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Kada uosex, uszabepe da Kpene HeKum mymem, jeoHo je cueypto, oa nym wefie bumu numaro rax, Ha
mom nymy cpefty ce »you, Koju uecmo npyxe céofy pyxy. Osu pedosu mpeba 0a yKgKy KOAUKO OUBHUX JoyOU
CaM Cpeo Ha MOM MYMY U KOAUKY UM 3AXEAAHOCTL OYZYjeM.

3a Hecebuuny joybas u nodpuKy eeauxy saxgarnocm 0yzyjem nopoouuu. Kposz ocnoeno obpasoearwe
YNO3HAO CAM MHO20 PaHMACMUMHUX, HACMABHUKA 00 KOJuX cAm ocum npedeulenoz zpadusa yuuo o Kueomy,
na bux osom npuruxom saxgaruo bpanxy Toeedapuuu, Padomupy Yoroeuly, Byremy Macrax, 30pany u
Jacmunu Jesmuh.

JIlokom cmydupawa y Apanherosuy ynosuao cam eépcuoz nedazoza, Mupjany Cebacmujan, Kojoj
3axearyjem Ha NpeUM XeMUJCKUM Kopauuma. JHeusmepno 3axearyjem, Xemuuapy mp 360Humup
Cebacmujany, Koju mu je 0ao udefy Oa ynuwem Xemujy Ha JIpupooHo-mamemamuuxom @axyrmeny y

Kpazyjesuy.

Osa doKmopcKa Oucepmauuja ypabena je na Mucmumymy 3a Xemujy JIpupoono-mamemamuuxoz
gaxyamema Vnusepsumema y Kpazyjeswy. Pesyrmamu ose 00KmopcKe ducepmauuje deo cy npojexma bp. O
172011 (pyxoeodurau npog. Op Kueadun Byzapuuh) Koju ce gunancupa o0 cmpame Munucmapcmea
npoceeme, HayKe u mexHoAowKoz paszeéoja Penybiuxe Cpbuje, na wemy ce Munucmapcmey cpoauno
3axearyjem.

Heusmepro u 00 cpua 3axearwyjem npogp. op 3opuuu Byzapuufi, na Menmopcmey, HA YKAIAHOM
nosepewy, yAoKenom mpyody, Hecebuunoj nodpwuu u nomofiu mokom u3pade u nucawa O00KMOPCKe
Jucepmauuje.

JIlaKoBe, 3a 3arazawe, UCKpewy nomoli u npeneceno 3uawe 3axgaiyjem npog. op Ceemranu
Maproeuli. 3axearyjem dou. op. Cuexanu Dophesuli u op Mapunu Peosuli Kgo uraHosumd Komucuje 3d
npezaed, ouery u 0dbpawy 0oKmopcKe Oucepmauuje Ha KOpUCHUM casemuma Koju cy 0OnpuxeAu 0a 0eéd
Jucepmayuja usereda wmo bove u Kearumemuuje. 3a npyKeny nomoh u nodpwKy moxKom uspade
excnepumenmarnoe Oeada Oucepmauuje 3axearyjem Op Bepu Dueay. IJIlaxohe, 3axearyjem ce Ha
KoAezujarnoufty ceum KoAe2ama u KOACZUHUUAMA U3 UCMPAXUBAUKUX zpyna npog. Op Kueaduna u 3opuue
Byzapuuh.

Jlopoduuu DoKuli 3axeajeyjem Ha CBUM AENUM MPEHYUUMA, HA PA3YMESAtsY, N08ePersY U HEUSMEPHO]
noOpuUY MOKOM CUX 08UX 200UHA CITYOUPAtLA.

3axsaran cam wmo umam Hajeefty cpehy, cuna Andpeja, uuju je ocmex nonuwmasao cee npobreme
MoKoM u3pade u nucarwa 0oKmopcKe oucepmauuje!

