

Pacrojame 24 25 26 27 28 29 30 31 32
Pd-ClI 0.239 0.257 0.243 0.254 0.245 0.239 0.238 0.247 0.255
Pd-Br 0.249 0.248 0.251 0.251 0.259 0.263 0.258 0.254 0.250
Pd-C1 0.196 0.199 0.200 0.201 0.210 0.234
Pd-C2 0.246 0.250 0.231 0.275 0.237 0.225 0.228
Pd-C3 0.245 0.246 0.211 0.208 0.206 0.214 0.225
C1-C2 0.301 0.221 0.152 0.150 0.141 0.138
C2-H 0.110 0.148 0.172
Pd-H 0.185 0.157 0.153

Ta6ena 30. Onabpana mehyaromcka pactojama (NM) HHTEpMEAHjepa U IpeIa3HuX CTamba Y peaKiuju

IreTaHoJIaMOHHjyM-atterata u nananyjym(Il)-xmopuzga.

PdCl, 37
Pd-ClI 0,232 Pd-N1 0,206
36 Pd-Cl1 0,233
Pd-N1 0,292 Pd-CI2 0,235
Pd-Cl1 0,232 38
Pd-CI2 0,234 Pd-N1 0,209
N1-H1 0,216 Pd-Cl1 0,238
O1-H1 0,980 Pd-CI2 0,236
Pd-N2 0,291
N2-H2 0,337
02-H2 0,970

TaGena 31.Ykynue enepruje (E), entanmmje (H**®), u cno6omne enepruje (G**°) onrumusosannx

CTPYKTYypa.
Enepruja/spcra 35+ PdCl, 36 37435 38
-E/a.u. 1640,511331 1640,482838 2004,767852 2004,715876
-H*®¥/a.u. 1640,489794 1640,461532 2004,738009 2004,684371
-G*¥/a.u. 1640,565902 1640,537267 2004,830591 2004,784649
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4. 3AK/bYYAK
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Juemanonamuncku nanaoujym(ll)-xomnnexc kao kamanuzamop Xexose peakyuje

Ha ocHOBy npukazanux pesynrara y Hamum pagoBuma oBe Jucepraimje, MOTY ce
u3BecTy cienchu 3akipydiu. 3a u3Boheme jeHe o1 peakirja y kojoj HacTtaje HoBa C—C Be3a,
13B. XeKoBe peaknuje, ynorpedsber je aueranonamMuackuPd(I)-kommmieke 1.Ymorpedibenu
KOMIIJIEKC j€ TO0Ka3a0 BEJIMKY CTaOMIHOCT, OJHOCHO OJJIMYHY IOCTOJaHOCT MpeMa BIIA3U H
KHCEOHUKY M3 Ba3zQyXxa M BHCOKY e€(pHUKacCHOCT Kao IpeKaTanu3arop y XeKOBOj peakiuju.
JeTHOCTaBHOCT PEaKIMOHOT MPOTOKOJIA, Ka0 M YIOTpeda eKOJIONIKH MPUXBATIHHBOT JIMTAHIA
DEA, ynHe oBako KaTaJu30BaHy PEaKIjy MOTOJHOM aJITEPHATUBOM y OJHOCY Ha KJIACUYHE

peakiuje oBor Tuna karanuzosane Pd-pochunckum cuctemuma.

Mertonama ¢yHKIMOHANA TyCTHHE WCIUTAH j€ MeXaHW3aM MHHUIUjaIHOT KOpaka
peakuuje, nperBapame Pd(II)-kommnekca 1 y karanutumuku axtuBaH Pd(0)-komruiekc 5.
[Tokazano ce ma ynorpedsbene 6aze DEA u NaOEt nupekTHO yTHYy Ha TOK MpeaKkTHBAIlH]eE.
Takolje, ycTaHOBJBEHO je Ja Cy 3a MpeakTUBAIM]y y IpucycTBy jake 0a3e (NaOEt) moTpebue
HIDKE aKTHUBAIlMOHE EHEpruje y OAHOCY Ha peakuuje ca ciabom 6aszom (DEA), mto je y
CarJacHOCTH Ca EKCIIEpHUMEHTAIHUM pesynratuMa. Mmak, y oba ciy4aja aKkTHBalMOHE

EHPUTH]E CYy J0CTa BHCOKE.

Hama ucnutuBama, Kako €KCIIEpUMEHTAIHA TaKo M TEOpHjCKa, MoKa3ayia Cy Ja ce
peaknuja oaBHja Opxe y MpHUCYCTBY jake 6aze. Mehyrum, ynorpebom jake 6aze monasu 110
JeTUMHUYHE JIeaKTUBAIIMje KaTaln3aTopa y BUIY I0jaBe eneMeHTapHor upHor naitaaujyma(0),
IITO yTUYE Ha CMameme peaknuoHor npuHoca. C npyre crpane, ynorpedbom DEA kao crmabe
0a3e W pacTBapaya, peakiyja Te4ye CIOpHje, alld Y3 BHUIIE PEaKIMOHE MPHUHOCE. Y OBAKO

KaTaJIM30BaHO] PEAKIIMjHU J10JIa31 J0 CIIOPEIHE PeaKlirje MoIMMepH3alnje aKpuiara.

VcnutruBame yTHIlaja pacTBapada Ha PeakIMOHN MEXaHHW3aM, yIoTpeOOM TUCKPETHOT
MoOjIelia coJIBaTaIije, J0BeJO je 0 3akjbydka jaa je DEA moromamju pacrapad 3a u3Boleme
peaknuje y OJHOCY Ha AalleTOHUTPWJI, j€p CHIDKaBa aKTHUBAIIMOHE EHEpPrHje Koje Tpeda

noctuhu y mpoiiecy npeakTuBalyje.

Y mwby mo0OoJplllakba pPEaKIHOHHWX YCIIOBA, OJHOCHO TOBehama peakInOHUX
MpUHOCA, ynoTpeOsheHa je Beha KoJWYMHA MPEKATATMTHYKH aKTHBHE BpCTE. YMoTpeOoMm 2
mol% komrmuiekca 1 npumeheno je moBehamwe peakMOHMX NMPUHOCA KEJHEHUX MPOU3BOJAA -

UHaMara.

131



Jlokmopcka oucepmayuja

YnorpeboM MeTona (pyHKIIMOHANIA TYCTUHE PACBETIIMIM CMO MEXaHM3aM, TaYHH]je JBa
MEXaHHUCTHUYKA MyTa, OKCUAATUBHE aauiuje Hamie HeocuHcke XekoBe peakiuje. OBaj neo
peaknuje WMa J1Ba TNPOW3BOJA: TETPAKOOPAMHOBAHU {ranS-KOMIJIEKC W KOOPAMHATHBHO
Hesacuhenu Pd(ll)-komruieke, koju cTymajy y Jajbl TOK PEeakIMOHOT IHKiIyca. Ha ocHOBY
NOOMjeHNX eHepruja akTHUBaIMje 3a OBY (hazy peakiifje, MOXKe ce 3aKJbYYUTH /1, 38 PA3IUKY
Ol KJIaCMYHUX XEKOBHX peakiyja Koje ce OfBHjajy y mnpucyctBy ¢ochuna, ¢dasa

OKCHJATUBHE aauIlvje, Hamle — HeochuHCKe peakinje, Hhje OJroBOpHa 3a Op3MHY peakiiyje.

Ha uctn HaumH ucnutaHe cy U (a3ze MUTPATOPHOT MHCEPTOBAmA, B-XUAPUIHE U
penyKTHUBHE enuMUHaNMje 3a peakuuje apui-xainoreanna Phl, CH3OCgH4I u PhBr ca metui-
akpuiatoMm. Mako Beoma cliM4He, aKTUBALMOHE €Hepruje 3a (haze MUTrpaTOPHOT HCEPTOBAMA
U B-XuApuIHYy eJIMMHHAIM]y HUCY OWJIe Yy CarjacHOCTH Ca HAIllUM EKCIEPUMEHTATHUM
pesyaTaTuma, y KojuMa je MpuHoc nHaMmara omanao cieachum pemom: Phl > CH30CgH4l >
PhBr. Ilopeheme enepruja aktuBanmje y ¢a3su peAyKTHBHE €IMMHUHALM]E ca MPHHOCHMA
peakimja, MoKasajo je Ja je mocieama ¢aza peakifje — pereHepaiyja Karaisaropa, Kopak
KOJH j€ OJroBOpaH 3a Op3WHY YKYyIHE peakifje, Kao M3a MPUHOC TPOU3BOJIA XEKOBE

peakmuje.

Y nwpy yHanpehema peakImoHOT MPOTOKOoNa ynoTpeOmm cMo joHcKy TeuHocT (IL)
nueranonamonujym-anerar ([DEA][AcOH]). OBo jenumeme HUje UMalO CaMoO YJIOTY
3€JICHOT PEAKIMOHOT MeWjyMa KOJUM j€ CYINCTUTYHCAaH TOKCHYHH AarlleTOHUTPHWJ, Beh je
HMMaJIo M yJIory 0a3e W JuraHaa, morpedHor 3a ¢popMupame npekatamutuaku aktusHe Pd(11)-
Bpcre (ere. all in one). Ilokaszano ce ma, oBako M3BEJCHA, peakilfja MMa HEKOJMKO HOBUX
KBaJUTETa. 300T CBOje CIMOCOOHOCTH Ja pacTBapa KoMIUIekce namagujyma, IL je Tokom
peakimje ojpraBajia AMETAHOJAMUHCKHA KOMIUIEKC PAaCTBOPHHMM, OJHOCHO, MMaja je yIOoTy
MoOwitHe moapike 3a Pd-karanuzarop. Cnenehu kBanmureTn cy ce orjaefaid y TOME IITO je
karanuTuaku cucreM IL-Pd ocTajao HempoMemeH TOKOM O/IBHjarma peakinje (Huje J0Ia3uio
710 TI0jaBe TAJOXKEeHa LPHOT Malajujyma), IpoOU3BOH, YHjU ce MpUHOC MoBehao, ako cy ce
OJIBajaJli TMPOCTOM EKCTPAKIHjOM H JEKaHTOBAal€M M3 peakimuoHe cmece, a I[L-Pd
KaTAIUTUYKH CUCTEM j€ JETHOCTaBHO pereHepucan. 300r cBera OBOT, MOKE CE CMaTpaTH Ja je

OBAaKO KOHIUITUPAH XeKkoB IMPOTOKOJI CKOHOMUYAH U CKOJIOIIKU IMPUXBATILUB.

Kako Ou ce wucnurana PEeruo- u CTCPCOCCIICKTUBHOCT, HCTU KATAJIUTHYKU CUTCM

yHnoTpeOJbEH je y MOJIeN-PEaKinji METHUI-METaKpHiIaTa ca apwi-xajnoreHuauma. [locturayra
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je nmobpa pernocereKTUBHOCT U OJUIMYHA CTEPEOCENIEKTUBHOCT. Y CBHUM CIlly4yajeBHMa, Kao
MPOM3BOJI MOHOAPWJIOBama M00MjeH je camo E-mu3oMep, JOK je MOoOWjeHU AuapuiIOBaHU
n3oMep yBeK Ouo Z-uzomep. ExcnepumeHTanHu mojamu cy TOTBpheHH MeTonom
¢yHKIIMOHANAa TYCTHHE KOja je MoKasajia Ja je ¢a3a OArOoBOpHA 3a CTEPEOCENEKTHUBHOCT [3-
XUApUAHA enuMuHanMja. Hamme, mpucycTBO MeTWI-TpyIe Ha JBOCTYKOj BE3HM CIpedyaBa
M30MepHU3aIijy HMHTEPMEANjEPHO HACTAJOT aroCTUYHOT KOMIUIeKca (KOju Tmoiexe [-
XUAPUIHO] €TMMUHALMK U naje E-u30oMep) y KOMIUIEKC M3 KOT OM Hactao Z-uzomep. Y
Clly4ajy OUapUIIOBarba, CIMYHA CTEPHA CMETHA, YCIOBJbEHA IMPUCYCTBOM OCH3HI-TPYIIE,

cripedaBa popmupame E-u3oMepa.

Haj0ospa permocenekTUBHOCT M0o0WjeHA je y peaknuju ca 4-jomanu3osioM. [maBHU
MPOM3BOJ] PErHOCENICKTHUBHE peakifje Ouo je MHTEepHU ojehuH. Y CarjlaCHOCTH Ca OBUM
eKCIIEPUMEHTAIHUM pe3yiITaTHMa Cy W Hallil padyHAapCKHU PE3yNTaTH, KOjH IMOKa3yjy Ja cy
aKTHBAIIMOHE €HEprHje 3a HacTajame Mpou3Bojaa Mel)ycoOHO ciaMyHe W peslaTUBHO HHUCKE, U
71a je ’UXOB YTHUIla] Ha AUCTpUOyLHMjy pousBoaa Manu. C apyre cTpaHe, HHTEpHH oJie(uH je
TEPMOJMHAMHUYKN CTAOWIHUjH oX 1,]-ANCYNTCTUTYHCAHOT, ¥ HACTaje Kao TJIaBHHU ITPOM3BOJ

peakmuje.
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6.1. Buocpagpuja

Brnagumup Ilerposuh je pohen 12.01.1984. ronune y Jaroguau. OCHOBHY HIKOJY je
3aBpmmo y JlecmotoBiy, a rumHa3ujy ,,CBerozap MapkoBuh® y Jarogunu 2003. romuse.
[Tpuponno-maremarnuku ¢axynrer y KparyjeBmy, rpyna Xemwuja, ymucao je IIKOJICKE
2003/04. rommue a 3aBpmmo 2006/07. IIKOJICKE TOJMHE Ca MPOCEYHOM oleHoM 9,48.
Junnomckn pan Ha Ttemy "JloOWjame, KapakTepusalHja W XUIPOJUTHYKA AKTUBHOCT
MEXJIOpETaMUHCKOT aHjoHCKOT KomIuiekca nananujyma(ll)" onopanmo je 31.10.2007. roguae
ca orieHoM 10. JlerremOpa 2008. roaune 10610 je crienujaino npu3Hame CPrCKOr XeMU)jCKOT
ApyIITBa Kao jemaH oX HajOoospux cryaeHata xemuje y CpOuju. Jlokropcke cryauje u3
obmactu Oprancka xemuja ynucao je mkosicke 2007/08. ronune. HayqHo-uctpaxuBauku pasn

paau o1 pykoBojicTBOM npodecopa ap 3opurie [Terpouh.

On 2009. ronuue O6WO je aHTa)XOBaH Ha MPOJeKTy MHUHUCTApPCTBA HAyKE W 3aIlTHTE
KHUBOTHE cpeauHe PemyOnmke CpOuje mon Ha3uBoOM ,, buoakmusnu komnaexcu P- u d-jona
Memana ca nueanouma Gapmaxomepanujckoe snauaja” (1420136), a ox 2011. rogune
aHT2)KOBAaH j€ Ha MPojekTy MuHucTapcTBa nmpocsere U Hayke Penmybnuke Cpouje ,,Cunmesa,
Mmooenosarwe,  uUUKO-XeMujcke U OUOIoOwKe O0COOUHe OpP2AHCKUX jeourberbd U

oozosapajyhux komniexca memana” (O 172016).

TpenytHO ce 6aBM HCTpaXMBAaYKUM pPAJOM y OOJIACTH OpraHcke M OHMOOpraHcKe
xemuje. Hayuna ncrpakuBama Ha KOjUMa j€ aHTaKOBaH Cy CHHTE3a KOMIUICKCA Mmajlaaujyma
ca JepuBaTMMa aMWHA, WCIHUTHBAKE KATAUTHYKE W XUAPOIUTHYKE AKTHBHOCTH THX
KOMILJIEKCA Y HEKUM peakliijama, Kao M HCIUTHBAKE MeXaHU3aMa THUX peakiifja, HapOuuTO

MexaHu3Ma XeKOBe peakiiyje, moMohy Teopuje pyHKIIMOHANA TYCTHHE.

Brnagumup IletpoBuh 10 cama mma meTHaecT 00jaB/b€HUX HAYYHUX pajoBa y
HAayYHUM YacolucuMa Mel)yHapoaHOr 3Hauyaja, v BUIIE CAOMIUTEHa Ha HAYYHUM CKYIOBUMA
HaIMOHATHOT U MelyyHapoaHor kapakrepa. CTpydHo Behe 3a mpHUpOIHO-MaTeMaTHUKe HAYKe
Yuusep3uteta y Kparyjesiy je anpuna 2010. ronuHe A0HENO OJUTYKY O CarjlaCHOCTH Ha TEMY
JOKTOPCKE aucepTanuje mnoj HaciaoBoMm “‘JlueranomamuHcku nananujym(Il)—kommiaeke kao
Katanm3aTop XeKoBe peakiuje” kojy je ycBojuino M36opuo Behe IlpupogHo-maremarnukor

daxynrera y Kparyjesuy (Omnyka 6poj 160/VII-2).

Bnanumup IlerpoBuh je cpehHo oxemeH.
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6.2.  Cnucak nyboauko8anux HayuHUXx paooea
Brnagumup I1. IletpoBuh 1o cana je 06jaBro nmeTHaecT HAYYHUX pajioBa:

Petrovi¢ Z. D., Markovi¢ S., Simijonovi¢ D., Petrovi¢ V., Mechanistic insight into
preactivation of a modern palladium catalyst precursor in phosphine-free Heck reactions,
Monatsh. Chem., (2009) 140: 371-374 (M22) IF 1.312 ISSN (printed): 0026-9247.1SSN
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Petrovic Z. D., Hadjipavlou-Litina D., Pontiki E., Simijonovic D., Petrovic V.P.,
Diethanolamine Pd(Il) complexes in bioorganic modeling as model systems of
metallopeptidases and soybean lipoxygenase inhibitors, Bioorg. Chem., (2009) 37: 162—
166. (M23) IF 1.588 ISSN — 0045-2068.

Petrovi¢ Z. D., Hadjipavlou-Litina D., Petrovi¢ V.P., New Pd(Il)-mechlorethamine
complex: Synthesis, NMR study of hydrolytic activity and in vitro evaluation of
antiradical property of new complex and its alkylating precursor, J. Mol. Lig. (2009) 144:
55-58 (M23) IF 1.278ISSN: 0167-7322.

Ivan Gutman, Svetlana Jeremic, Vladimir Petrovic, Extending the phenyl-
cyclopentadienyl rule, Ind. Jour. Chem. (2009), 48A, 658-662. (M23) IF 0.617
ISSN:0376-4710.
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Abstract The use of well-defined trans-dichlorobis(dieth-
anolamine-N)palladium(II) complex (trans-[PdCl,(DEA),])
as a new, modern, and effective Heck precatalyst is reported.
The mechanism of the key, initial steps of the reaction, i.e.,
the formation of the Pd(0) complex, is examined using
density functional theory.

Keywords Reaction mechanism - Pd(II) precatalyst -
Amino alcohol - Quantum chemical calculations

Introduction

The palladium-catalyzed arylation of olefins, known as the
Heck reaction, deserves considerable attention due to its
synthetic versatility [1]. In the past decade, phosphine-free
Pd complexes have been introduced as a less complicated
and environmentally more desirable alternative to original
Pd—phosphine catalysts [2]. However, nitrogen- and sulfur-
based palladacycles [3, 4], Pd complexes of N,S-based
carbenes and N-heterocyclic compounds [5-7] have been
associated with high-cost multistep syntheses and consid-
erable sensitivity of the ligands towards air and moisture.
In addition, very little is known about the molecular
structure of Pd(0) complexes, which have been generally
accepted as the catalytically active form [8, 9].

Amino alcohols and amino acids have been widely used
as O,N-ligands for the synthesis of different metal-organic
compounds and catalysts [10-16]. Triethanolamine has
proved to be an efficient base and reaction medium for

Z.D. Petrovi¢ - S. Markovi¢ (0<)) - D. Simijonovié -
Faculty of Science, University of Kragujevac,
34000 Kragujevac, Serbia

e-mail: mark@kg.ac.yu

V. Petrovié¢

phosphine-free Heck reactions [17]. The recently syn-
thesized frans-dichlorobis(diethanolamine-N)palladium(II)
complex (trans-[PdCl,(DEA),], 1) [14] contains both the
necessary amine (diethanolamine, DEA) and Pd(II). For
this reason we assume that it can be used as a precatalyst in
phosphine-free Heck reactions in the presence of strong
and weaker bases. Herein, we report the use and a pre-
liminary mechanistic study of the preactivation step of 1.
More precisely, we investigate the possible intramolecular
reduction of Pd(II) to Pd(0) using experimental and com-
putational methods.

Results and discussion

When a reaction is performed in the presence of a strong
base, it can be expected that a proton of the OH group will
be abstracted from 1 (Fig. 1). In this way, the anion 2 would
be formed. We assume that a hydrogen bonded to the car-
binol C atom can be coordinated to Pd(II) [9, 18], thus
forming 4 via transition state 3 (Fig. 1). This transformation
can be followed by the reductive elimination of HCI, pro-
ducing 5. Complex 5 contains Pd(0), and so it should be a
catalytically active species in the Heck reaction. To confirm
our assumptions, we performed preliminary computational
and experimental investigations.

The optimized geometries of 2 and 3 are presented in
Fig. 2, whereas some crucial bond distances for structures
1-5 are given in Table 1.

Our calculation of 1 yields a structure with bond dis-
tances and angles consistent with the crystallographic
experimental data (Table 1) [14]. Following the consider-
ations presented above (Fig. 1), HI is removed from 1 as a
proton, and the structure thus obtained is optimized (2 in
Fig. 2). The atomic polar tensor (APT) [19] charge

@ Springer
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1 2 3 Table 1 Selected bond distances for the species under consideration
R Cl 1l 'R R‘ CI. 1l ,R - R CL M ‘R - -
H‘N—I‘:’\d—NH — HNh—P\d—NH — HN--Rd—NH Dist. (nm) 1 2 3 4 5
. ; g R © R
H,C ¢l R HaC cl HoC H cl Pd-Cl1 0.2376 0.2405 0.2396 0.2392 0.2385
CH, H-C-H H-C--
o ('3'3 N Pd-CI2 0.2376 0.2408 0.2396 0.2408 -
AT v Pd-N1 02116 02111 02453 - -
4 5 Pd-N2 0.2116 0.2123 0.2247 0.2325 0.2191
- Cly RI o RJ| C1-H2 0.1098 0.1117 0.1201 - -
H H—Rd—NH ' Cl—Pd—NH Pd-H2 0.2866 0.2603 0.2056 0.1536 -
R-N-CH,-CHO Ccl R| HC R

Fig. 1 Proposed mechanism of the preactivation process of trans-
[PACI,(DEA),] precatalyst. R = -CH,CH,OH

distribution of 2 shows that positive charge is distributed
among palladium (0.765), carbons, and some hydrogens,
whereas negative charge is distributed among all other
atoms. The C1-H2 and C1-H3 bonds become particularly
polarized, with the APT charges on C1, H2, and H3 of
0.700, —0.127, and —0.231, respectively. In addition, the
greatest contributions to the HOMO of 2 come from Ol,
H2, and H3 (Fig. 2). Thus, one can expect that H2 will
perform a nucleophilic attack on palladium, because its
position is the most favorable. This attack leads to the
formation of transition state 3 (Fig. 2), with an energy
barrier of 83.0 kJ/mol. Here, the C1-H2 and Pd-N1 bonds
are being broken whereas the Pd—H2 bond is being formed
(Table 1). The negative charge on H2 is slightly increased
(—0.167). Subsequently in the reaction, H2 coordinates
with palladium as a hydride ion (4 in Fig. 1; Table 1). The
Pd-N1 and C1-H2 bonds are completely broken, implying
that dehydrogenated DEA is eliminated. In the basic
environment, 4 undergoes reductive elimination, thus
forming 5.

If a strong base is not present in the reaction mixture,
then the initial abstraction of a proton from an alcoholic
OH group does not occur. Our calculations show that a
transformation of 1 involves the formation of 4 and

Fig. 2 Optimized geometries of
crucial participants in the
preactivation process of trans-
[PdCI»(DEA),]: 2 with the
depicted HOMO (left), and 3
(right)

@ Springer

iminium ion (HOCH,CH=NHCH,CH,OH)", via a transi-
tion state which requires significantly higher activation
energy. The complete reaction path, as well as solvent
effects, will be reported elsewhere.

Our predictions, obtained by means of DFT calculations,
were confirmed by performing Heck reactions catalyzed
with 1 in the presence of a weak and a strong base. The
results of our experiments are presented in Table 2.

At first, the reactions are performed with the equimolar
ratio of the reactants in the presence of DEA as a weak
base and 1 mol% of complex 1 (synthesized according to
the recently established procedure [14]), at 110 °C. In
order to increase the reaction rate, NaOEt is used instead of
DEA. It is established that the use of this strong base sig-
nificantly decreases the reaction time from 8 to 4 h for
iodobenzene, and from 11 to 6 h for bromobenzene. The
desired coupling products are obtained in good yield
(Table 2).

The considerable stability of complex 1 towards air and
moisture and the simplicity of the reaction procedure make
the investigated reactions desirable alternatives to original
reactions catalyzed with Pd-phosphine. The obtained
reaction products confirm that 1 really acts as an effective
precatalyst in the examined Heck reactions. In addition, our
experimental results show that the formation of the new
C—C bond between the aromatic ring and olefins does
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Table 2 Reactions between olefines and aryl halides catalyzed by
trans-[PdCl,(DEA),]

trans—[PdCly (DEA), | 1mol%
C¢HsX + CH,=CHR ————— C¢HsCH=CHR

6:R = Cgls; 7: R = COOCH3; 8: R = COOC,Hs; 9: R = COOC,H,

Entry Organic halide R Base Time (h) Yield (%)°
1 CgHsl C¢Hs DEA* 8 75
2 CeHsl CeHs NaOEt® 4 72
3 CgHsl COOCH; DEA 8 75
4 CgHsl COOCH; NaOEt 4 71
5 CgHsl COOC,H; DEA 8 80
6 CgHsl COOC,Hs; NaOEt 4 76
7 CgHsl COOC4Hy DEA 8 81
8 CgHsl COOC4Hy NaOEt 4 80
9 CgHsBr CeHs DEA 11 82
10 CgHsBr CeHs NaOEt 6 81

* DEA (0.25 mmol) at 110 °C
° NaOEt (0.2 mmol) at 100 °C
© Isolated yield; only the trans product was detected by "H NMR

indeed occur faster in the presence of the strong base,
which is in agreement with our theoretical and computa-
tional predictions.

Materials and methods

GC analyses were performed with an Agilent (Palo Alto,
CA, USA) 6,890 N (G 1,530 N) instrument (Serial#
CN10702033), with a capillary apolar column. 'H and '*C
NMR spectra were run in CDCl; on a Varian Gemini
200 MHz spectrometer. IR spectra were recorded on a
PerkinElmer (Waltham, MA, USA) Spectrum One FT-IR
spectrophotometer. Silica gel 60 (Merck, Darmstadt, Ger-
many; particle size 0.063—-0.200 mm) was used for column
chromatography. The compounds: PdCl,, DEA, aryl
halides and olefins were obtained from Aldrich Chemical
Co. (St. Louis, MO, USA).

The reactions of olefins and aryl halides in the presence
of trans-[PdCl,(DEA),] were performed in the following
way. To a magnetically stirred solution of 1 mol% of PdClI,
in 2 cm® of ethanol, 2 mol% of diethanolamine at room
temperature is added. Stirring is continued at 50-60 °C for
half an hour. After the evaporation of EtOH in vacuo, the
orange complex 1 is obtained. Crystallographic data have
been deposited with the Cambridge Crystallographic Data
Centre. Copies of the information may be obtained free of
charge from the Director, CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (Fax: +44-1223-336033; E-mail:
deposit@ccdc.cam.ac.uk or URL: http://www.ccdc.cam.
ac.uk), quoting the deposition number CCDC299671.

The crystal structure determination of trans-[PdCl,
(DEA),], as well as selected bond distances, bond angles
and hydrogen bonds, are presented in [14].

Aryl halide (1 mmol), activated olefin (1 mmol) and
0.026 g DEA (0.25 mmol) are then added to the same
reaction flask. The reaction mixture is stirred and heated at
110 °C for 8 h in the case of iodobenzene, and 11 h in the
case of bromobenzene. After cooling the reaction mixture
to room temperature, CH,Cl, (7.0 cm?) is added to extract
the product. The organic phase is washed with water, and
the aqueous layer is extracted with dichloromethane
(2 x 10 cm®). The combined organic layers are dried over
anhydrous sodium sulfate, and then the solvent is evapo-
rated in vacuo. When reactions are performed in the
presence of strong base, equimolar ratios of aryl halide
(1 mmol) and activated olefin (1 mmol), 1 mol% trans-
[PAC1,(DEA),], and 0.20 mmol NaOEt are mixed. The
reactions are performed at 100 °C, in CH;CN as solvent
(1 cm?), for a duration of 4 h for iodobenzene, and 6 h for
bromobenzene.

The reactions were monitored and analyzed with GC
chromatography and 'H NMR spectroscopy. Reaction
products were purified with column chromatography (silica
gel; ethylacetate:dichloromethane = 1:1). The known cou-
pling products were analyzed and characterized on the basis
of their spectroscopic data, and by comparing these data to
the spectra of the commercially available compounds.

All calculations were conducted using Gaussian03 [20]
with the B3LYP hybrid functional [21, 22]. The 6-31G(d)
basis set was used for C, H, O, N, and Cl, and LANL2D-
Z + ECP [23] was employed for the Pd center. Geometrical
parameters of all investigated species were optimized in
vacuum. All calculated structures were verified as being local
minima (all positive eigenvalues) for ground-state structures
or first-order saddle points (one negative eigenvalue) for
transition-state structures by frequency calculations.
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Abstract The mechanism of the preactivation process of
trans-dichlorobis(diethanolamine-N)palladium(II) complex
is investigated using density functional theory. The role of
diethanolamine (a solvent for the reaction in the absence of
a strong base) and acetonitrile (solvent for the reaction in
the presence of a strong base) is analyzed by using a dis-
crete model. The Onsager model is applied to assess the
effect of the bulk medium. Both models show that dieth-
anolamine activates the complex and thus is a better suited
solvent for the Heck reactions of the investigated complex.

Keywords Reaction mechanisms -
Quantum chemical calculations - Trans-[PdCl,(DEA),] -
Solvent effects

Introduction

The Heck reaction, i.e., the palladium-catalyzed arylation
of olefins, has been attracting much attention [1-8], and a
Pd(0) complex has been generally accepted as the cata-
lytically active form [9, 10]. Oxidative addition and
reductive elimination, important steps in the Heck reaction
mechanism, have been subjects of numerous experimental
[11-17] and computational studies [16-22]. On the other
hand, the mechanism of the preactivation process, where
the Pd cation is reduced to Pd(0), has not been completely
elucidated. In addition, very little is known about the
molecular structure of the Pd(0) complex.

S. Markovi¢ (X)) - Z. D. Petrovi¢ - V. Petrovié
Faculty of Science, University of Kragujevac,
34000 Kragujevac, Serbia

e-mail: mark@kg.ac.yu

In our previous study, the recently synthetized trans-
dichlorobis(diethanolamine-N)palladium(II) complex (trans-
[PACI,(DEA),] (1)) [23] has been used as a catalyst precursor
in phosphine-free Heck reactions [24]. The reactions
between different olefins and aryl halides catalyzed with 1
have been carried out in the presence of a weak (diethanol-
amine) and strong (NaOEt) base, and a mechanistic study of
the intramolecular reduction of 1 in the presence of a strong
base has been performed. In [24] the mechanism of the
preactivation process of 1 in the presence of a weak base as
well as the solvent effects on the preactivation reaction per-
formed in the presence of the weak and strong bases have not
been studied in detail. The aim of this work is to fill this gap.

Results and discussion

The first part of our investigation is devoted to the trans-
formations of 1 in the presence of a weak base. The
proposed mechanism for the reaction performed in the
presence of a weak and strong base is presented in Fig. 1
(pathways A and B).

It is reasonable to expect that polar molecules of
diethanolamine (solvent for the reaction in the absence of a
strong base [24]) and acetonitrile (solvent for the reaction
in the presence of a strong base [24]) form hydrogen
bondings with polar groups of the solutes and possibly
influence the preactivation reaction course. The second part
of our work is devoted to the influence of these two sol-
vents upon the mechanism of the preactivation reaction of
1. The role of solvents in the energy and geometry of
relevant stationary and saddle points is analyzed by using
discrete model. The solvent is simulated by adding discrete
molecules of diethanolamine and acetonitrile. The Onsager
model is used to assess the effect of bulk medium.
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Preactivation reaction in the presence of a weak base

As expected, the initial abstraction of a proton from an
alcoholic OH group in 1 does not occur in the absence of a
strong base. Instead, a hydrogen bonded to the carbinol C1

Pathway A Pathway B
R Cl R
Hon HN— Rd-NH R-CLI R R Gu R
HE O i R T ma & R Y HN—RA-NH —>  HiN---Rd-NH
H—,c--H»-Pd\—Nﬁ—H CHy H* :ngCI R :2(03 —H"CI R
HO ¢ 1 S 2 G 3
Cl O\H O’J 6
H
R-N-CHy CHO
Cy R
H—Rd-NH
®\ ¢ R
R-N=C-CH,~OH 4
HH l‘ Hel
o R
Cl—Pd-NH
5 R

Fig. 1 Proposed mechanism of the preactivation process of trans-
[PACI,(DEA),] (1). Pathway A in the presence of a weak base;
pathway B in the presence of a strong base. The notation in pathway B
is identical to that used in [24]. R = -CH,CH,OH

Fig. 2 Optimized geometries of
trans-[PdCl,(DEA),] (1),
transition state 6, and
intermediates 4 and 5

@ Springer

atom (Fig. 2) coordinates to Pd(Il) [9, 25], thus forming 4
and an iminium ion, via transition state 6 (Fig. 1). This
process requires an activation barrier of 111.8 kJ/mol,
which is higher than that observed in the reaction per-
formed in the presence of a strong base by 28.8 kJ/mol
[24]. The further course of the reaction is identical to that
of the reaction performed in the presence of a strong base
and involves reductive elimination of HCI, where the cat-
alytically active anion 5 is formed. The optimized
geometries of 1, 6, 4, and 5 are presented in Fig. 2, whereas

Table 1 Selected bond distances for transition state 6

Dist./nm
Pd-Cl1 0.2367
Pd-CI2 0.2352
Pd-N1 0.3491
Pd-N2 0.2088
Pd-H2 0.1822
Cl1-H2 0.1137

The crucial bond distances for 1, 4, and 5 are provided in [24]

NI
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the selected bond distances for 6 are given in Table 1. The
values of electronic energies, enthalpies, and free energies
for 1 and 4-6 are provided in Table 2.