Mojoj cynpysu Carwu Ha npyKenoj uckpenoj rybasu, necebuunoj nodpuuu u pazymesawy, 3boz Koje
HUcam HuKada 00ycmao, 3axgaiyjem u noceehyjem joj ey 0oKmopcKy oucepmauujy!

Henad Janxosufi
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Cnucak ckpahenunna

TBS — t-0yTii1- IMMEeTHIICHITHII TpyTia
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YBoa

Cyncruryucanu TeTpaxuapodypaHu Hajla3ze ce Kao CTPYKTYPHHU (pparMeHTH y IIMPOKOM
CIIEKTPY NPHUPOTHHX NPOM3BOAA W JPYrHMX OWOJONIKM AaKTHBHHX Mosekyna. Ha mpuwmep,
alleTOTeHUHMU Cy BEJMKAa MOPOJUIa MPUPOJHHMX IMPOU3BOAA KOjU HMMAjy y CBOjOj CTPYKTYpHU
Terpaxuapodypancku nperer.” Terpaxumpodypann Takohje ce Mory Hahm 1 y MHOTHM ApyrHM
K71acamMa TPHPOAHMX —NpPOM3BONA, yK/bydyjyhm smruame,” mnommerapcke jomopope® m
makpomommze.’” HaBesene rpyme jefmmerba MOKasdyjy BeoMa IIMPOK CIIGKTAap OHOIOMIKHX
aKTUBHOCTH, YKJbY4yjyhu aHTHUTYMOPCKO, aHTHUMaJapujCcKO, AHTUMUKPOOHO M aHTHBHPYCHO
nejcTBo. 300T 3Ha4aja OBUX MOJICKYJIa, 3Ha4ajaH HAIOpP je YCMEPEH Ka Pa3BOjy HOBUX METOJIA 3a

CcHHTe3y TeTpaxuapodypana.’

Hanme, MHOTO nakme mocehyje ce kapakTepu3alyju U TOTATHO] CHHTE3H U3 MIPHPOTHOT
MaTepHujajia H30JIOBAaHMX IHUKJIOCTAPCKUX jelumbemha. Y CTPYKTypama OBHX, 4YECTO BpJIO
KOMILUICKCHUX jeMbCHha 3aCTYIUbCHE Cy Pa3IMuUTe [UKIOCTAPCKE jeIMHUIIC, alu Hajuenthe oHe
KOje TOoceAyjy MeTOWIaHe W IIeCTOYWIaHe NMpCcTeHOBe. 300T CBOr (PM3HOJIONMIKOT JISjCTBA MHOTE
UCTPAXHUBAYKE TPyIe HCTPaXyjy CHHTETHYKE IIyTeBE KOjU BOJE A0 OBHUX LHKIOCTAPCKUX
nepuBata. CBH TyTeBH IHMKJIOeTepH(HKalMje 3aCHUBAjy €€ Ha HWHTPAMOJICKYJICKOM HJIH
WHTEPMOJICKYJIICKOM 3aTBapamy O-XeTepoluKIndHOr npcreHa. OBe NUKIU3AIMOHE peakiuje
3aCHUBAJy CE€ Ha MOTOJIHOM 0/Ja0upy CyICTpaTa M peareHca y ijby HacTajama HoBe C-O Bese.
3a OBy CBpXY /10 caja je mpoHaleH u ynoTpedspeH Benuku Opoj peareHaca, a HajBaKHUJH O] FbUX

6uhe onucaHu y 1aJbeM TEKCTY.



1.1. UuTpamoJiekyjicke HyKjIeopuane cyncruryuuje Syl u Sy2 Tuna

Peakumje HykiieopWIHE CYINCTUTYIMje WIpajy BeOMa BaXHY YIOTY Y CHHTE3aMa
TeTpaxuapodypana,” ak ce M KOPHCTE y CHHTE3aMa MHOTHX TPHPOAHHX mponssoaa.*® Muorn
NPUCTYNIM CHHTE3aMa Koje Bojae Ka QopMupamy NIHKIMYHHX eTapa 3acHHBAjy ce Ha
MHTPAMOJIEKYJICKUM Sn2 peakijama u3Mmely XUIpPOKCHUIIHE Tpyle U YIJbeHUKOBOT aToMa KOjH

Hocu ojytazehy rpymy (Ha mpuMep, XJIOPUI WK CyI(POoHAT).