The natural bond orbital (NBO) analysis of 1 reveals
covalent bonds between the Pd and Cl atoms, whose hybrid
composition is: O.42(sp2'2d1‘2)pd + 0.91(sp5)c1. A 3-center

Table 2 Total energies (E), enthalpies (H**®), and free energies (G**®) of
the participants in the preactivation reaction of trans-[PdCl,(DEA),] (1) in
the absence of a strong base

Species 1 6 4 5

—E/a.u. 1,775.343703  1,775.298281 1,411.935525 951.081853
—H*%/au. 1,775.318838 1,775.273562 1411919756 951.068273
—G*%au.  1,775.400576 1,775.357981 1,411.980620 951.123487

Fig. 3 Optimized geometries of
the solvated trans-
[PACI,(DEA),] complex (7),
deprotonated trans-
[PACI,(DEA),] complex (9),
and corresponding transition
states (8 and 10)

N1-Pd-N2 hyperbond is observed. There is strong donation
of density from the lone pairs on the N atoms to the
adjacent ¢* antibonding Pd-N orbitals, in accord with the
usual chemical picture of 3-center 4-electron hyperbonds.
In 6 palladium forms the following covalent bonds:
0.42(sp*°d"*)pg + 0.91(sp®Hcrr, 0.43(sp>3d')pg + 0.90
(sp6'5)c]2, and O.43(sp°‘1d0'9)pd + O.90(sp5'3)N2. There is a
weak C1-H2 bond with an occupancy of 1.87 and hybrid
composition 0.73(sp3'7)Cl + 0.68(s)y2. A predominant p
character in sp hybridization on C1 with little s mixing is
noticeable. This bond delocalizes into the formally empty,
almost pure p orbital of palladium. In the further course of
the reaction, this electron pair is used for the formation of
the Pd-H2 bond in 4. In 4 palladium forms covalent
bonds with the CI atoms (0.40(sp>>d"?)pq + 0.92(sp**)c1)
and with H2 (0.71(sp0'2d1‘0)pd 4+ 0.70(S)io. There is no
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covalency between the Pd and N2 atoms. Instead, the lone
pair on N4 (sp”' orbital with an occupancy of 1.80)
donates density to the formaly empty, almost pure p orbital
on palladium, and to the ¢* antibonding Pd-H2 bond. In 5§
palladium is approximately sp hybridized and forms
covalent bonds with nitrogen and chlorine. ¢ bonding
Pd-Cl1 orbital is delocalized to ¢* antibonding Pd-N2
orbital, and ¢ bonding Pd-N2 is delocalized to ¢* anti-
bonding Pd-CI1 orbital.

Solvation models

To examine the solvent effects on the preactivation reac-
tion of 1, a discrete diethanolamine molecule is added to
both 1 and 6, so that it is placed next to the reactive center.
The so-obtained structures are fully optimized without any
movement restriction (7 and 8 in Fig. 3). Following the
same procedure, a molecule of acetonitrile is added to 2
and 3. In this way, the structures 9 and 10 are obtained, and
they are also depicted in Fig. 3. Selected bond distances for
7-10 are presented in Table 3, whereas the values of
electronic energies, enthalpies, and free energies are pro-
vided in Table 4.

Figure 3 and Table 3 show that in all cases the formed
arrangements are controlled with hydrogen bonds between
the solute and solvent molecules (O2-H1 in 7 and 8; O1-H5
in 9 and 10; O3-H6 in 10). The sum of the free energy
values of 2 and acetonitrile is higher than that of 9 by
18.1 kJ/mol. This fact implies that on solvation in aceto-
nitrile, the deprotonated complex becomes stabilized, and

Table 3 Selected bond distances in the solvated trans-[PdCl,(DEA),]
complex (7), deprotonated complex (9), and corresponding transition
states (8 and 10)

Dist./nm

7 8 9 10
Pd-Cl1 0.2378 0.2387 0.2399 0.2386
Pd-CI2 0.2378 0.2342 0.2400 0.2388
Pd-N1 0.2112 0.3666 0.2114 0.2542
Pd-N2 0.2120 0.3155 0.2125 0.2234
Pd-H2 0.3049 0.1807 0.2627 0.1943
C1-01 0.1418 0.1370 0.1365 0.1301
C1-H2 0.1094 0.1166 0.1115 0.1212
Ol-H1 0.0981 0.0992
02-H1 0.1844 0.1731
02-H3 0.0969 0.0982
O1-H4 0.1543 0.1942
03-H4 0.1038 0.0970
O1-H5 0.1785 0.1942
03-H6 0.2931 0.4639

@ Springer

Table 4 Total energies (E), enthalpies (H*%), and free energies (G*®) of
the solvated trans-[PdCI,(DEA),] complex (7), deprotonated complex (9),
and corresponding transition states (8 and 10)

Species 7 8 9 10

—FE/a.. 2,139.390285 2,139.352544
—H*?%au. 2,139.354639 2,139.317575
—G*%au. 2,139.465219 2,139.426286

1,907.512421
1,907.483935
1,907.575815

1,907.475549
1,907.446154
1,907.540919

thus slightly deactivated for the reaction. On the other
hand, the sum of the free energy values of the complex 1
and diethanolamine are lower than that of 7 by 26.7 kJ/
mol. This indicates that on solvation in diethanolamine 1
becomes activated for the reaction. In accord with this
consideration, the activation barriers required for the for-
mation of 8 and 10 amount to 102.2 kJ/mol (lowered in
comparison with 6) and 91.6 kJ/mol (elevated in compar-
ison with 2 [24]).

The Onsager model also indicates that diethanolamine
decreases, whereas acetonitrile increases the energy of
activation. Namely, the activation energies needed for the
formation of 8 and 10 are equal to 108.9 and 101.5 kJ/mol.
The computed activation energies are in accord with our
experimental results, which showed that the presence of a
strong base accelerated the rate of the examined Heck
reactions, though it slightly decreased the yields [24].

These findings indicate that diethanolamine may be a
more suitable solvent for the Heck reaction, where 1 is
used as a precatalyst, than acetonitrile. The Heck reactions
in the presence of a strong base and diethanolamine
as solvent are under experimental and computational
investigations.

Method

To provide the compatibility of the results of this work
with the findings of our previous investigation [24], we use
the same computational method. Thus, the density func-
tional theory calculations are carried out with the Gaussian
03 package of programs [26]. The minima and transition
states are fully optimized with the B3LYP hybrid func-
tional [27, 28]. The 6-31G(d) basis set is used for C, H, O,
N, and Cl, and LANL2DZ + ECP [29] is employed for the
Pd center. Natural bond orbital [30] (Gaussian NBO ver-
sion) and vibrational analyses are performed for all
structures. To describe solvent effects to the key step in the
preactivation process of 1, the microsolvated and Onsager
models are used.

Acknowledgments This work is supported by the Ministry of Sci-
ence and Environment of Serbia, project no. 142013 B and 142025.
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Abstract The mechanism of the formation of the active
Pd(0) complex from frans-dichlorobis(diethanolamine-
N)palladium(II) complex in the presence of strong base
was investigated by using density functional theory (M06
method). Our investigation shows that in the basic envi-
ronment frans-dichlorobis(diethanolamine-N)palladium(IT)
complex undergoes abstraction of the alcoholic proton, and
coordination of alkoxide oxygen to palladium. The inter-
mediate complex, in which hydrogen is coordinated to Pd,
undergoes reductive elimination of HCI, yielding the cat-
alytically active low ligated Pd(0) complex.

Keywords Heck reaction - Reaction mechanism -
Preactivation process - Catalytically active Pd(0) complex -
Density functional theory

Introduction

The palladium-catalyzed arylation of olefins, known as the
Heck reaction, is one of the most important methods for
carbon—carbon bond formation in organic synthesis [1-4].
Because of its increasingly expanding use and importance,
the Heck reaction attracts attention of both experimental
[5-9] and theoretical chemists [10-22]. Owing to the sig-
nificant synthetic versatility of palladium-catalyzed cross-
coupling reactions, the Nobel Prize for chemistry for 2010

Electronic supplementary material The online version of this
article (doi:10.1007/s00706-010-0439-5) contains supplementary
material, which is available to authorized users.

V. P. Petrovi¢ (X)) - S. Markovié¢ - Z. D. Petrovié¢
Department of Chemistry, Faculty of Science,
University of Kragujevac, Kragujevac, Serbia
e-mail: vladachem@kg.ac.rs

was awarded to Richard F. Heck, Ei-ichi Negishi, and
Akira Suzuki. On the basis of their methodologies,
numerous fine chemicals and commercially available aro-
matic substrates were produced [23].

In spite of the fact that the Heck reaction has significant
relevance in industry during the last two decades, the
complex mechanism of this reaction has not been eluci-
dated. Confusion arises, especially, when Pd(II) complexes
are used as precatalysts, generating in situ Pd(0) active
species [24]. Much effort has been devoted to the eluci-
dation of the Heck reaction mechanism [10-12], including
oxidative addition [15-21] and reductive elimination [22,
25]. On the other hand, very little is known about the
mechanism of formation and molecular structure of Pd(0)
complexes [13, 14] generally accepted as the catalytically
active forms.

In our previous studies, the trans-dichlorobis(dietha-
nolamine-N)palladium(II) complex (1), whose structure
was reported earlier [13, 14, 26], has been used as a cata-
lyst precursor in phosphine-free Heck reactions. The
reactions between different olefins and aryl halides cata-
lyzed with 1 have been studied in the presence of a weak
base (diethanolamine), strong base (NaOEt) [13, 14], and
ionic liquids (diethanolammonium acetate and diethano-
lammonium chloride) [27], where Pd(I) precatalyst was
obtained in situ. Now we wish to report a new aspect of the
preactivation reaction of the Heck catalyst precursor.

Results and discussion
Here we present the results of our investigation of the
mechanism of formation of the Pd(0) catalyst in the pres-

ence of a strong base in acetonitrile as reaction medium.
Acetonitrile was selected as solvent because it was used in
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Fig. 1 Mechanistic pathway for <4

the preactivation reaction of 2
trans-dichlorobis-
(diethanolamine-N)-
palladium(II) complex (1)

our experiments on the Heck reaction [13, 21]. The com-
putations performed under vacuum conditions are given in
the Electronic Supplementary Material.

The proposed mechanism of the preactivation of 1 is
presented in Fig. 1. First, the complex 1 undergoes
abstraction of the alcoholic H1 proton in the basic envi-
ronment, and coordination of Ol to Pd. Then, H2
coordinates to Pd and N-(2-hydroxyethyl)amino-acetalde-
hyde (C4NO,Hoy) is liberated as a solvent molecule. Finally,
the complex 4 undergoes reductive elimination, in which
Pd(II) is reduced to Pd(0) yielding low ligated complex 5.
All relevant bond distances in transition states and inter-
mediates are given in Table 1; the total energies,
enthalpies, and free energies of all relevant species are
provided in Table 1 of the Electronic Supplementary
Material.

The earlier reported results of Muzart [28] showed that
proton abstraction from the alcoholic group and oxygen
coordination to Pd(II) is possible, even in a weakly acidic
medium. Taking into account the fact that we consider the
reaction mechanism in the presence of a strong base, we
assume that HI proton abstraction from alcoholic Ol and
coordination of Ol to Pd is even more likely (Fig. 1). Our
assumption was confirmed by revealing the structures 2,

@ Springer

CaNOzHs

ci2

TS2 5

Table 1 Selected bond distances (A) in the investigated species for
the mechanism of formation of the Pd(0) complex

1 2 3 TS1 4 TS2 5

Pd-N1 2.11 2.10 2.14 2.08 2.28 2.38 2.18
Pd-N2 2.11 210 464 458 - - -
Pd-Cl1 2.38 241 242 2.39 2.40 2.98
Pd-CI2 2.38 2.41 2.41 2.38 2.40 2.38 2.41
O1-H1 0.96 1.19 - - - - -
Pd-O1 4.66 3.05 2.01 2.52 - - -
Cl-H2 1.10 - 1.11 1.10 1.17 - -
Pd-H2 2.85 3.28 3.06 1.97 1.53 1.50 -
Cl1-H2 3.73 3.91 4.74 297 2.78 2.18 -

The calculations were performed for acetonitrile as the solvent

formed by abstraction of H1 from O1, and 3 in which Ol is
coordinated to Pd (Fig. 1).

The natural bond orbital (NBO) analysis of 2 shows that
p?ds hybridized Pd forms covalent bonds with both chlo-
rines and nitrogens. The p orbitals of the ligating atoms
participate with over 80% in the bonds around palladium.
Palladium bears positive charge (0.294), while the most
negative charge is present on oxygen Ol (—0.838). The
HOMO of 2 is delocalized among several atoms, with a
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significant contribution coming from O1, while the LUMO
shows that the most electron-deficient area is around Pd
(Fig. 1 of Electronic Supplementary Material). All of these
facts indicate possible coordination of Ol to Pd. As a
result, we have revealed the structure 3 (Fig. 1).

The NBO analysis of 3 shows that the p°ds hybridized
Pd forms covalent bonds with O1 and both chlorines. The
lone pair on N1 (sp® orbital) delocalizes into the ¢* anti-
bonding Pd-O1 orbital, and into the formally empty
p orbital of Pd. Each Pd-Cl bond delocalizes into the
adjacent ¢* antibonding Pd—Cl orbital, whereas the Pd-O1
bond delocalizes into both ¢* antibonding Pd—Cl orbitals.
As a consequence, the occupancies of all palladium bonds
are low (about 1.90).

Our experience with the preactivation process of 1 [13,
14] shows that S hydrogens (in regard with Pd) have
affinity to coordinate to Pd. As in 3 H2 has the most
favorable position (Table 1), we supposed that a nucleo-
philic attack of H2 to palladium(II) is a plausible next step
of the reaction. In agreement with this assumption is the
shape of the HOMO of 3 (Fig. 2). Namely, the HOMO is
delocalized over several atoms, but a significant contribu-
tion comes from H2. Our assumption was confirmed by
revealing transition state TS1 (Fig. 1). The results of the
intrinsic reaction coordinate (IRC) calculation for TS1 are
presented in Fig. 2 of the Electronic Supplementary
Material. The formation of TS1 requires an energy barrier
of 160.1 kJ/mol. In TS1 the Pd-O1 bond is completely
broken, while Pd-H2 bond is being formed, and C1-H2
bond is being broken (Table 1). It is worth pointing out that
hydrogen is transferred from carbon to palladium as a
hydride ion. This transfer leads to the formation of the
intermediate 4 (Fig. 1) and a completely separated mole-
cule  (N-(2-hydroxyethyl)amino-acetaldehyde),  which
probably further acts as a solvent molecule. For this reason
we excluded the N-(2-hydroxyethyl)amino-acetaldehyde
molecule from further consideration.

The NBO analysis of 4 reveals that the intermediate
complex exhibits a square-planar coordination, in which Pd

Fig. 2 HOMO of 3 and HOMO
map of 5. In the HOMO map of
5 the most electron-sufficient
area is indicated in red. In the
grayscale image, the darker
region (around Pd) depicts the
greatest values of the HOMO

forms covalent bonds with both chlorines and hydrogen. As
for nitrogen, its almost pure p orbital donates density to the
formally empty p orbital (with little s and d mixing) on Pd.
The Pd-H2 orbital delocalizes into both ¢* antibonding
Pd—Cl orbitals, and vice versa.

In the further course of the reaction 4 undergoes
reductive elimination of HCI. Our investigation shows that
this step of the reaction proceeds via early transition state
TS2, which requires an activation energy of 86.7 kJ/mol.
The results of the IRC calculation for TS2 are presented in
Electronic Supplementary Material as Fig. 3. In TS2 the
Pd-H2 and Pd-CIl bonds are being cleaved, whereas
the Cl11-H2 bond is being formed (Table 1), implying that
the HCI molecule leaves the reaction system. This process
leads to the formation of the catalytically active Pd(0)
complex, the final product of the preactivation process (5 in
Fig. 1).

The NBO analysis of § reveals that palladium is ps
hybridized. The ligating atoms (chlorine and nitrogen)
participate in bonds around palladium with more than 90%.
The Pd—CI12 bond delocalizes into the ¢* antibonding Pd—
N1 orbital, and vice versa. Pd bears five lone pairs in the
d orbitals. The HOMO map of S is in agreement with this
fact, as it delineates that the most electron-sufficient area is
palladium (Fig. 2). The electronic structure of 5§ confirms
our assumption that reduction of palladium(Il) to palla-
dium(0) is achieved in the preactivation reaction. This low
ligated complex acts as a nucleophile in the further step of
the Heck reaction, i.e., oxidative addition.

Our computations performed under vacuum conditions
show that the formations of TS1 and TS2 require acti-
vation barriers of 174.4 and 101.8 kJ/mol (Table 2 of
Electronic Supplementary Material). The applied solva-
tion model (CPCM) slightly influences the structures of
the investigated species (Table 3 of Electronic Supple-
mentary Material), and lowers the activation energies. The
obtained activation barriers are in agreement with the
temperature regime of our experiments on the Heck
reaction [13, 21, 27].

@ Springer
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Methods

All calculations were carried out using the Gaussian 09
program [29] using the M06 functional. The triple split
valence basis set 6-311G(d, p) was used for C, H, O, N, and
Cl, whereas LANL2DZ+ECP [30] was employed for the
Pd centre. M06, a hybrid meta functional, is a functional
with good accuracy ‘“across-the-board” for transition
metals, main group thermochemistry, medium-range cor-
relation energy, and barrier heights [31]. The geometrical
parameters of all stationary points and transition states
were optimized for acetonitrile (¢ = 35.69) as the solvent,
using the conductor-like solvation model (CPCM) [32, 33].
All calculated structures were confirmed to be local min-
ima (all positive eigenvalues) for ground state structures, or
first-order saddle points (one negative eigenvalue) for
transition state structures, by frequency calculations. The
intrinsic reaction coordinates (IRCs), from the transition
states down to the two lower energy structures, were traced
by using the IRC routine in Gaussian in order to verify that
each saddle point is linked with two putative minima.
Evolution of relevant bonds along the reaction pathway
was estimated by using the natural bond orbital analysis
(Gaussian 09 version) [34].
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diethanolamine (DEA) as a weak base, and NaOEt as a strong base. It was established that the presence
of NaOEt slightly lowered the yields, but significantly accelerated the reactions. This experimental finding
is in agreement with our computational investigation that shows that significantly higher activation bar-
rier is required for the preactivation reaction in the presence of a weak base than in the presence of a
strong base. The reaction between the catalytically active DEA-Pd(0)-Cl complex, formed in the preacti-
Oxidative addition vation reaction, and iodobenzene was investigated using density functional theory. Two mechanisms for
Diethanolamine palladium complex the oxidative addition of the activated complex were found. The first mechanism is based on a nucleo-
Density functional theory philic attack of Pd on I of iodobenzene, and yields an intermediate tetracoordinated Pd complex (al2).
The second mechanism begins with a nucleophilic attack of Pd on the benzene ring, and yields a tricoor-
dinated intermediate complex (bl4). It was concluded, on the basis of structural and energetical proper-
ties of al2 and bl4, that the second mechanism is significantly more favorable. It was shown that the
oxidative addition requires noticeable lower activation energy than that required for the preactivation
process. Thus, our investigations indicate that oxidative addition is not the rate determining step for
the Heck reactions investigated in this work, but preactivation step.

© 2009 Elsevier B.V. All rights reserved.

Keywords:
Heck reaction

1. Introduction process. Oxidtive addition usually involves coordinatively unsatu-
rated Pd(0) complexes [15-17,21-23]. A lot of work has been de-
Organic reactions catalyzed with transition metals usually oc- voted to the elucidation of the -catalytic pathways where

cur in series of steps. In each step, there are reactive intermediates phosphines are used as ligands [14-18,22-24], whereas the results
as products, of which at least one contains ¢ carbon-metal bond. A regarding non-phosphine ligands are scarced [19,20,25-31].
class of such reactions includes palladium-catalyzed cross-cou- Hence, the aim of this experimental and DFT study is to investigate
pling reactions of arylation of olefins, known as the Heck reactions possible ways of oxidative addition of aryliodides to the preactivat-
[1-7]. These reactions have major impact on organic chemistry due ed Pd(0) complex (DEA-Pd(0)-Cl).

to their significant synthetic versatility [8-10].

In our previous studies [11,12] we have elaborated the preacti-
vation steps of a phosphine-free Heck reaction, where as a precat-
alyst we used trans-dichlorobis(diethanolamine-N)palladium(II)
complex (trans-[PdCl,(DEA),]). Synthesis and structural character-
ization of this complex has been reported in Ref. [13]. It was estab-
lished that DEA-Pd(0)-Cl was obtained in the preactivation
process of the investigated reaction (step a, Scheme 1).

The next step in the Heck catalytic cycle is oxidative addition of
aryl halide to Pd(0) species. This step has been the subject of much
investigation [14-21], and is considered to be the rate determining

2. Results and discussion

Our recent experimental works confirmed that the trans-
dichlorobis(diethanolamine-N)palladium(Il) complex can be useful
precatalyst in phosphine-free Heck reactions [11]. The mechanism
of the initial preactivation process, solvent effects, and acceleration
of the reaction induced with a strong base (NaOEt), were examined
using density functional theory (DFT) [12]. It was deduced that the
DEA-Pd(0)-Cl complex is obtained in step a of the reaction, and
that it is catalytically active form (Scheme 1).

Now we investigate possible mechanistic pathways for oxida-
tive addition, (step b in Scheme 1), of aryl iodides to the low-li-
~ * Corresponding author. gated diethanolamine palladium(0) complex. It is believed that

E-mail address: zorica@kg.ac.rs (Z.D. Petrovic). oxidative addition is crucial and rate determining step of the Heck

0022-328X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2009.07.043
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Scheme 1. Proposed mechanism for the catalytic cycle of the Heck reactions where
trans-[PdCl,(DEA),] is used as a precatalyst.

reactions, and therefore, very interesting for detailed research.
Thus, we continued our assay of the Heck reactions, by performing
a set of reactions of different activated olefines and aryl iodides
with trans-[PdCl,(DEA),| as a precatalyst, in the presence of DEA
as a weak base, and in the presence of NaOEt as a strong base.
The results of our experiments are presented in Table 1.

When the reactions were performed in the presence of DEA,
2 mol% of the trans-[PdCl,(DEA),] complex was used at 110 °C.
Reaction time of 12 h for iodobenzene, and 14 h for iodoanisole,
was necessary to achieve good reaction yields. In order to increase
the reaction rate, NaOEt was used instead of DEA. It was estab-
lished that the use of 2 mol% of trans-[PdCl,(DEA),] and NaOEt, sig-
nificantly decreases the reaction time, from 12 to 8h for
iodobenzene, and from 14 to 10 h for iodoanisole, and that the de-
sired coupling products 1-8 were obtained in good yields (Table 1).
Moreover, when the reactions were perfermormed in the presence
of DEA, as weak base, coordinating ligand and solvent, the yields of
the reaction products were higher and catalyst precursor could be
recovered and recycled. The precatalyst trans-[PdCly(DEA),] was
recycled two times without significant loss in activity (the yields
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of coupling products were to 5% lower). Table 1 shows that the
yields of the coupling products are slightly lower for the reactions
performed with NaOEt. When iodoanisole was used as electron-
rich, and therefore less reactive aryl iodide, a certain amount of
unreacted substrate remained in the reaction mixture, that directly
results in lower product yields. In the case of the reactions where
DEA was used as base and solvent, polymerization reaction was ob-
served as competitive reaction (the polymerizations of acrylates by
neutral palladium complexes are known in literature [31-33]). The
competitive polimerization reaction, as well as electron-withdraw-
ing and electron-donating substituent effects of different aryl io-
dides will be further examined.

Considerable stability of trans-[PdCl,(DEA),] towards air and
moisture, and simplicity of reaction procedure make investigated
reactions atractive way of formation of new C-C bond between
aromatic ring and activated olefins. Our experimental finding, that
these versatile reactions occur faster in the presence of a strong
base, is in agreement with our computational investigation that
shows that significantly higher activation barrier is required for
the preactivation reaction in the presence of a weak base
(111.8 kJ/mol [12]) than in the presence of a strong base (83.0 kJ/
mol [11]). We assume, on the basis of these facts, that the preacti-
vation process is the rate determining step for the Heck reactions
investigated in our laboratories. The purpose of our further compu-
tational research is to find out the activation energy for the
oxidative addition, and compare it to those required for the preac-
tivation reaction.

2.1. DFT study of the oxidative addition of iodobenzene to the DEA-
Pd(0)-Cl complex

The reaction between the activated complex and iodobenzene
was investigated using a DFT method. Two mechanisms for the
oxidative addition of the activated complex were found. The gen-
eral outline of these mechanisms is presented in Scheme 2. The
first mechanism begins with a nucleophilic attack of palladium
on iodine, thus forming the intermediate tetracoordinated complex
(al2 in Scheme 2) via intermediate al1 and transition state aTS1
(pathway A). The second mechanism begins with an attack of pal-
ladium on benzene ring, and proceeds via transition states bTS1,
bTS2, bTS3, and bTS4, and intermediates bl1, b2, and bI3 (pathway
B). The tricoordinated intermediate complex (bl4) is here yielded.

The optimized geometries of all transition states are presented
in Fig. 2. The selected bond distances and bond angles of transition

Table 1

Reactions between activated olefins and aryl iodides catalyzed by trans-[PdCl,(DEA);].
Entry Arl R Base Time (h) Product number Yield (%)°
1 CeHsl CeHs DEA? 12 1 87
2 CeHsl CeHs NaOEt” 8 82
3 CeHsl COOCH; DEA 12 2 88
4 CeHsl COOCH;3 NaOEt 8 80
5 CeHsl COOC,Hs DEA 12 3 87
6 CeHsl COOC,Hs NaOEt 8 83
7 CgHsl COOC3H7; DEA 12 4 86
8 CeHsl COOCsH; NaOEt 8 82
9 CeHsl COO0C4Hq DEA 12 5 90
10 CeHsl COO0C4Hq NaOEt 8 87
11 CeHsl COOCsH14 DEA 12 6 86
12 CeHsl COOCsH14 NaOEt 8 82
13 CH50CgH4l COOCH; DEA 14 7 76
14 CH50CgH4l COOCH; NaOEt 10 74
15 CH30CgH4l COO0C4Hg DEA 14 8 74
16 CH50CgH4l COO0C4Hg NaOEt 10 72

¢ DEA (1 mmol) at 110 °C.
® NaOEt (0.2 mmol) at 90 °C.
¢ Isolated yield; only the trans product was detected by 'H NMR.
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Scheme 2. Proposed mechanisms for oxidative addition of iodobenzene to the DEA-Pd(0)-Cl complex. al1, al2, bI1, bI2, bI3 and bl4 stand for intermediates, whereas aTS1,
bTS2, bTS3, and bTS4 denote transition states in pathways A and B. DEA in Pathway B denotes the released molecule of solvent.

bTS3 bTS4

Fig. 1. Optimized geometries of transition states in the investigated reaction. See Scheme 1 for definition of symbols.

states and intermediates are given in Tables 2 and 3. The energetic 2.1.1. Pathway A

diagram of the transformations is depicted in Fig. 1, whereas total Fig. 3 shows the HOMO map of the activated complex and
energies, enthalpies, and free energies of all relevant species are LUMO map of iodobenzene. The HOMO map delineates the area
provided in Table 1 of Supplementary material. in the activated complex that is most electron-sufficient (Pd),
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Fig. 2. Energetic diagrams for pathways A and B. R denotes the sum of free energies for the DEA-Pd(0)-Cl complex and iodobenzene.

Table 2
Selected bond distances for intermediates and transition states in pathways A and B. See Scheme 1 for definition of symbols.
Pd-N Pd-1 Pd-Cl Pd-C1 Pd-C2 Pd-C3 Pd-C4 Cl-H1 I-C1
all 2.21 2.92 2.38 = = = = = 2.26
aTs1 2.62 2.62 2.65 2.88 - - - 235 2.20
al2 2.22 2.67 2.58 2.00 - - - 2.25 3.30
bts1 2.38 5.48 2.49 3.76 2.97 2.29 2.74 - 2.15
bil 2.44 5.57 2.64 3.67 3.01 2.13 2.19 2.31 2.15
bts2 4.50 4.94 244 3.26 2.51 2.11 2.52 3.21 2.15
bi2 4.81 4.54 2.43 3.03 2.19 2.14 2.93 2.99 2.15
bts3 6.05 3.85 2.46 2.47 2.09 2.50 3.25 2.37 2.16
bi3 4.96 3.50 2.44 2.07 2.20 3.06 3.66 291 2.23
bts4 5.06 3.24 2.47 2.00 2.51 3.48 3.97 2.29 2.32
bi4 5.99 2.66 2.41 1.96 2.91 422 4.76 2.38 3.47

Table 3
Selected bond angles for intermediates and transition states in pathways A and B. See
Scheme 1 for definition of symbols.

all Cl-Pd-N 172.1  CI-Pd-I 100.7 N-Pd-1 87.2 Pd-1-C1 173.8
aTS1 I-Pd-N 128.0 [-Pd-Cl 142.1 CI-Pd-N 90.0 [-Pd-C1 46.8
al2 I-Pd-N 178.5 C1-Pd-Cl - -
171.9
bTS1 N-Pd-Cl146.5 (C3-Pd-C4 31.1 C4-Pd-N92.4  (3-Pd-Cl 95.2
bl1 N-Pd-Cl 93.8 (3-Pd-C4 39.0 C4-Pd-N C3-Pd-Cl
117.5 108.6

bTS2 C3-Pd-Cl C2-C3-Pd 88.1 (C4-C3-Pd88.7 -

163.3
bl2 C2-Pd-Cl C3-Pd-Cl C2-Pd-C3386 -

1713 149.2
bTS3 C2-Pd-Cl C1-C2-Pd 87.3 (3-C2-Pd 883 -

163.4
bI3 C1-Pd-Cl C2-Pd-Cl C1-Pd-C2389 -

175.8 145.3
bTS4 C1-Pd-Cl I-C1-Pd 97.1 -

176.0
bl4 I-Pd-Cl 167.6 I-Pd-C1 96.1 Cl-Pd-C1 96.1 -

and agrees with the NBO analysis of the activated complex which
shows that palladium bears five lone electron pairs in the d orbi-
tals. On the other hand, the LUMO map delineates the area in iodo-
benzene that is most electron-deficient (I).

On the basis of these maps, one can expect that Pd of the acti-
vated complex will perform a nucleophilic attack on iodine of iodo-

benzene. Our calculations confirm this assumption. This step of the
reaction proceeds smoothly, with the stabilization of the system
(Table 1 in Supplementary material, and Fig. 1), and formation of
all. As expected, the NBO charge on Pd of al1 (—0.192) is increased
in comparison to that in the activated complex (—0.361), whereas
the NBO charge on I of all1 (0.104) is decreased in comparison to
that in iodobenzene (0.146). The NBO analysis of al1 reveals five
lone electron pairs in the d orbitals of Pd, where one of them shows
a low occupancy of 1.72. This electron pair delocalizes into the o
bonding 0.76(sp>%%)¢; + 0.65(p); orbital. Pd is not involved in cova-
lent bonding with the ligating atoms. Instead, there is a strong
donation of density from the sp?°® orbital of Cl, sp*%? orbital of
N, and almost pure s orbital of I to the formally empty sd®'4 orbital
of Pd. The HOMO and LUMO orbitals of al1 are presented in Fig. 2.
Both orbitals are delocalized, but the greatest contribution to the
HOMO comes from Pd, and a significant contribution to the LUMO
comes from the C1 atom. Thus, we examined a nucleophilic attack
of Pd on C1 as the next step of pathway A. This step of the reaction
occurs via transition state aTS1 (Fig. 2), requiring an activation bar-
rier of 50.7 kJ/mol. The results of the intrinsic reaction coordinate
(IRC) calculation for aTS1 are presented in Fig. 1 of Supplementary
material. As C1 approaches Pd, the simultaneous cleavage of the
C1-1 bond occurs (Table 2), and the intermediate complex al2 is
formed. al2 exhibits a slightly distorted square planar coordination
(Table 3). The NBO analysis of al2 reveals covalent Pd-C1 and Pd-I
bonds, with hybrid compositions of 0.62(sp®?2d!%8)yq +
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Fig. 3. HOMO map for the DEA-Pd(0)-Cl complex (top left) and LUMO map for iodobenzene (top right). HOMO (bottom left) and LUMO (bottom right) orbitals of al1.

0.78(sp>**)c1, and 0.51(sp®>7d®%6),4 + 0.86(sp>'?), respectively. A
low occupancy of 1.84 in the o Pd-C1 orbital is a consequence of
its delocalization into the ¢~ antibonding Pd-I orbital. Gain of occu-
pancy in this antibonding orbital can be directly correlated with a
slight weakening and elongation of the Pd-I bond, in comparison
to aTS1 (Table 2). As the phenyl group and iodine are bonded to
Pd, the oxidative addition is realized in pathway A. On the other
hand, Pd is still coordinated with Cl and DEA (Table 2), which is
confirmed with strong donation of density from the lone pairs on
Cl and N (sp*°® and sp*”7 orbitals whose occupancies are 1.78
and 1.73, respectively), to the formally empty sp*22d®%” orbital
of Pd.

2.1.2. Pathway B

It is reasonable to expect that electron-rich Pd of the activated
complex can attack the benzene ring and build a &7 complex, due
to the capability of the 7 electron system of benzene to delocalize
an excess of electrons. This assumption was confirmed with path-
way B (Scheme 2), where the mechanism begins with the coordi-
nation of Pd with the C3-C4 bond. This process occurs via bTS1
(Fig. 2), and requires an activation energy of 5.2 kJ/mol. In bI1
the NBO charge of Pd (—0.043) is higher than it is in the activated
complex (—0.361), whereas the NBO charges on the C atoms of the
benzene ring are lower than they are in iodobenzene. For example,
the NBO charges on the C3 and C4 atoms in iodobenzene amount
—0.184 and —0.203, whereas the charges of the same atoms in
bI1 are equal to —0.243 and —0.249. In addition, the NBO analysis
of b1 shows strong d*onation of density from each © bonding orbi-
tal to two adjacent © antibonding orbitals, confirming the delocal-

ization of electrons in the six-membered ring. There is also a strong
donation of density from a g orbital of Pd (with, consequently, low
occupancy of 1.63) to the = antibonding C3-C4 orbital. In the fur-
ther course of the reaction, the investigated molecular system suf-
fers a few rearrangements along the perimeter of the benzene ring,
which enable Pd to approach I (see Pd-I distances in Table 2). In
this manner intermediates bI2 and bI3 are formed via transition
states bTS2 and bTS3 (Scheme 2, Fig. 2), with the activation ener-
gies of 8.0 and 17.1 kJ/mol (Table 1 of Supplementary material,
Fig. 1). The crucial feature of bTS2 is that Pd is not coordinated with
N (Table 2). From this stage of the reaction the DEA molecule acts
as a molecule of solvent. Here we present the results of the inves-
tigation where the DEA molecule is included in the calculation, as
the hydrogen of its hydroxyl group (H1 in Scheme 2 and Fig. 1)
forms strong hydrogen bonding with the chlorine, and influences
upon the structures and energies of transition states and interme-
diates. In bI2 Pd is coordinated with Cl and the C2-C3 bond, which
is documented with the delocalization of the sp*#! orbital of Cl
(whose occupancy is 1.80) into the formally empty sp®%3d®%8 orbi-
tal of Pd (whose occupancy is 0.27), and the delocal*ization ofad
orbital of Pd (whose occupancy is 1.69) into the n antibonding
C2-C3 orbital. In bI3 there are significantly low occupancies in a
d orbital of Pd (1.64), sp?>3! orbital of Cl (1.80), and 7 bonding
0.74(p)c1 + 0.67(p)c; orbital (1.68). The lone pair on Pd delocalizes
into the 7" antibonding C1-C2 orbital, whereas the lone pair on Cl
and the m C1-C2 orbital delocalize into the formally empty
sp®2>d%%7 orbital of Pd. In the further course of the reaction
intermediate bl4 is formed via early transition state bTS4, requir-
ing an energy of activation of only 0.7 k]/mol. The main feature
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of bTS4 and 14 is that Pd exhibits a distorted trigonal coordination
(Table 3). Tricoordinated Pd complexes are known in literature
[15,16,21-23]. In bTS4 the weak Pd-C1 bond is formed. Pd is not
coordinated with C2, and the Pd-I bond is being formed. In bl4
Pd forms covalent bonds with C1 and I whose hybrid compositions
are 0.68(sp®11'd%12)pq + 0.73(sp>®)c;  and  0.47(sp®32d%71)pg +
0.88(sp>76d®%!y,. Pd is also coordinated with Cl, which is docu-
mented with a delocalization of the lone pair on Cl (sp*%® orbital
with an occupancy of 1.71) into the formally empty sp*£'d®!° orbi-
tal of Pd.