Mehyrum, Borhan je wu3Bpmmo excnansujy mnpcreHa Koja 2,3-eMOKCH-aJIKOXoJa J0
terpaxuapodypana. OBy peakuujy OAIUKYje ABOCTPYKH SN2 MpOLEC y KOME YIJbeHUK HOCHU
apyry oiasehy rpymy Koja je noctojana y npBoM Sy2 kopaky. Kao mro je npukazano Ha Cxemu
1.1. y peakumju jenumema 1 ca TpUMETHICYI(POKCOHH]YM-JOAUIOM TpU Oa3HUM PEAKIMOHHM
yCIIOBHMA JI0JIa3u 10 Payne-oBor mpemermTama y3 HacTaHaK MOHOCYICTHTYHCAHOT ETIOKCHAA.
HoBonacranu unTepmenujep pearyje ca cyndOKCOHHjyM HIMIOM M Ha Taj HAUYMH HAcTaje
uHTEpMeaujep 2, Koju momaiexke Sy2  3aTBapamy  mOpcTeHa Ja  OM HAcTao

XHUIpOKCcHTeTpaxuapodypas 3 y npurocy ox 55%.
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Cxema 1.1. JIo6ujame TeTpaxuapodypana mpexo Payne-oBor npeMemrama

Kao anrepHaTvBHM MPHUCTYN, HEKOJIMKO MCTPAXKUBAYKUX TPyIa Cy yCMepeHe Ka pa3Bojy
HYKJICOUITHUX CYNCTUTYLIMOHUX peaklidja MpH KOjUMa HacTajy HOBU cTepeolieHTpu. OBakaB

HauMH onucao je Zhao u moapazymeBa Kopuinheme Sy2' peakuuje 3a CHUHTE3y 2-



BUHWITEeTpaxuapodypaHa koja je mpaheHa HACTAaHKOM HOBOT CTEPEOIICHTpA Ha CBAaKOM
dopmupanom Tterpaxupopypanckom npereny.’® Ha mpumep, mBocTpyka LMKIM3ammja
jemumema 4 nana je kao riaBHH u3omep S5 y npuHocy o 88% (Cxema 1.2.) ca quacrepeoMepHIM
omrocom 13:1.° Mako je mOpeKno BHCOKE IMACTEPEOCETEKTHBHOCTH HEjaCHO, ayTOpH
MPETIOCTaBJbajy J1a BOJOHMYHE Be3e W3Mel)y JBe XUAPOKCHIIHE TpyIe, KOje HAcTajy HaKOH
peaknuje 4 ca HF, mory npencraBpaTu 3Hadajan GakTop KOjU JONMPHHOCH OBAKBOj PACIOISITH
n3zomepa. CTepeocerIeKTUBHOCT Y OBOj pEaKlMju BeOMa 3aBHCH OJ] TEOMETpHje alKeHa; Ha

pUMeEp, YKOJIUKO ce y3Mme (E)-akeH, oJHOC u3oMepa 5 u 6 apactuyno ce cmamyje (2:1).

Br

OTBS
1. HE
2. NaHCO3

“OTBS

Cxema 1.2. JIo6ujame TeTpaxuapodypana u3 (E)-aakeHa

JIpyryl IpUCTYN Y CHHTE3H TeTpaxuapodypaHa mpu KOMe HACTajy JIBa CTEPEOIEHTPa Kao
U YIJbEHUK-YIJbEHUK Be3€ MOJApa3yMeBa HYKICODUIHY aJMIH]y Y-XJOPOAIKWI cyldoHa Ha
anaexune. Ha npumep, y peakiuju cyngona 7 ca KOt-Bu koja je npahena nonaBameM HUMETHOT
alnjiexuia Hactaje HMHTepMenujep Kamujym-ankokcunma (8), koju ce mukiusyje y
terpaxunpodpypan 9 (Cxema 1.3.).ll VY npuHLUMIY, NPUXBATJBUBU NPUHOCU Cy JNOOUjEHU ca
apOMAaTUYHUM M He3acWheHWM aJJIeXuIuMa, alld y peakndjama ca amr(aTHIHuM ajlIexuauma
NO0HMjeHn Cy CKpOMHHM npuHOocu. Takohe W y-XJIOpoamkuia €CTpU W HUTPWIH CIyXe Kao
CYIICTpaTH 3a OBY DPEaKlM]jy, MaKo Cy MPHHOCH M JUACTEPEOCENIEeKTUBHOCT HAjBUINM Kaja ce
ynotpebe cyndoHCKH JepuBaTH Kao CyIcTpaTd. TpaHcpopmanuje eHonara Kajiaja W3 Y-

12
XJIOPOAJIKWJI KETOHA TaKkohe Cy onucaHe y JUTepaTypu.
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Cxema 1.3. JloOujame TeTpaxuapodypana u3 cyiadona

[uknoerepudukanmje y KojuMa HACTajy HOBH CTEPEOLIEHTPU CE MOTY OCTBAPUTH U

kopumhemem Syl peaxrmja.’ Ha mnpumep, Panek je ommcao JBOCTENEHY —CHHTE3Y

13
TeTpaxuapodypana u3 B-XuIpoKCH-KpOTHIICHUIIAHA.
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Cxema 1.4. Cunresa teTpaxuapodypaHa U3 cuiaaHa

Kao mrto je mpukazano Ha Cxemu 1.4. u3 cunana 10 moxxe ce JOOUTH HUKIONPONAHCKU
nepusat 11 xoju y nmpucyctBy p-TSOH naje terpaxunpodypan 12. IHTepecaHTHO je J1a yIpKoC
JIOIINjO] TMACTEPEOCETICKTUBHOCTH Y (ha3u IHMKIIONponanoBama (3:1), umak, opa cMmela u3oMepa
npenasu y terpaxuapodypan 12 ca 3HauajHom nmactepeomepHoM umctohom (30:1). Osnaj
pe3yaTar ykasyje Aa ce HMMKJIn3anuja oaurpasa npeko Syl myra. Ha cnimyan HauwH, U3 cuilaHa
10 ca m-CPBA mnpeko uHTepMeaHjepHOT €MOKCHIa HacTaje TeTpaxuapodypan 14 ynpuHocy of

81%. OsakaB HauMH CHWHTe3e je Takohe edukacaH 3a cuHTE3y 2,3,4-TPUCYNCTUTYHCAHUX



TeTpaxuApodypaHCKUX JepuBaTa U3 CYINCTpaTa KOjU MMajy CYNCTUTYEHTE Ha XOMOAJIMIHOM

TOJIOXKA]y.

OH - OH
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Cxema 1.5. Tpuonu xao cyrncrpaTu 3a 100Hjame TeTpaxuapodypana

Warren je nokazao nma nukimsanuje 2,4,5-rpuona koju caapxke U THODEHHI TPyIy Ha
nosioxkajy Cl, a kxoje ce omurpaBajy y mpucyctBy P-TSOH Mory ce nako omurparu Ipeko
UHTepMeujepHor emucyidonnjym jona. OBaj kopak y peakuuju mpaheH je 5-exo/6-endo-
uHKnH3auI/Ij0M.14 Ha nmpumep, peakiujom tpuona 15 ca p-TSOH nob6uja ce terpaxuapodypan 16
y ommuHom npuHocy (90%) u TO Kkao jeauHnm auacrepeomsomep (Cxema 1.5.).1
PernocenexTuBHOCT 0Be TpaHchopMmalyje je moj TepMOJUHAMUIKOM KOHTposioM. OBe peakiyje
cy TaKohje IOrojiHe 3a CHHTE3y CIMPOLMKIMYHUX AepuBata. Gruttadauria™® u Thomas'® passumm