The geometries of bl2, bTS3, bI3, bTS4, and bl4 are calculated in
the absence of the DEA molecules. Their structures are presented in
Fig. 1, selected bond distances and angles are given in Tables 2 and
3, whereas total energies, enthalpies, and free energies are given in
Table 4 of Supplementary material. Comparison of these structures
to the geometries of the analogous species in the presence of DEA
undoubtedly shows strong influence of hydrogen bonds to the
course of the reaction. The presence of DEA as solvent lowers the
activation energies for the formation of all transition states in path-
way B (Tables 1 and 4 in Supplementary material). As DEA is used
as solvent in the reaction performed in the absence of a strong
base, we assume that this influence is in reality even stronger.

Comparison of the structures and energies for bl2 and bl4 re-
veals some similarities and significant differences. The Pd-C1 and
Pd-I bonds are established in both species, and there are four lone
pairs in almost pure d orbitals on Pd. On the other hand, there is
steric hindrance induced with the ligating DEA molecule in al2,
whereas Pd in bl4 is still low-ligated. The AG>*® value for bl4 is
higher than that for al2 by 25.5 kJ/mol. These facts indicate that
bl4 is more reactive and structurally more favorable for migratory
insertion step (c in Scheme 1) than al2. In addition, the energetics
of the two pathways shows that the activation energy for the for-
mation of aTS1 is considerably higher than those required for the
formation of all transition states in pathway B. Thus, we can con-
clude that pathway B provides significantly more favorable mech-
anism for the oxidative addition of iodobenzene to the DEA-Pd(0)-
Cl complex. The influence of different aryl halides and substituents
on the phenyl group is under intense examination.

Our papers on the preactivation reaction of the trans-dichlor-
obis(diethanolamine-N)palladium(Il) complex showed that this
process requires noticeable higher activation energies than those
required in pathways A and B. Thus, our investigations indicate
that oxidative addition is not the rate determining step in the cat-
alytic cycle presented in Scheme 1. A conviction that oxidative
addition is the rate determining step can be a consequence of the
fact that the activation energies for the preactivation reaction have
been provided only recently [11,12].

3. Material and methods

The reactions were monitored and analyzed with GC chroma-
tography and 'H NMR spectroscopy. GLC analyzes were obtained
with an Agilent 6890N (G 1530N) instrument (Serial #
CN10702033), with capillary apolar column. The 'H NMR spectra
were run in CDCl3 on a Varian Gemini 200 MHz spectrometer.
For column chromatography silica gel 60 (Merck, particle size
0.063-0.200 mm) was used. The compounds PdCl,, diethanola-
mine, aryl iodides and olefins were obtained from Aldrich Chemical
Co.

3.1. General procedure for the reactions of olefines and aryl iodides
catalyzed by trans-[PdCly(DEA),]

For the synthetic simplicity the catalyst trans-[PdCl,(DEA),]| was
generated and preactivated in the same reaction pot where the
Heck reaction of aryl iodide and appropriate olefin was performed.

To a magnetically stirred solution of 2 mol% of PdCl,
(0.02 mmol) in 2 cm?® of ethanol and 2 mol% of diethanolamine
(0.02 mmol) at room temperature was added. Stirring was contin-
ued at 50-60 °C for half an hour. After the evaporation of EtOH in
vacuo, the orange complex trans-[PdCl,(DEA),] was obtained. The
crystal structure determination of trans-[PdCl,(DEA),], as well as
selected bond distances, bond angles and hydrogen bonds, are pre-
sented in Ref. [13]. Aryl iodide (1 mmol), activated olefin
(1.1 mmol) and 1.05 g DEA (1 mmol), as a solvent and weak base,
were then added in the same reaction pot. The reaction mixture
was stirred and heated at 110°C for 12 h for iodobenzene, and
14 h for iodoanisole. After cooling the reaction mixture to room
temperature, CH,Cl, (7.0 cm?®) was added to extract the product.
The organic phase was washed with water and the aqueous layer
was extracted with dichloromethane (2 x 10 cm?). The combined
organic layers were dried over anhydrous sodium sulfate, and then
solvent was evaporated in vacuo. After the extraction of the prod-
ucts of the first-time reaction, ethanol was added in the reaction
flask (3 x 10 cm®) to extract catalyst. After the evaporation of eth-
anol, the starting catalyst precursor remains. The precatalyst was
reused two times without significant decrease in catalytic perfor-
mance (the yields of the coupling products were to 5% lower).
When the reactions were performed in the presence of strong base,
equimolar ratios of aryl iodlide (1 mmol), activated olefin
(1.1 mmol), 2 mol% trans-[PdCl,(DEA),], and 0.20 mmol NaOEt
were mixed. The reaction were performed at 90 °C, in CH5CN as
solvent (1 cm?), in a duration of 8 h for iodobenzene and for 10 h
for iodoanisole. The reaction mixtures were separated with column
chromatography on silica gel (dichloromethane as solvent). The
isolated known coupling products 1-8 were analyzed and charac-
terized on the basis of their spectroscopic data, and by comparing
these data to the spectra of the commercially available compounds.
The 'H NMR spectra of the products 1-8 are presented in Supple-
mentary material.

3.2. Computational details

All calculations were conducted using Gaussian03 [34] with the
B3LYP hybrid functional [35-37]. The triple split valence basis set
6-311G(d,p) was used for C, H, O, N, Cl, and I [38], whereas
LANL2DZ + ECP [39] was employed for the Pd center. Geometrical
parameters of all investigated species were optimized in vacuum.
Vibrational analysis was performed for all structures. All calculated
structures were verified to be local minima (all positive eigen-
values) for ground state structures, or first-order saddle points
(one negative eigenvalue) for transition state structures, by fre-
quency calculations. The natural bond orbital analysis [40] (Gauss-
ian NBO version) was performed for all structures. According to
this method, delocalization of electron density between occupied
Lewis type (bonding or lone pair) orbitals and formally unoccupied
(antibonding or Rydberg) non-Lewis NBOs corresponds to a stabi-
lizing donor-acceptor interaction. The strength of this interaction
can be estimated by the second order perturbation theory [41].
The Rydberg NBOs (extra-valence orbitals) have relatively small
occupancies, therefore they are omitted from the above discussion.
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1. Introduction

The palladium-catalyzed arylation of olefines, known as Heck
reaction, is one of the most important methods for carbon-carbon
bond formation in organic synthesis [1-6]. In the last decade
phosphine-free Pd complexes have been introduced as a less com-
plicated and environmentally more desirable alternative to the
original Pd-phosphine catalysts [1]. In addition, the applications
of ionic liquids as very useful substitutes for hazardous and volatile
polluting organic solvents have been put forward [7-17]. Unlike
classical salts, whose melting points are not below 800 °C, most
of ionic liquids (ILs), which also contain positively and negatively
charged ions, are liquids at room temperature. Room tempera-
ture ionic liquid (RTIL), molten salt, liquid organic salt, and fused
salt—all these terms have been used to describe new class of magi-
cal chemicals accepted from chemical industry and academia [18].
As solvents, ILs show several advantages which make them more
atractive and ecologically acceptable [19-26]: (1) They are good
solvents for a wide range of organic, inorganic and organomettalic
compouns, (2) They are polar, (3) ILs are immiscible with a num-
ber of organic solvents and provide a polar nonaqueous alternative
for biphasic catalytic systems, implying that the molecular cata-
lyst is soluble in only one phase, whereas the substrates/products
remain in the other, (4) Most of ILs are liquid up to 200°C, (5)
ILs are thermally stable (are not explosive and flammable), and

* Corresponding author. Tel.: +381 34 336223; fax: +381 34 335040.
E-mail address: zorica@kg.ac.rs (Z.D. Petrovic).

1381-1169/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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do not evaporate since they have very low vapour pressures. All
these features significantly distinguish ILs from classical volatile
and toxic organic solvents, and therefore, ILs are named green sol-
vents.

Ionic liquid as reaction medium for the palladium-catalyzed
Heck reaction was for the first-time described in 1996 [27].
But, the process of preparing effective non-phosphine ligands
and recyclable catalysts from ordinary ionic liquids was very
complex, because of their weak coordinating abilities [28-34].
Recently, some efforts have been made in order to prepare low
cost multi-functional ionic liquids that could serve as green
solvents, coordinating ligands, as well as recyclable and mobile sup-
port for palladium catalyst systems. For this reasons, researchers
started to use ionic liquids with additional functional groups
in cationic and/or anionic part of ionic liquid molecules. Func-
tional groups that can complex palladium, such as amine, amide,
nitrile, ether, alcohol, urea or thiourea [29,35-38] have been
introduced into the Ils. Such ionic liquids have been found to
demonstrate high solvation capabilities, and low viscosity. These
properties made them useful in a broader range of applica-
tions.

Here, we wish to report the use of diethanolamine (DEA)
and N,N-diethylethanolamine (DEAE) ionic liquids, which act
as green solvents, precatalyst-precursors, and mobile support
for active Pd species in phosphine-free Heck reaction proto-
col. In addition, the optimization of the ILs structures, as well
as investigation of a possible mechanism for in situ formation
of Pd precatalyst, was performed using density functional the-
ory.
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2. Experimental

2.1. Preparation of ionic liquids

Diethanolammonium  acetate  [DEAJ[HAc] (1), N,N-
diethylethanolammonium acetate [DEAE][HAC] (2),
diethanolammonium chloride [HDEA][CI] (3), and N,N-

diethylethanolammonium chloride [HDEAE][Cl] (4) were prepared
by dropping the stoichiometric amount of acetic acid or hydrochlo-
ric acid to the dichloromethane solution of corresponding amino
alcohol (diethanolamine or N,N-diethylethanolamine). The reac-
tion mixture was stirred during 2 h at room temperature. After
completion of the reaction, the resulting solution was washed with
ethyl acetate (2x 5cm?3) and ethyl ether (2x 5cm3). The organic
solvents were evaporated under reduced pressure. The residue
was dried in vacuo at 50°C for 4h to generate the corresponding
product. The prepared ionic liquids are colorless viscous liquids.

Spectral characterization of the ionic liquids:

IR (film): [DEA][HAc] (1): v=3415, 1620, 1560, 1410, 1070,
620cm~1; [DEAE][HAC] (2): v=3243, 1570, 1400, 1050, 790 cm™;
[HDEA][CI] (3): v=3344, 1622, 1448, 1063, 939 cm~!; [HDEAE][CI]
(4): v=3361, 1635, 1471, 1076, 798 cm™!.

TH NMR spectrum (200MHz, CDCl;): [DEA][HAc] (1):
8=1.962 (3H, CH3-CO, s, J=5.0Hz) ppm; 3.101 (4H, -CH,-NH,, t,
J=5.0Hz) ppm; 3.869 (4H, -CH,-0OH, t, J=5.0 Hz) ppm.

[DEAE][HAC] (2): §=1.279 (6H, CH3-CHy-, t, J=5.0Hz) ppm;
1.989 (3H, CH3-CO, s, J=5.0Hz)ppm; 3.032 (4H, -CH,-NH, q,
J=5.0Hz) ppm; 3.105 (2H, -NH-CHy, t, J=5.0Hz) ppm; 3.865 (2H,
-CH;-OH, t, J=5.0 Hz) ppm.

[HDEA][CI] (3): §=3.266 (4H, -CH,-NH, q,J=5.0 Hz) ppm; 3.891
(2H, -NH-CH3, t, J=5.0 Hz) ppm.

[HDEAE][CI] (4): §=1.445 (6H, CH3-CH,-, t, J=5.0Hz)ppm;
3.22 (4H, -CH,-NH, q, J=5.0Hz)ppm; 3.31 (2H, -NH-CH,, t,
J=5.0Hz) ppm; 3.77 (2H, -CH,-0H, t, J=5.0 Hz) ppm.

2.2. Preparation of trans-[PdCl,(DEA),] in ionic liquid

The trans-[PdCl,(DEA), | complex was synthesized starting from
PdCl; and 1 in molar ratio of 1:2. In the course of 3 h, the reaction of
1 mmol of PdCl, in 10 cm?3 of water with 2 mmol of 1, at 50-60 °C,
afforded an orange solution which was left at room temperature
for 2 days. The precipitated yellow-orange crystals were filtered
off, washed with ethanol and air-dried. The elemental analyses and
TH NMR spectrum of the investigated compound confirmed that its
structure corresponds to that of trans-[PdCl,(DEA), | complex. Cal-
culated for trans-|PdCl,(DEA),]=CgHy,Cl;N,04Pd (FW=387.58):
C, 24.77; N, 7.22; H, 5.68%; found: C, 24.83; N, 7.30; H, 5.75%. The
monitoring of the Heck reaction in ionic liquid 1 showed that the
same complex was formed a few minutes after the heating the
reaction mixture.

2.3. Preparation of [HDEA],[PdCl,] in ionic liquid

The [HDEA],[PdCl4] complex was synthesized in a similar way,
starting from PdCl, and 3 in molar ratio of 1:2. In the course of
3 h, the reaction of 1 mmol of PdCl, dissolved in 15cm3 of water
with 2 mmol of 3, at 50-60 °C, afforded an orange-brown solution
which was left at room temperature for 4 days. The precipitated
brown crystals were filtered off, washed with ethanol, air-dried
and showed a melting point of 115-116°C. Yield 0.446g (97%).
Calculated for [HDEA]z[PdCI4] =CgHyy O4N2C14Pd (FW= 460.42): G,
20.95; N, 6.09; H, 5.21%; found: C, 21.01; N, 6.13; H, 5.18%.

Spectral characterization of the complex [HDEA],[PdCl4]: 'H
NMR spectrum (200 MHz, D,0): § =, t, 3.24 (4H, -CH,-NH J = 5.2 Hz),
3.86 (4H, -CH,-0H, t, J=5.2Hz)ppm; IR (KBr): v=323, 698, 958,
1065, 1088, 1405, 1574, 2874, 3299, 3343 cm ™.

Table 1
Palladium-catalyzed Heck reaction in different ionic liquids.

Entry CeHsX R Tonic liquid Time (h) Yield (%)*
1 CgHsl COOCH3 1 12 96
2 CsHsBr COOCH;3 1 16 94
3 CgHsl COO0CyHs 1 12 95
4 CsHsBr COOC;Hs 1 16 93
5 CeHsl COOC4Hg 1 12 96
6 CsHsBr CO0C4Hg 1 17 91
7 CeHsl COOCH;3 2 13 95
8 CsHsBr COOCH;3; 2 17 92
9 CeHsl COOC;Hs 2 13 95

10 CsHsBr COO0CyHs 2 17 91

11 CeHsl CO0C4Hg 2 13 95

12 CsHsBr CO0C4Hg 2 18 90

13 CsHsl COOCH;3 3 12 90

14 CsHsBr COOCH; 3 16 88

15 CeHsl COOC;Hs 3 12 90

16 CsHsBr COOC;Hs 3 16 87

17 CsHsl CO0C4Hg 3 12 90

18 CsHsBr COO0C4Hg 3 17 86

19 CeHsl COOCH;3 4 13 89

20 CsHsBr COOCH;3 4 17 85

21 CsHsl COO0CyHs 4 13 88

22 CsHsBr COO0C;Hs 4 17 87

23 CgsHsl CO0C4Hg 4 13 88

24 C5H5Bl’ COOC4 Hg 4 18 86

2 Isolated yield; only the trans product was detected by "H NMR.

2.4. General procedure for green Heck reaction

Corresponding aryl halide (1 mmol), olefin (1 mmol), ionic lig-
uid (1.5 cm?3), and PdCl; (1.5 mol.%) (Table 1) were placed in 25-cm?
flask, and stirred at 100°C for 12-18 h. The mixture was cooled to
room temperature. The products (trans-methyl cinnamate, trans-
ethyl cinnamate, and trans-butyl cinnamate) were separated from
the reaction mixture by extraction and decantation with diethyl
ether/hexane (5:1). The combined organic layer was washed with
water and brine, dried with Na;SO4 and evaporated under reduced
pressure. The reactions were monitored and analyzed with GC
chromatography and 'H NMR spectroscopy. Reaction products
were purified by column chromatography (silica gel; ethylac-
etate:dichloromethane =1:1). The known coupling products were
analyzed and characterized on the basis of their spectroscopic data
and by comparing these data to the spectra of the commercially
available compounds. The 'TH NMR spectra of these products are
presented in Supplementary Data.