Cy METOJy 3a CHHTe3y 2,5-CIS-AHCYICTUTYHCAHUX TeTpaxuapodypaHa U3 XUAPOKCUCETCHUTHUX

npekypcopa kao cyrncrpara. Kao karanuzatop oBe peakiuje kopuctu ce HCIO,.

TIPSO TIPSO
OR
HO™ " Heio, O« —#-Bu
HO'
. SePh SePh
n-B 19 R = TIPS, 58%
18 20R = H, 17%

Cxema 1.6. YroTpe0Oa ceneHuIa Kao CyImcTpara y peakinju Jo0ujama TeTpaxuapodypan-2-ui

AJIKOXO0Jia

ITona3zuu permonszomepHu ceneHuan 17 m 18 cy nobujeHu kao cmemia u3oMepa MpeKo
oTBapama enokcuaHor mpcreHa nmomohy PhSeNa. Mehyrum, nakon tpermana ca HCIO, oba

peruonsomepa cy mpennia y uctd npousos (19) y nmpurocy ox 58%. OBo je omivyaH MPHHOC



aKo ce y3Me y 003up aa ce y peakiuju 6e3 npucyctsa 3amrtutHe rpymne (TIPS) nobuja camo 17%
teTpaxuapodypan-2-un ankoxoia 20 (Cxema 1.6.). [Ipermocraiba ce 1a ce 0Baj MPOIEC ACIIaBa
MPEKO CEeJICHHPAHUjyM jOHA Kao HWHTEpMEIWjepa, KOju je aHajoraH enucyli(oHUjyMCKOM

unrepmenujepy (Cxemal.5.).

1.2. UuTpamoJiekyJjicKe auluje aJIKOX0/1a Ha eNoKcH/e

Cunresa TerpaxuipodypaHa Npeko HHTPAMOJIEKYJICKE aJHIIH]e alKoX0Jia Ha eMOKCHIHU

17 :
Hasenena XCMH]JCKa

OpcTeH mpBu myT je omucana 1978. roaune on ctpane Kishi-ja.
TpancdopMaLHja HAILIA je IPUMEHY Y CHHTe3aMa KOMILICKCHHX [IMKIOSTAPCKUX MoJeKya.” In
situ rpaheme emokcuma mpaheHo je MHTPAMOJICKYJICKOM IMKJIM3AlHjOM KOja Ce MOXE MOCTUNH
KopulihemeM MIMPOKOT CIIEKTpa CIMOKCUAANMOHUX METOJla YKJbYy4yjyhu: MeTan-KaTaln30BaHe
eHOKCI/I,Z[aI_II/Ije,18 OMoKaTrajaIn30BaHE CHOKCI/II[aI_II/IjC,lg U eNOKCUIalMje Koje HUAy MpeKo Sy2

Mexanu3ma u3 1,2-TuoHux IlepI/IBaTa.ZO

Yy KaCKa)IHOj peaKL{I/IjI/I, CUMCTPHUYHH aJIKCH KOjI/I HMa JBa CIIOKCHJIHA IIPCTCHA,

MOABPTHYT j€ IUXUJIPOKCUIIAIU]H, a 3aTUM III/IKJ'II/ISaHI/IjI/I.Zl

OTBDPS
HOW

.
C

1. TBDPSCI _
2. AD-mix-p '
3. TFA S
85% /
22
HO™
OTBDPS

OH

Cxema 1.7. Cunresa bis-retpaxuapodypana u3 enokcuaa



Ha npumep, Hoye je cunrretucao bis-rerpaxuapodypan, dnja ce cTpykTypa Moxke Hahu y

MHOTHUM all€TOICHUHNUMA, KOjI/I Cy U30JIOBAHHU U3 IIPUPOJHUX ITPOU3BOAA.