2.5. Recycling experiment after Heck reaction

After the extraction of the product of the first-time reaction, the
solvent residue of the Heck reaction (ionic liquid + Pd catalyst) was
washed with C;HsOH (3 cm3) and Et;0 (3x 3 cm3), and dried under
reduced pressure. After this treatment, catalyst-ionic liquid system
can be reused directly without further purification.

2.6. Computational method

The geometrical parameters of all stationary points and tran-
sition states were optimized in vacuum, using Gaussian03 [39]
with the B3LYP hybrid functional [40-42]. The triple split valence
basis set 6-311G(d,p) was used for C, H, O, N, and Cl, whereas
LANL2DZ + ECP [43] was employed for the Pd centre. All calculated
structures were confirmed to be local minima (all positive eigen-
values) for ground state structures, or first-order saddle points (one
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Fig. 1. Optimized geometries of ILs under investigation, with selected bond distances.

negative eigenvalue) for transition state structures, by frequency
calculations. The intrinsic reaction coordinates (IRCs), from the
transition states down to the two lower energy structures, were
traced using the IRC routine in Gaussian in order to verify that
each saddle point is linked with two putative minima. The natu-
ral bond orbital analysis (Gaussian NBO version) was performed
for all structures.

3. Results and discussion

In our previous study, the trans-dichlorobis(diethanolamine-
N)palladium(II) complex (trans-[PdCl,(DEA),]) has been used as a
precatalyst in Heck reaction [44]. The reactions between different
olefins and aryl halides with this complex have been carried out
in the presence of strong base NaOEt, in CH3CN as solvent, and in

Scheme 1. Preparation of ionic liquids [DEA][HAc] (1), [DEAE][HAc] (2), [HDEA][CI] (3), [HDEAE][CI] (4), trans-[PdCl,(DEA), ] complex, and [HDEA],[PdCl,].
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the presence of diethanolamine (DEA) as a weak base and solvent.
The mechanism of the preactivation reaction, i.e., the formation of
the Pd(0) complex, was examined using density functional theory
[44,45]. Our results showed that the yield of the cross-coupling
products was lower for the reactions performed with NaOEt. The
reason for this is a partial decomposition of active palladium
species, which was demonstrated by a small amount of palladium
black precipitate remained in the reaction flask. In the reaction
with DEA, a polymerization reaction was observed as a competitive
reaction. In order to advance this protocol, as well as to avoid the
use of toxic CH3CN and mentioned undesirable side reactions, we
decided to employ DEA and DEAE ionic liquids 1-4 in Heck reaction.
We assumed that using the investigated ionic liquids, all essential
requirements for the Heck reaction (including solvent, base, ligand
for formation of Pd precatalyst, and mobile support for Pd catalyst)
would be accomplished.

There are many studies on Heck reaction performed in the
presence of palladium bulky phosphine complexes in ionic lig-
uids (for example [27,46-49]). In comparison to these reactions,
phosphine-free Heck reaction in ionic liquids has shown numer-
ous advantages [16,50-52]. Therefore, the phosphine-free Heck
reaction in the ionic liquids and in the presence of PdCl, was stud-
ied herein. The structures of the investigated ILs were optimized
using density functional theory (Fig. 1). Our investigation shows
that there are no distinguished cations and anions in 1 and 2,
but owing to hydrogen bonding, molecular association is present.
In addition, these molecules are polar (nitrogen and oxygen bear
partial negative charge, whereas hydrogen is partially positively
charged). These properties are characteristic for molecular liquids,
and generally for ionic liquids. On the other hand, the NBO anal-
ysis reveals the N-H1 bond in 3 and N-H bond in 4, implying
that 3 and 4 consist of chloride anion and diethanolammonium
and N,N-diethylethanolammonium cations, respectively. This can
be explained with the fact that chloride anion is weaker, whereas
acetate anion is stronger base than DEA and DEAE. Bond distances
reveal strong hydrogen bonding in all ILs. The NBO analysis is in
accord with this finding. Namely, there is strong donation of den-
sity from the p orbitals on N to the o* antibonding O-H1 orbital of
1, and O-H orbital of 2. Similarly, the p orbitals on Cl delocalize into
the o* antibonding N-H1 orbital of 3, and N-H orbital of 4.

The ILs 1-4 were prepared starting from amino alcohols DEA
and DEAE (Scheme 1). When PdCl, was heated in ionic liquid
1 (|DEA][HAc]) at 55°C an orange solution was obtained, from
which, after 2 days, a yellow-orange substance crystallized. The
NMR and IR spectra, as well as elemental analysis, showed that the
structure of the obtained ionic liquid-coordinated complex corre-
sponds to that of (trans-[PdCly(DEA);]) complex (5 in Scheme 1).
The crystal structure of trans-[PdCl,(DEA),], as well as selected
bond distances, bond angles and hydrogen bonds, were provided
in [53], whereas its electronic structure was presented in [45].
However, when the reaction of PdCl, was performed with ionic lig-
uid 3 ([HDEA][CI]), the [HDEA],[PdCl4] complex (6) was obtained.
Despite the potential of the diethanolammonium cation of 3 to
coordinate to palladium, in this case palladium(II) reacts exclu-
sively with the chloride counteranion yielding complex 6.

Our finding that ionic liquids 1 and 3 coordinated well with
PdCl, motivated us to investigate the efficiency of such ionic
liquid-palladium catalytic system in green Heck reaction proto-
col. Heck reaction was also performed with PdCl, in ILs 2-4. All
these reactions were carried out in the absence of any additives.
Usually, some bases (CH30Na, CH3COONa, NaHCO3, K,COs3, Et3N,
etc.) and salt additives (phosphonium or ammonium chlorides
and bromides) have been used in Heck reaction with or without
phosphines [54-57] in order to stabilize Pd® halide species and
accelerate the olefination reaction of aryl halides. In our case ionic
liquids 1-4 are themselves bases and ammonium salts, and we

Fig. 2. Biphasic mixture of IL-Pd catalyst system (bottom layer) and diethyl
ether/hexane (top layer).

believed that they could act as stabilizing and immobilizing agents
for palladium active species. Some results with ionic liquids hav-
ing aliphatic tertiary amine pendants [58,59], substantiated our
assumption because DEAE is also a tertiary amine.

During the course of the improvement of reaction protocol, a
reaction temperature of 100°C and 1.5 mol.% of PdCl, in ILs 1-4
were found to be optimal. lodobenzene and bromobenzene were
used in the investigated reactions. A 100% conversion of the aryl
halide was reached with 99% selectivity to trans cross-coupling
products. With all used ionic liquids, a homogeneous yellow-
orange solution was formed during the reaction. The desired
products were then purified by column chromatography and iso-
lated. The yield of products obtained in Heck reaction performed in
acetate ionic liquids 1 and 2 was excellent (>94%), while the yield
of the products obtained in chloride liquids 3 and 4 was lower
(Table 1). We assume that precatalyst 6, obtained in situ during
the reaction, less readily converts to the active catalyst, since it is
coordinatively saturated by chloride ligands.

Our results indicate that this Heck protocol is advanced in com-
parison to the previous procedures performed in classical organic
reaction media [44,60]. At first, the used ILs facilitate solubility
of PdCl, and appropriate Pd(Il) precatalyst. In addition, this cat-
alytic system remains unchanged during the reaction (no palladium
black). It seems that the nature of the used ILs increases the stabil-
ity of the palladium catalyst extending its lifetime. IL-Pd catalytic
system can be easily recycled, also, and products separated via
simple extraction (diethyl ether/hexane) and decantation from
the reaction mixture. Fig. 2 demonstrates the biphasic mixture of
IL-Pd catalyst system (bottom layer), and diethyl ether/hexane (top
layer), where the solubility of the yellow-orange palladium catalyst
in the ionic liquid is clearly visible.

After extraction of the products from the reaction mixture, the
ionic liquid-palladium catalyst system was recovered and fresh
reactants were charged. IL-Pd catalytic system was recycled three
times without significant loss in activity (the yields of coupling
products were up to 5% lower).

Although it is clear that ionic liquids are useful for the green
Heck protocol, and other homogeneous catalyses, to make them
more effective, very little is known about mechanistic details of
these reactions, and their role in the precatalyst formation. For this
reason, we investigated the reaction between diethanolammonium
acetate as an ionic liquid and palladium(II) chloride using density
functional theory.
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Scheme 2. Mechanism of formation of the precatalyst trans-[PdCl,(DEA),] complex from diethanolammonium acetate (1) and PdCl,.

Table 2
Selected bond distances (in A) for the participants in the reaction between
diethanolammonium acetate and palladium(II) chloride.

PdCl,
Pd-Cl 2.32
TS1
Pd-N1 292
Pd-Cl1 2.32
Pd-CI2 2.34
N1-H1 2.16
O1-H1 0.98
7
Pd-N1 2.06
Pd-Cl1 RASE
Pd-CI2 235
TS2
Pd-N1 2.09
Pd-Cl1 238
Pd-CI2 2.36
Pd-N2 291
N2-H2 3.37
02-H2 0.97

The proposed mechanism is depicted in Scheme 2. The reaction
begins with an electrophilic attack of palladium on electron rich
nitrogen atom of 1, affording a three-coordinated intermediate 7
via transition state TS1. In the second step of the reaction palla-
dium of 7 performs an electrophilic attack on nitrogen of another
ionicliquid molecule, yielding the trans-[PdCl,(DEA), ] complex, via
transition state TS2. The optimized geometries of transition states
are presented in Fig. 3. The selected bond distances of transition
states and intermediates are given in Table 2. The total energies,
enthalpies, and free energies of all relevant species are provided in
Table 1 of Supplementary Data.

Fig. 1 in Supplementary Data shows the LUMO map of PdCl;, and
HOMO map of 1. The LUMO map delineates the area in PdCl, that
is most electron-deficient (Pd), and agrees with the NBO analysis
of PdCl, which shows that palladium bears only four lone elec-
tron pairs in the d orbitals. On the other hand, the HOMO map
delineates the areain 1 thatis most electron-sufficient (N1). In addi-
tion, the NBO charges of Pd in PdCl, (0.792) and N1 in 1 (-0.702)
indicate that palladium will perform an electrophilic attack on the
nitrogen of 1. Our assumption was confirmed by revealing transi-
tion state TS1 (Fig. 3) that requires activation energy of 75.2 k]/mol
(Table 1 of Supplementary Data). The results of the IRC calculation
for this transition state are presented in Fig. 2 of Supplemen-
tary Data. In TS1, the Pd-N1 bond is being formed, whereas the
hydrogen N1-H1 bond is completely broken (Table 2). This implies
that the acetic acid molecule leaves the reaction system as a solvent
molecule.

In this way the three-coordinated intermediate 7 is formed
(Scheme 2). The NBO analysis of 7 shows that the lone electron
pairs in the p orbitals of ligating atoms participate with over 80%
in the bonds around palladium. There is strong donation of den-
sity from each Pd-Cl bond to the adjacent ¢* antibonding Pd-Cl
orbital, and from the Pd-N1 bond to both ¢* antibonding Pd-Cl
orbitals. As a consequence, the occupancies in the bonding orbitals
around Pd are noticeable low (around 1.87). Palladium still bears
only four lone electron pairs, and thus, it is electron-deficient. The
LUMO map of 7 (Fig. 1 in Supplementary Data) is in accord with the
NBO analysis, and indicates Pd as a possible electrophilic site.

Our investigation shows that the electrophilic attack of Pd of
7 on the nitrogen of another molecule of ionic liquid 1 occurs via
transition state TS2 (Scheme 2), requiring an activation barrier of
120.6 kJ/mol (Table 1 of Supplementary Data). Similarly to the case
of transition state TS1, the Pd-N2 bond is being formed, whereas
the hydrogen N2-H2 bond is completely broken (Fig. 3 and Table 2),

Fig. 3. Optimized geometries of TS1 and TS2.
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implying again that the acetic acid leaves the reaction system. In
this way the trans-[PdCl;(DEA), ] complex is yielded.

It is worth noting that the activation energy for the formation
of TS1 was calculated as a difference between the free energy of
TS1 and the structure obtained by optimizing 1 and PdCl, together.
In a similar way, the activation energy for the formation of TS2
was calculated as a difference between the free energy of TS2 and
the structure obtained by optimizing 1 and 7 together (8 and 9 in
Fig. 3 of Supplementary Data). We suppose that the activation bar-
rier for the formation of TS2 is higher than that for the formation of
TS1 because of numerous hydrogen bonds in the structure 9. Rel-
atively high calculated activation energies can be attributed to the
fact that the calculations were performed in vacuum. We assume
that in practice, in the presence of the solvent, the activation bar-
riers are lowered.

4. Conclusion

It was found that the reaction of PdCl, with diethanolamine
and N,N-diethylethanolamine ionic liquids provides the ionic
liquid-palladium catalytic systems for green Heck reaction. Our
DFT investigation presented herein provides mechanistic insight
into the formation of the trans-[PdCl,(DEA),] complex that acts
as a precatalyst. The used ILs facilitate solubility of the Pd(II)
precatalysts, increase catalyst stability during the reaction, and
function as reaction media, bases, precatalyst-precursors, good
coordinating ligands, and mobile support for active Pd species.
Thus, Heck reaction occurs without additional solvents, ligands and
bases, that makes experimental procedure much simpler. This used
IL-Pd catalytic system is ecological friendly and can be recovered
and recycled what make it attractive and economically accept-
able.
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Abstract A mechanistic study of the formation of cin-
namates in phosphine-free Heck reactions was performed.
Pathways for migratory insertion, f-hydride elimination,
and catalyst recovery were elucidated using density func-
tional theory (DFT) methods. It was shown that catalyst
recovery is the rate-determining step of the overall Heck
catalytic cycle.

Keywords Reaction mechanisms - Migratory insertion -
p-Hydride elimination - Catalyst recovery -
Density functional theory

Introduction

Cinnamates are widely distributed in the plant kingdom.
They are synthesized by plants and are components of
essential oils. Recent studies have demonstrated that such
essential oils exhibit different kinds of biological activity,
such as antioxidative, antibacterial, antifungal, antithrom-
botic, and anti-inflammatory activity [1-5]. Synthetic
methyl cinnamate is a substance widely used as a flavor or
fragrance ingredient.

One of the most powerful modern synthetic methods for
the preparation of cinnamates is the Pd-catalyzed Heck
reaction. This reaction is one of the most versatile and
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feasible tools for C—C bond formation [6—16]. A lot of work
has been devoted to the elucidation of the catalytic pathways
where phosphines have been used as ligands [13-22].
Phosphine-free Pd complexes have been introduced as a less
complicated and environmentally more desirable alternative
to the original Pd-phosphine catalysts [§—12, 23-28].

The mechanism of the Heck reaction attracts the atten-
tion of both experimental and theoretical chemists [25-39].
It has been established that the Heck reaction proceeds
through a preactivation process where a catalytically active
Pd(0) complex is formed [25, 27, 28], oxidative addition of
aryl halide to Pd(0) species, which is considered a key step
in the mechanism of Pd-mediated cross-coupling reactions
[14-18, 21, 22, 27, 40], migratory insertion, and S-hydride
transfer/reductive elimination [41-48].

In our previous studies, we reported the efficiency of the
trans-dichlorobis(diethanolamine-N)palladium(II) complex
(trans-[PdCly(DEA),]) in the Heck coupling reaction of
different aryl halides with acrylates in the presence of
different bases [25, 27] and ionic liquids [23], and pro-
posed the mechanisms of catalyst preactivation and
oxidative addition. In a recent paper we reported the results
on the migratory insertion, fS-hydride elimination, and
catalyst recovery for the model reaction of methyl meth-
acrylate with some aryl halides [49]. These steps of the
Heck reaction have not been investigated with similar
phosphine-free Pd catalysts and substrates. This fact
prompted us to examine possible mechanistic pathways of
these reaction steps for another model reaction.

Results and discussion

The subject of the present investigation is the mechanism
of migratory insertion, f-hydride elimination, and catalyst
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recovery for the reaction of methyl acrylate with some aryl
halides (bromobenzene, iodobenzene, and iodoanisole). As
shown experimentally [23, 26-28], the products of these
reactions are cinnamates. The free energy profile for
migratory insertion and f-hydride elimination of the
investigated reactions shows that the mechanisms of these
steps are very similar (Fig. 1). For this reason, we here
present the mechanistic details for the reaction with bro-
mobenzene, whereas the other two reactions are presented
in the Supplementary Material. The proposed mechanism
for migratory insertion and f-hydride elimination is pre-
sented in Fig. 2, whereas relevant bond distances in
transition states and intermediates are given in Table 1.

As previously postulated, the oxidative addition of
iodobenzene to the catalytically active [DEA-Pd(0)-Cl]™
complex yields two possible intermediates [27]. One
can assume that oxidative addition of bromobenzene to
[DEA-PA(0)-CI] ™ will take the same mechanistic pathway,
yielding il and i2 (Figs. 1, 2). Our investigation shows that
migratory insertion begins with methyl acrylate coordina-
tion to both il and i2.