Hoye je u3Beo OBy peakiMjy Tako IITO j¢ 3alITHTHO aaKoXoaHy rpymy ca TBDPSCI,
3atuM je u3Bpmmo Sharpless-oBy acuMeTpuyHy AMXUAPOKCHIALHN]Y jenumema 21. Ha kpajy,
nonatkoM TFA moctmke ce nBocTpyka mukim3anuja ca 85% mnpuHoca npou3Boaa 22 U TO Kao
jemuHor mmactepeomsomepa (Cxema 1.7.).%'* Jemno on KibydHHX mHTama y Kopumhemy
CMOKCUIHUX eJIEKTpoQWiIa 3a HMHTPAMOJIEKYJCKE IUKIOeTepUHUKaAIje jecTe KOHTpOJa
peruoxemuje. Y BehwHM cilydajeBa €XO-LMKIH3anuje cy (aBopu3oBaHe y oaHocy Ha endo-
mukiIm3anrone nyreBe. CmaTtpa ce na oBo (aBOPU30BamE EXO-IHMKIM3ALUjE Y OBHM
TpaHchopMalrjamMa IOTHYE O] 3HATHOT 0OJbET U CTEPHO MOBOJHHUJET MpEKIIanama opouTana y

22
IIpCJIa3HOM CTaAwYy.

HO HO

0
Mgl 84% Ph
0 " OH

fron OH
Ph Ph 25

23 - =
24

Cxema 1.8. Cunresa terpaxuapodypasa u3 enokcuOyraHosua

VY cBom paxgy Karikomi je pa3Buo moctymak KojuMm ce moBehaBa permoceneKTHBHOCT 3a
HacTaHaK mpou3Boja 5-endo-mukiuzanuje y peakimjama 3,4-er101<01/16yTaH0J1a.23 Ha npumep,
jenumemne 23 y IPUCYCTBY KAaTAIUTHYKUX KoianuuHa MQl, MHTpaMoleKyacKku ce HMKIN3yje y
TUCYIICTUTYHUCAHU TeTpaxuapodypan 25 y mpuHocy ox 84% wm amacTepeoMEepHHM OJHOCOM

85:15 (Cxema 1.8.).

Marne3ujyMoBe COJIM KaTallu3yjy TpaHcopMaIujy enokcuaa 10 XaloxXuapuHa 24, koju
MOJUIeKE [UKIOeTepupHKanuju a0 2,3-CiS-TUCYIICTUTYHCAHOT TeTpaxuapodypaHa y3 Onaru

ryouTak crepeoxemMujcke yucrohe.

CtpykrypHH (QakTOpu KOjU KOHTPOJUIIY pPETHO- U  CTEPEOCENEKTUBHOCT Y
[UKIU3AMOHAM peakijama 3allTUNeHNX EMOKCH AHOoja HCIHUTa0 je Borhan.?* Kao mro je

npukazano Ha Cxemu 1.9. cyncrpar 26 koju Hocu Cl-xuapokcu rpyiy npenasu y npousBoj 27



HakoH TpermMana ca BF3OEt, m Ac;0, kao pesynarar 5-exo-mukimsarnuje. Mebhyrtum, oBa
PErMOCeNIeKTUBHOCT C€ MOXE OOpHYTH ymoTpebom cymcrpata koju Ha Cl momoxajy HOCH
THO(EHWT Tpyny Kao cynctuTyeHT. OBUM peakIMjCKHM IyTeM HacTaje jeaumeme 29 U OHO
npeacTaBiba mpousBoj 5-endo-muknmsanuje (Cxema 1.9.). OBa mpomMeHa y CEICKTHBHOCTH
BEPOBATHO je& TOCIEAMIIa CYMIOP-HHIYKOBAHOT OTBapama CMOKCHIHOT MpPCTeHa, MPU KOjeM
Hacraje enucyiapoHujym joH (28), Koju 3aTUM IMOMJICIKE CTEPEOEICKTPOHCKH IMOBOJHHH]O] 5-

endo-uMKIIM3aluju y3 HacTaHaK jeIubeba 29.