The facts that support olefin coordination to il are as
follows: LUMO of il depicts the most electron deficient
area (the Pd atom), whereas HOMO of methyl acrylate
delineates the most electron sufficient area (the double
bond) (Fig. 3). In addition, the NBO charges on Pd and C2
and C3 of methyl acrylate amount 0.25, —0.27, and —0.31,
respectively. The product of olefin coordination to il is the
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trans-coordinated intermediate i3 (Figs. 1, 2). Since i3 is
not catalytically active, we supposed that, under the reac-
tion conditions [23, 25, 27], it will isomerize into the less
stable (by 5.6 kJ/mol), but catalytically active, cis complex
i4. This assumption is well justified by experience and
presented in the literature data [31].

Taking into account the trans effect [50-52], one can
expect that the neutral DEA ligand in i2 will be substituted
with methyl acrylate [39, 40]. In accordance with this
assumption, the NBO analysis of i2 reveals that there is a very
weak donation of density from the lone pair on N (sp> orbital)
to two formally empty p orbitals of Pd. This fact indicates the
facile substitution of DEA with methyl acrylate as ligand,
which yields the cis complex i4. The obtained intermediate
exhibits square-planar coordination (Fig. 2). The NBO
analysis of i4 reveals that Pd is spd” hybridized, and forms
two covalent (with C1 and bromine) and two coordinative
(C2—-C3 7 orbital and chlorine) bonds (Table 1).

In the further course of the reaction, a concerted formation
of the new ¢ C1-C2, and cleavage of the ¢ Pd—C1 bonds
occurs (Fig. 2; Table 1). This step occurs via transition state
TS-1, which requires an activation energy of 48.8 kJ/mol
(Fig. 1). The final intermediate iS in the migratory insertion
is yielded in this way. The NBO analysis of iS5 reveals that Pd
forms two covalent ¢ bonds (Pd—C3 and Pd-Cl), and two
coordinative bonds (with Br and # C1-C4 orbital). It is worth
pointing out that coordinative interaction of Pd with =«
C1-C4 bond is particularly weak.

A\
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Fig. 1 The free energy profile for migratory insertion and f-hydride
elimination in the Heck arylation of methyl acrylate with bromoben-
zene (R = H, X = Br, solid line), iodobenzene (R = H, X =1, dashed
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line), and iodoanisole (R = OCHj3, X = I, dotted line). The energies
were calculated relative to i4, for each reaction
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Fig. 2 The proposed mechanism for the migratory insertion and
p-hydride elimination steps in the catalytic arylation of methyl acrylate

with bromobenzene. Dark gray, light gray, dark red, red, green, blue,

T2 ¢

and blue—green balls represent the carbon, hydrogen, bromine, oxygen,
chlorine, nitrogen, and palladium atoms, respectively. The same color
code is used in Figs. 3 and 4 (color figure online)

Table 1 Selected bond distances/pm in the intermediates and transition states in the Heck reaction of bromobenzene and methyl acrylate

Distance il i2 i3 i4 TS-1 i5 i6 TS-2 i7
Pd-Cl 239.4 257.3 242.9 253.8 244.8 239.4 238.4 247.2 255.0
Pd-Br 249.0 248.0 251.0 251.3 258.6 262.8 258.2 253.9 250.0
Pd-C1 195.7 199.1 199.8 201.2 209.8 233.9

Pd-C2 246.0 250.4 231.3 274.8 236.6 225.0 228.0
Pd-C3 245.2 246.2 211.3 207.9 205.7 213.5 225.0
Cl-C2 301.0 221.2 151.7 150.0 141.2 138.1

C2-H 109.5 148.0 172.3

Pd-H 184.8 156.9 153.2

The reaction further proceeds via f-hydrogen elimina-
tion. Since the f-hydrogen is distant from the Pd atom,
the structure of the intermediate i5 is not suitable for this
kind of reaction. Bearing in mind the reaction conditions
(increased temperature) [23-25, 27], and the fact that the
coordinative interaction between Pd and the n C1-C4
orbital is very weak, it is reasonable to expect that iS5 will
isomerize into an agostic complex, which is characterized
by the presence of hypovalent three-center two-electron
bonds [53, 54]. Our investigations show that the structure
of i6 is appropriate for f-hydride elimination [20, 55, 56].
In this agostic complex Pd forms two covalent bonds
(with C3 and Cl) and one coordinative bond (with Br).
The f-H in i6 is directed towards Pd, thus enabling the
formation of the three-center two-electron C—H-Pd bond.
The existence of the C2-H-Pd three-center two-electron

bond is confirmed by the NBO analysis [41] of i6. Thus,
the ¢ C2-H bond delocalizes into the formally empty sp°
orbital of Pd. As a consequence, the occupancy in the
formally empty orbital of Pd equals 0.21, and the C2-H
bond in i6 is 0.04 A longer than the corresponding bond
in i5 (Table 1). In the further course of the reaction, the
f-hydrogen undergoes transfer from C2 to the Pd center
(Figs. 1 and 2). This step of the reaction proceeds via the
TS-2 transition state, and requires an activation energy of
33.8 kJ/mol. In TS-2 the C-H bond is completely broken,
while a new Pd—H bond is being established (Table 1).
In addition, a new m bond between the carbon atoms
(C2-C3) is being formed. The product of this reaction
step is the intermediate i7. In this intermediate, Pd forms
covalent bonds with Br and H, and coordinative bonds
with Cl and the C2-C3 = orbital.

@ Springer
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Fig. 3 HOMO of il (left) and
LUMO of methyl acrylate
(right) (color figure online)

Fig. 4 The optimized structures
of the reaction products: methyl
cinnamate (left) and methyl
p-methoxycinnamate (right)
(color figure online)

Fig. 5 Reaction pathway for
catalyst recovery (color figure
online)

As a result of the trans effect, the coordinative inter-
actions with the n orbitals are particularly weak, implying
that i7 is susceptible to ligand substitution. Since DEA is a
reaction medium, it is reasonable to expect that its mole-
cule will coordinate to Pd. In this way, methyl cinnamate is
liberated as the reaction product. In the reaction with
iodoanisole, the liberated reaction product is methyl
p-methoxycinnamate. The optimized geometries of the
obtained cinnamates are presented in Fig. 4.

Besides the liberated cinnamate, the other product of
ligand substitution is the complex i8 (Fig.5), whose
structure is very similar to that of the complex examined
earlier (4 in [28]). It has been shown that 4 liberates HCI,
passing through the transition state which requires a

@ Springer

——  Pd(0) active complex

significantly higher activation energy of 101.8 kJ/mol [28].
In addition, it has been shown that the liberation of HI from
a similar complex requires an activation energy of 75.6 kJ/
mol [49]. In this paper we show that i8 also undergoes
reductive elimination, liberating HBr and yielding cata-
lytically active Pd(0) complex (Fig. 5). This reaction step
passes through the transition state TS-3, which requires an
activation energy of 79.2 kJ/mol.

Figure 1 shows that the formation of the new C—C bond
is the step of the complex Heck cycle which requires a
relatively high activation barrier. The free energy barriers
for the formation of TS-1 are 48.8, 51.6, and 57.0 kJ/mol
for the reactions with PhBr, Phl, and CH;OCgH,I,
respectively. Though very similar, these activation energies
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are not in agreement with the experimentally found yields
of the examined reactions (Phl > CH;0CgH4I > PhBr)
[23, 25, 27, 49].

Taking into account all examined steps of the Heck
reaction [27, 49], it turns out that catalyst recovery is the
rate-determining step of the overall reaction. Since the
activation barrier for the liberation of HBr is higher than
that for the liberation of HI, we conclude that the decom-
position of the i8 complex (i.e., the formation of the
catalytically active Pd(0) complex) is the step which
determines the yields of the Heck products.

Computational methods

The geometrical parameters of all stationary points and
transition states were optimized with Gaussian 09 [57],
using the CPCM model and diethanolamine as solvent
(¢ = 25.75). Tt is worth pointing out that diethanolamine
has frequently been used as solvent in our experimental
investigations. All calculations were performed using the
MO06 functional [58]. This hybrid meta functional is a
method with good accuracy “across-the-board” for tran-
sition metals, main group thermochemistry, medium-range
correlation energy, and barrier heights [58]. The triple split
valence basis set 6-311+G(d,p) was used for C, H, O, N,
Br, and CI, whereas LANL2DZ+ECP [59] was employed
for the Pd and I centers. All calculated structures were
confirmed to be local minima (all real vibrational fre-
quencies) for equilibrium structures, or first-order saddle
points (one imaginary vibrational frequency) for transition
state structures, by frequency calculations. The intrinsic
reaction coordinates (IRCs), from the transition states
down to the two lower energy structures, were traced using
the IRC routine in Gaussian, in order to verify that each
saddle point is linked with two putative minima. Natural
bond orbital analysis (Gaussian NBO version) was per-
formed for all structures, but the results for i3 are not
presented, as they are very similar to those of its isomer i4.
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Catalytic systems trans-[PdCl,(DEA), |/DEA and trans-[PdCl,(DEA), ]/[DEA][HAc], used in the model reac-
tion of methyl methacrylate with iodobenzene, 4-iodoanisole, and bromobenzene, provide homogeneous
catalysis, good regioselectivity and excellent stereoselectivity. The major product of the regioselective
reaction is internal olefin. In all examined cases the only stereoisomer of the internal olefin methyl
3-phenyl-2-methylpropenoate is the E-isomer, whereas the only stereoisomer of the double arylated

reaction product methyl 2-benzyl-3-phenylpropenoate is the Z-isomer. A DFT study, which investi-
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gates mechanistic aspects of migratory insertion, B-hydride elimination and reductive elimination of
this phosphine-free Heck reaction, is in agreement with our experimental findings.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Among palladium-catalyzed reactions, the arylation and viny-
lation of alkenes, known as the Heck reaction, is one of the most
important carbon-carbon bond forming processes [1-7]. This reac-
tion has major impact on organic chemistry due to its significant
synthetic versatility and possibility for countless complex organic
molecules to be prepared [8-10]. Over the last two decades an
impressive number of applications have been developed at the
laboratory and industry. The Heck reaction becomes more inter-
esting when the used alkene is disubstituted, what allows different
regio- and stereoselectivity. To achieve synthesis of one regio- or
stereoisomer of a trisubstituted alkene with high yield is still a
challenge in modern synthetic organic chemistry. One of the most
important and difficult targets is the control of the configuration of
the double bond, the E- and Z-selectivity.

A lot of work has been devoted to the elucidation of the
Heck reaction pathways where phosphines are used as ligands
[11-18], whereas the results regarding non-phosphine ligands are
scarce [19-22]. Mechanistically, the Heck reaction is a multistep
organic reaction, whereby at least one intermediate contains o
carbon-metal bond. The Heck reaction mechanism, which can be

* Corresponding author. Tel.: +381 34 336223; fax: +381 34 335040.
E-mail address: zorica@kg.ac.rs (Z.D. Petrovic).

1381-1169/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2012.01.007

anionic, cationic, or neutral, attracts attention of both experimental
and theoretical chemists [23-37].

The preactivation reaction of a phosphine-free Heck reac-
tion, where trans-dichlorobis(diethanolamine-N)palladium(II)
complex (trans-[PdCl;(DEA),]) was used as a precatalyst
[30-32], has recently been elaborated. It was established that
the catalytically active DEA-Pd(0)-Cl complex was obtained
in the preactivation process [30-32]. The next step in the
Heck catalytic cycle, oxidative addition of aryl halide to
Pd(0) species, is considered a key step in the mechanism of
Pd-mediated cross-coupling reactions, and usually involves
coordinatively unsaturated Pd(0) complexes [11-16,34].
The reaction further proceeds through the migratory inser-
tion and [(-hydride transfer/reductive elimination steps
[38-45].

The aim of this experimental and DFT study is to investigate
possible ways of migratory insertion, -hydride and reductive
elimination of phosphine-free Heck reaction, where a disubstituted
alkene methyl methacrylate is used as a substrate. In the Heck
reaction of aryl halides with methyl methacrylate, biologically
active and useful trisubstituted olefins with broad applications in
pharmaceutical industry (for example a-methylcinnamates) can
be obtained. These compounds show interesting physico-chemical
properties, too. In order to provide sustainable green homogeneous
catalysis, beside DEA as solvent, the ionic liquid (IL) diethanolam-
monium acetate ([DEA][HAc]) was also used as reaction
medium.
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Ar p-H2 Ar. COOCH3 B-H1 COOCH3
elimination H2 elimination .
COOCH; H1 Pld—L Ar
B L A

Scheme 1. B-hydride elimination in 1,1-disubstituted olefins.

2. Experimental
2.1. Materials

The reactions were monitored and analyzed with GC chro-
matography and 'H NMR spectroscopy. The GC analyses
were performed on an Agilent 6890N (G 1530N) instrument
(Serial # CN10702033), with capillary apolar column. The
TH NMR spectra were run in CDCl3 on a Varian Gemini
200 MHz spectrometer. For column chromatography silica gel 60
(Merck, particle size 0.063-0.200 mm) was used. The compounds
PdCl,, diethanolamine, aryl iodides, bromobenzene and methyl
methacrylate were obtained from Aldrich Chemical Co.

2.2. General procedure for the Heck reaction

Corresponding aryl halide (1.05mmol), methyl methacry-
late (1 mmol), DEA (1.0ml), or ([DEA][HAc]) (1.0ml), and PdCl,
(1.5mol%) were placed in 25-ml flask, and stirred at 110°C
for 12 and 24 h. The mixture was cooled to room temperature.
The reaction products (E-methyl 3-phenyl-2-methylpropenoate
(a), methyl 2-benzylpropenoate (b) and Z-methyl 2-benzyl-3-
phenylpropenoate (c)) were separated from the reaction mixture
by extraction and decantation with diethyl ether/hexane (5:1).
The combined organic layer was washed with water and brine,
dried with Na;SO4, and evaporated under the reduced pressure.
The reactions were monitored and analyzed with TH NMR and
GC. It appeared that the orange trans-[PdCl,(DEA),] complex was
formed after ten minutes of heating the reaction mixture, in
both reaction media - DEA or [DEA][HAc] [30,46]. The reaction
products were purified by column chromatography (silica gel;
pethrolether/ethylacetate (8:1) for the mixture of a and b, and with
pethrolether/ethylacetate (2:1) for c). After the extraction of the
product of the first-time reaction, the solvent residue of the Heck
reaction was washed with C;HsO0H (3 ml) and Et;0 (3 ml x 3 ml),
and dried under the reduced pressure. After this treatment, the
catalyst/DEA or catalyst/[DEA][HAc] system can be reused directly
without further purification [46].

The reaction products were analyzed and characterized on the
basis of their 'H NMR spectroscopic data, and by comparing these
data to the literature data [47,48] and spectra of the commercially
available compounds. The 'TH NMR spectrum of the mixture of a
and b, as well as that of ¢, are presented in Supplementary Data.

2.3. Computational methods

The geometrical parameters of all stationary points and transi-
tion states were optimized with Gaussian09 [49], using the CPCM
model, and diethanolamine as solvent (& =25.75). All calculations
were performed using the MO06 functional [50]. This hybrid meta
functional is a method with good accuracy “across-the-board” for
transition metals, main group thermochemistry, medium-range
correlation energy, and barrier heights [50]. The triple split valence
basis set 6-311+G(d,p) was used for C, H, O, N, and Cl, whereas
LANL2DZ +ECP [51] was employed for the Pd and I centers. All
calculated structures were confirmed to be local minima (all real

vibrational frequencies) for equilibrium structures, or first-order
saddle points (one imaginary vibrational frequency) for transition
state structures, by frequency calculations. The intrinsic reaction
coordinates (IRCs), from the transition states down to the two lower
energy structures, were traced using the IRC routine in Gaussian,
in order to verify that each saddle point is linked with two putative
minima. The natural bond orbital analysis (Gaussian NBO version)
was performed for all structures.

3. Results and discussion

In our previous studies we established that PdCl, upon heat-
ing in DEA or [DEA][HAc] produced an orange solution, from
which a yellow-orange substance crystallized [30,46,52]. The
NMR and IR spectra, as well as elemental analysis, showed that
the structure of the obtained crystal substance corresponds to
that of trans-[PdCl,(DEA),] complex. The crystal structure of
trans-[PdCl,(DEA), | was provided in [52], whereas its electronic
structure was presented in [31]. The trans-[PdCl,(DEA), | complex
appeared to be very efficient in the Heck coupling reaction of dif-
ferent aryl halides with nonsubstituted acrylates, in the presence
of strong and weak base [30,34], and ILs [46].

In order to test catalytic efficiency of this complex in the
Heck reaction with a 1,1-disubstituted olefin, a model reaction
with methyl methacrylate was performed. The reaction conditions
provided in situ formation of trans-[PdCl,(DEA), |. We were partic-
ularly focused on the impact of the complex, base (which also acts
as reaction medium), and reaction time on the regio- and stere-
oselectivity of such reaction. It is known that the choice of base
can affect the products distribution and rate of the Heck reaction.
The combinations of K;CO3 and DMF as solvent, NaOAc and BuzN
in DMAc, and bulky tertiary amine Cy;NMe in dioxane have been
used in various earlier attempts to carry out efficient synthesis of
stereo- and regiodefined trisubstituted olefins [47,53,54]. In our
homogeneous catalytic protocol DEA and [DEA][HAc] played role of
reaction media, bases, and precatalyst-precursors. lodobenzene, 4-
iodoanisole, and bromobenzene were used for arylation of methyl
methacrylate.

In the Heck reaction with methacrylates two possible pathways
for double-bond formation ([3-hydride elimination) are possible:
the first pathway yields the expected trisubstituted (internal)
E/Z olefin A, and the other one leads to the formation of 1,1-
disubstituted (terminal) olefin B (Scheme 1) [55].