(:)Ac
- OAc

Cxema 1.9. 5-ex0- u 5-endo-muknu3anyja mpexo enucyIhoHujyM joHa 10 TeTpaxuapodypana

1.3. Cyncrutyuyje ca pa3jim4YuTHM KHCEOHUYHUM HYKJeopuiuma

PaznuunTte (QyHKIMOHANHE Tpyme Koje caapke KHUCEOHWYHH HyKIeohwn cy
uckopuithene y peakuujama gopmupama terpaxuapodypana. Tako, Ha puUMep, €NOKCUAN Cy
kopumtheHn y HykieohuiaHMM aauiyjamMa Ha Beh moctojehM emoKCHIHM NPCTEH y HCTOM

2
monexyy.>?

PenpesenraTuBHa Tpanchopmanuja oBor Tuna npukazana je Ha Cxemu 1.10. y kojoj bis-
enokcun 30 y mpucycrBy BFsOEt, naje 2,5-Cis-aucyncruryucann terpaxuapodypan 31.2%°
Floreancig je moka3zao ja ce oBaj THII PeaKIlMje MOXe OCTBAPUTH (POTOIM30M XOMOOCH3MITHHHIX

erapa.” Kao mITo je npuKasaHo y HACTABKY, je/Mberbe 32 IpPOoasy Kpo3 (OTONMTHYKO LEMabhe



oensun rpymne y npucyctey NMQPFg najyhu Tako emokconujym jod 33. Y 0BOM joHY IpHCYTaH
j€ CMOKCWJIHM TPCTeH KOJU WHTPAMOJEKYJICKH pearyje najyhm Ttako jon 34, koju ce
HHTPaMOJICKYJICKH Tpemernta y joH 35. OBaj joH HakoH o0Opaje aaje bis-rerpaxuapodypan 36 y

npuHocy 011 64% u To Kao jenunu crepeonsomep (Cxema 1.11.)7
OBoc OBoc

BF3'OEt2
45%

34
HO OFEt

64%
i

OCgHy»
35

Cxema 1.11. JTobujame Terpaxuapodypana GoToan3oM XoMOOCH3UITUHUXETapa

Kongep3uja 1-jomomerni-1,5-bis-enokcuna y cyncruryncane terpaxuapodypaHe Moxe

Ce U3BPIIKTH MPEKO cTepeocnenupuiHe eTMMUHAIT]e/IIMKIU3aIHje Kojy je onucao Marshall.



Q  Zn EoOH

I Y 94%
37 OH

Cxema 1.12. JlJobujame TeTpaxuapodypaHCKUX AWOJIA U3 SITOKCH 1A

Kao mro je mpukazano Ha Cxemu 1.12. 1-jomomermia-1,5-bis-emoxcun 37 ca Zn y
€TaHOITy TIOJJIC)KE OTBapamy MPCTEHA MPEKO HHTEPMEIHN]EPHOT ITUHK-AJTKOKCHIA, KOjU MPEKo 5-
eXO-IUKIu3aldje rpagud jeaumeme 38 y mpuHocy on 94% ca MOTHYHUM O4YyBameM