In our model reaction the mixtures of three olefins (a, b, and c,
Fig. 1) were observed, whereby the internal olefin a was the major
product of the regioselective reaction (Table 1). Taking into account
that the olefin b suffers further Heck reaction yielding the diary-
lated olefin ¢, it can be concluded that the best regioselectivity was
achieved in the reaction with 4-iodoanisole in DEA or [DEA][HACc],
after 24 h (a:b+c¢=5:2.5). The regioselectivity of the reactions with
iodobenzene and bromobenzene was somewhat lower. The yield
of the diarylated product ¢ was the highest in the reaction with
iodobenzene, after prolongation of reaction time from 12 h to 24 h.
It should be pointed out that in all cases the only stereoisomer of
the internal olefin a is the E-isomer, whereas the only stereoisomer
of the double arylated product c is the Z-isomer. The stereoselec-
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Fig. 1. Optimized geometries of the Heck reaction products a, b, and c.

tivity was determined on the basis of the TH NMR spectra of the
isolated products.

The catalytic system IL—Pd remains unchanged during the
homogeneous catalytic reaction (orange color of the reaction mix-
ture, no palladium black) [46]. It seems that the nature of the
used IL increases the stability of the palladium catalyst, extend-
ing its lifetime. Catalyst and products of this reaction can be easily
separated via simple extraction and decantation from the reac-
tion mixture. Although it is clear that the used catalytic systems
trans-[PdCl,(DEA),; |/DEA and trans-|PdCl,(DEA),]/[DEA][HAc] are
effective in the Heck homogeneous catalysis, little is known about
mechanistic details of such reactions.

This fact provoked us to investigate possible mechanistic path-
ways for migratory insertion, $-hydride and reductive elimination,
using DFT method. The mechanisms of these relevant steps in
the Heck reaction of methyl methacrylate with all aryl sub-
strates used in our experiments (iodobenzene, 4-iodoanisole, and
bromobenzene) are mutually very similar. For this reason, we
here present the mechanism of the reaction with iodobenzene,
whereas the other two reactions are presented in Supplementary
Data.

3.1. DFT study of the model reaction

As previously postulated [34] the oxidative addition of iodoben-
zene to the catalytically active DEA-Pd(0)-Cl complex yields two
possible intermediates (1 and 2 in Scheme 2).

One can assume that migratory insertion begins with olefin
coordination to 1 or 2. Let us consider the HOMO map of methyl
methacrylate and LUMO map of 1 (Fig. 2), as well as their NBO
charges. The HOMO map delineates the most electron sufficient

Table 1
Palladium-catalyzed arylation of methyl methacrylate.

Entry Aryl halide? Solvent Time (h) Products ratio® a:b:c
1 CgHsl DEA 12 2.5:1:1
2 CgHsl DEA 24 4:1:2
3 CgHsl [DEA][HAC] 12 3.5:1:1
4 CgHsl [DEA][HAC] 24 5.5:1:2
5 CH50CgH4! DEA 12 2.5:1:0.8
6 CH30CgH41 DEA 24 5:1:1.5
7 CH30CgH4l [DEA][HAC] 12 3:1:1
8 CH30CgH4l [DEA][HAC] 24 5:1:1.5
9 CgHsBr DEA 12 2.5:1:1

10 CgHsBr DEA 24 3:1:1

11 CgHsBr [DEA][HAC] 12 3:1:1

12 CgHsBr [DEA][HAC] 24 3.5:1:1

2 About 85% of bromobenzene and 4-iodoanisole, and about 95% of iodobenzene
were converted to the reaction products.
b The products ratio determined by GC and their isolated amounts.

area in methyl methacrylate (double bond), while the LUMO map
depicts the most electron deficient area in 1 (Pd atom). The NBO
charges on Pd, and C2 and C3 of methyl methacrylate amount 0.17,
—0.30, and —0.12, respectively. These facts support possible coordi-
nation of methyl methacrylate to 1. The obtained complex 3 is trans
coordinated (Scheme 2). As known in literature [ 18] trans complex 3
isomerizes into the less stable (by 3 k]/mol), but catalytically active,
cis complex 3.

One can suppose that the Pd—N coordinative bond in 2 is par-
ticularly weak, due to the trans effect [56-58]. This assumption is
supported by the NBO analysis of 2, which shows that there is a
very weak donation of density from the lone pair on N (sp3 orbital)
to two formally empty p orbitals of Pd. As a consequence, the neu-
tral DEA ligand can be easily substituted with methyl methacrylate
[38,39], thus forming cis-3.

cis-3 exhibits square planar coordination. The NBO analysis of
this complex reveals that Pd is spd? hybridized. It forms two cova-
lent (with C1 and iodine) and two coordinative (C2—C3 m orbital
and chlorine) bonds. Low occupancy in o Pd—C1 (1.81) and o Pd—I
(1.88) orbitals is a consequence of mutual delocalization of each
bonding orbital into the adjacent ¢ antibonding orbital. Pd pos-
sesses four lone electron pairs in the d orbitals, where one of them
shows a low occupancy of 1.86. This electron pair delocalizes into
the m* antibonding C2—C3 orbital, whereas the C2—C3 7 orbital
delocalizes into the formally empty, almost pure p orbital of Pd.
There is a strong donation of density from the lone pair of Cl (sp>
orbital) to the formally empty p orbital of Pd.

The next reaction step is the formation of the new C1—C2 bond,
with simultaneous cleavage of the o Pd—C1 bond. This step occurs
via transition state 4-TS (Scheme 2), which requires activation
energy of 45.4kJ/mol, and yields the complex 5, the final interme-
diate in the migratory insertion step. The NBO analysis of 5 reveals
that Pd forms only one covalent o bond (Pd—C3), and three coordi-
native bonds (with Cl, I, and 7 C1—C4 orbital). It is worth pointing
out that coordinative interaction of Pd with 7 C1—C4 bond is par-
ticularly weak.

5 can undergo 3-hydrogen elimination in two possible ways:
one is B-elimination of H1, and the other is B-elimination of H2
(Scheme 2). Bearing in mind the reaction conditions (increased
temperature), and the fact that the coordinative interaction
between Pd and m C1—C4 orbital is very weak, it is reasonable to
expect that 5 can isomerize into agostic complexes, which are char-
acterized by the presence of hypovalent three-center two-electron
bonds [59,60]. Our investigations show that the structures of the
agostic complexes 7 and 11 are appropriate for 3-hydride elimina-
tion [18,61,62]. These complexes are formed from 5 via transition
states 6-TS and 10-TS (Scheme 2), and require the activation ener-
gies of 29.4 and 26.5k]/mol, respectively. In 7 Pd forms three
covalent bonds - with C3, Cl and I, whereas in 11 Pd forms just two
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Scheme 2. Possible pathways for migratory insertion, 3-hydride elimination and reductive elimination of the catalytic arylation of methyl methacrylate with iodobenzene.

covalent (with C3 and I), and one coordinative (with Cl) bonds. H1
in 7 and H2 in 11 are directed toward Pd, thus enabling the forma-
tion of three-center two-electron C—H—Pd bonds. The existence of
the C2—H1—Pd three-center two-electron bond is confirmed by the
NBO analysis [63] of 7. Namely, o C2—H1 bond delocalizes into the
formally empty sp? orbital of Pd. As a consequence, the occupancy
in the formally empty orbital of Pd equals 0.10, and the C2—H1 bond
in 7 is by 0.08 A longer than the corresponding bond in 5. Similarly,
there is C5—H2—Pd three-center two-electron bond in isomer 11.
Here, o C5—H2 orbital donates density to the formally empty sp3
orbital of Pd, thus increasing its occupancy (0.10), and elongating
the C6—H2 bond by 0.07 A in comparison to the corresponding bond
in5.

SR
SIS
e e

S

i

Our numerous attempts to reveal a reaction path for possible
isomerization between 7 and 11 were unsuccessful. In addition,
we were not able to locate a transition state for the formation of
the agostic complex whose B-hydride elimination would lead to
the Z product. We suppose that the isomerization is hindered by
the presence of the methyl group. On the other hand, the structure
of this complex was optimized (Fig. S1). The complex is apparently
significantly strained, and consequently, its free energy is by 10.5
and 8.8 kJ/mol higher than those of 7 and 11. These results are in
accord with the experimentally determined stereoselectivity of the
reaction.

In the further course of the reaction, the 3 hydrogens (H1 and
H2) undergo transfers from the corresponding carbon atoms (C2

Fig. 2. HOMO map of methyl methacrylate (left) and LUMO map of 1. The regions where the values of the HOMO and LUMO are greatest are indicated in blue. In the grayscale
image, the darker regions (around double bond and palladium) depict the greatest values of the HOMO and LUMO. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)



148 Z.D. Petrovic et al. / Journal of Molecular Catalysis A: Chemical 356 (2012) 144-151

60 1

4-TS

40 1

2
5

trans-3

2

AG (kJ/mol)

)
=

-40

-60

Reaction coordinate

Fig. 3. The free energy profile of the migratory insertion and 3-hydride elimination
steps in the arylation of methyl methacrylate with iodobenzene.

in 7 and C5 in 11) to the Pd center (Scheme 2). These steps of the
reaction proceed via 8-TS and 12-TS transition states, and require
the activation energies of 28.9 and 26.7 kJ/mol, respectively. In both
transition states, C—H bond is completely broken, while new Pd—H
bond is being established. In addition, a new 1 bond between car-
bon atoms (C2—C3 in 8-TS and C3—C5 in 12-TS) is being formed.
The products of this reaction step are intermediates 9 and 13. In
these intermediates, Pd forms covalent bonds with I and H, and
coordinative bonds with Cl and 7 orbital (C2—C3 in 9, and C3—C5
in 13).

The free energy profile of the migratory insertion and (3-hydride
elimination steps is depicted in Fig. 3. The diagram shows that the
rate determining step is the formation of the new C1—C2 bond,
which occurs via 4-TS. Other two pairs of transition states (6-TS
and 10-TS; 8-TS and 12-TS) require mutually very similar activation
energies, which are noticeable lower than that for the formation of

4-TS. It can be concluded that relatively low activation energies for
6-TS-12-TS enable both reaction paths, leading to the formation of
9 and 13, and further of a and b.

Due to the trans effect, the coordinative interactions with
orbitals are particularly weak, implying that 9 and 13 are sus-
ceptible to ligand substitution. As DEA is available in the reaction
mixture, it coordinates to Pd, thus forming complex 14 (Fig. 4) and
liberating the products a and b (Fig. 1). Our investigation shows
that a is more stable than b (by 15.7 kJ/mol for the reactions with
iodobenzene and bromobenzene, and by 22.0 for the reaction with
4-iodoanisole). The relative stabilities of the products a and b are
in agreement with the found product ratios. Namely, the regiose-
lectivity is higher in the case of the reaction with 4-iodoanisole in
comparison to that with iodobenzene and bromobenzene (Table 1).
In addition, Table 1 shows that the ratio a:b +c increases with the
prolonged reaction time. These facts, as well as relatively low and
very similar activation energies needed for the formation ofaandb,
indicate that the investigated reaction is thermodynamically con-
trolled. Our finding is different from that of Ambrogio et al., who
have investigated the Heck reaction of aryl iodides and bromides
with allyl ethers, and found that the reaction is kinetically con-
trolled [36]. The difference in reaction mechanisms is probably due
to the reaction conditions, as well as different chemical nature of
the used substrates.

The structure of 14 is very similar to those of the complex
intermediates whose reductive elimination has already been inves-
tigated [30-32]. Thus, one can suppose that 14 will also undergo
reductive elimination. Since the most electron sufficient area in
14 involves iodine (Fig. 4), it is reasonable to expect that HI will
be liberated, and catalytically active Pd(0) complex will be recov-
ered. This assumption was confirmed by revealing the transition
state 15-TS (Fig. 4), which requires activation energy of 75.6 kJ/mol.

Fig. 4. Optimized structures of 14 (left), and 15-TS (right). The HOMO of 14 is depicted.
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Fig. 5. The results of the IRC calculations for 4-TS (left), 8-TS (middle), and 12-TS (right).



Z.D. Petrovic et al. / Journal of Molecular Catalysis A: Chemical 356 (2012) 144-151 149
DEA
Bt
Cl—Pd—ClI

DEA

f1 HCl+ C4H;oNO,"

HI PhI
//A [DEA-PA(0)-CI]~ -
f2
f6 \\¥l l DEA
+
DEA - - A= Pld
[ 1
I_Pld €l [—Pd—DEA
H
14
+
" RS
COOCH;
Ph /
C=— N
e Y
H,C00C a  “COOCH, | _coocH,
5+DEA e
B Pho | o
_/‘ Ph / Pd—Cl
DEA \ = ]
‘ i COOCH; ;
5 H— P]d —Cl
I
4 f4
Ph\ -
c T f1: preactivation
H,C00C 1 f2: oxidative addition
H—Pd—Cl f3: migratory insertion
f4: B-hydride elimination
1 f5: ligand substitution

7 f6: catalyst recovery

Scheme 3. Full catalytic cycle for the Heck reaction performed with PdCl, and methyl methacrylate in DEA.

Table 2
The energetics of the catalytic cycle for the reaction performed with PdCl, and methyl methacrylate in DEA.
DEA
I _ N
£1[3031] Cl—Pd—Cl —— > [DEA-Pd(0)-Cl]" +HCl + C4,H,(NO, AG=584.8 Ij/mol
E,=111.8kJ/mol
DEA
[DEA — Pd(0) — CI]” +Phl - 1+ DEA
2 [34] . AG=-169.0k]/mol
[DEA — Pd(0) — CI]” + Phl - 2 E,=17.1Kk]/mol
AG=-194.5Kk]/mol
E,=50.7 kJ/mol
3 1+ methyl methacrylate — 5 AG=—32.9K]/mol

2 + methyl methacrylate — 5 + DEA AG=—53.6k]/mol
fa : - 51’3 AG=29.8 kjjmol
— E,=29.4k]/mol
AG=30.6Kk]/mol
E,=26.5Kk]/mol
9+DEA—14+a
AG=28.0k 1
13+DEA— 14+b Ag=4§813;$gl
6 14+ DEA — [DEA — Pd(0) — CI]- + [HDEA][1] AG=40.0k]/mol
E,=75.6Kk]/mol

5
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In 15-TS the Pd—H and Pd—I bonds are being cleaved, and the
new H—I bond is being formed. It is worth pointing out that the
electronic pair from the Pd—H bond remains on Pd, implying that
Pd(Il) is reduced to Pd(0). In this way, the catalytically active
[DEA-Pd(0)-Cl]~ complex is recovered. The liberated Hl is captured
by DEA, yielding the salt [DEAH][I].

The Pd(0) complex undergoes oxidative addition [34], and
further reaction with b (as it has a terminal double bond), con-
forming the same mechanism as other 1,1-disubstituted alkenes,
and yielding c (Fig. 1). Mechanistic pathways for migratory inser-
tion, B-hydride elimination, and reductive elimination with b as a
substrate are examined, and presented in Supplementary Data.

The results of the IRC calculations for transition states 4-TS, 8-TS,
and 12-TS are presented in Fig. 5.

This paper examines migratory insertion, 3-hydride and reduc-
tive elimination in the Heck reaction of methyl methacrylate and
some aryl halides. Taking into account our results on the preacti-
vation reaction [30-32], and oxidative addition [34], now we are
able to present the full catalytic cycle for the reaction performed
with PdCl, and methyl methacrylate in DEA (Scheme 3). Table 2
provides the energetics of the catalytic cycle.

The preactivation step is pronouncedly endothermic, and
requires the highest activation energy in the overall Heck reac-
tion. As for the catalytic cycle, oxidative addition and migratory
insertion are exothermic, whereas [3-hydride elimination, ligand
substitution, and reductive elimination (catalyst recovery) are
endothermic. The overall catalytic cycle is slightly exothermic, and
the highest activation barrier is needed for the reductive elimina-
tion step.

4. Conclusion

Catalytic systems trans-[PdCl,(DEA),|/DEA and trans-
[PdCI,(DEA), |/[DEA][HAc], used in the reaction of methyl
methacrylate with aryl halides, provide sustainable homogeneous
catalysis, good regioselectivity and excellent stereoselectivity.
In all cases the only stereoisomer of the internal olefin methyl
3-phenyl-2-methylpropenoate is the E-isomer, whereas the only
stereoisomer of the double arylated reaction product methyl
2-benzyl-3-phenylpropenoate is the Z-isomer. Our DFT study is
in agreement with this experimental finding. Namely, possible
isomerization of 5 to an intermediate whose transformation
would lead to Z-methyl 3-phenyl-2-methylpropenoate would be
hindered by the presence of the methyl group. There is similar
steric hindrance that prevents the formation of E-methyl 2-benzyl-
3-phenylpropenoate (possible isomerization to an appropriate
intermediate would be hindered by the presence of the benzyl
group). In both cases the geometries of these intermediates,
suitable for 3-hydride elimination, would be extremely strained.

Our experiments show that, in all examined cases, the internal
olefin a is the major product of the regioselective reaction. This
finding is in agreement with our DFT investigation. Namely, the
activation barriers for the formation of a and b are relatively low
and mutually very similar, and their influence to the products dis-
tribution is poor. On the other hand, a is thermodynamically more
stable than b, and thus, a is the preferred reaction product.

Our anionic Heck protocol allows efficient separation of the cat-
alyst and reaction products from the reaction mixture (via simple
extraction and decantation), in contrast to many other homoge-
neous catalyses, where it is a significant problem.
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