28
JMacTepeon3oMepHe yucTohe.

0Oz-Bu
85%

Cxema 1.13. [loOujame TeTpaxuapodypana u3 aleToHuaa

Aneronunm ce Takohe MOry KOPUCTUTM Kao HYKJI€OQWIM y CHHTE3aMa
terpaxuapodypana. Still je omucao cunTesy Terpaxmapodypana, Koja ce OaUrpaBa MPEKO
alIKHIIOBaEbha aTOMa KHCEOHNMKa aneTonuaa.”’ Parsons je IPUMETHO JIa Y PEeaKIHju jenumbema 39
ca TPUMETWIATYyMUHHI]jYMOM JI0JIa3U JI0 OTBaparma €MOKCHIHOT MPCTEHa MPU YeMy ca Be3aHHM

alleTOHUIOM HacTaje okcoHujyM joH 40, koju mpenasu y Terpaxuapodypan 41 (Cxema 1.13.).%°

Cxema 1.14. Jlobujame TeTpaxuapodypana U3 aleTOHU1a IpeKo KapOoKaTjoHa

10



Aneronuu ce ynorpebspaBajy kao Hykieopuan u 'y Syl peaknujama 4-mMeTokcudeHu1
CYNCTUTYHMCAHUX aniaHuX aynkoxosa. Ha Cxemu 1.14. mpukasaHa je peakuuja jequmema 42 Koje
y IpUCYCTBY KaM(popcynoHCKe KUCEIHHE TPEKO HHTepMenujepa 43 naje jeNumbenhe Y MPUHOCY
ox 95% ca amacrepeomeprnM oamocom 99:1.%' Oe mukmmsammone peakumje Takohe ce Mory
W3BOJUTH Y MPUCYCTBY Lewis-0oBUX KHcenuHa, Maga ymnorpebda Brensted-oBux kucenuHa aaje

3HAaTHO OOJbE pe3yInTare.

dopmupame TeTpaxuapoypaHCKOT MPCTEHA MPEKO HHTPAMOJIEKYJICKOT aJKUIOBakha
eTapa urpa KJby4Hy YJIOTY y CHHTe3aMa CYICTUTYHCAHUX TeTpaxuapodypaHa u3 o-aua3o ecrapa
U B-OeH3MIOKCH KapOOHWIHUX jenuiberba. OBa METOAa CHHTE3e KaTajau3oBaHa je Lewis-oBum
KHCEeTMHaMa W pa3BHjeHa je O]l CTpaHe Angle-a.* Kao mro je npukazano Ha Cxemu 1.15. y
peakuuju anaexuaa 45 ca eTuiI-aua3oaleTaToM Uy MpucycTBy mosna ekBuBaienta SNCl, Hacraje
terpaxunpobypan 48 y mpuHocy ox 75% u ca mmactepeomepHuM omHocom 10:1.°%
[IpermocTaBspa ce a ce OBa peakiyja OJurpaBa MPeKo HYKJICOPHITHE aIulldje A1a30 ecTpa Ha
angexul, a Kkoja je mpaheHa HHTPAMOJIEKYJICKUM alKUIIOBambeM J100HjeHor eTpa 46 1 HaKHaIHOT
ne0GeH3unoBamba OKCOHUjyM joHa 47. OBe cuHTeTHUKe TpaHchopmaryje Takohe cy epukacHe ca
B-CHJIMIIOKCH KeTOHHMa M CIOKCHAMMA Kao cyicrpatnma.’> Taxolje, apiigna3’oMeTaHd u

4
TOSWJIIAUA30MCTAaHN MOT'Y C€ KOPUCTUTHU YMECTO O-AHA30€CTAPCKE KOMHOHCHTG.3

OFt
“Hr o (J’COZE
5 l/ "% R

Nz 48

Af/
)

;OSnCln
a 0_CO,Et
O‘/_>=“'C02Et — g
Ar—/ N
< osacl,
46 47

Cxema 1.15. Jluazoectpu y CMHTE3U TeTpaxuapodypaHa

Cunteza terpaxuapodypana mnpexo O-ankuioBama eHojaTa Takohe je omucana. Ha

npuMep, AuaHjoHH Jobujenn u3 1,3-nukapOoHMIa MOTy Ja ce€ KOHBEpTyjy y 2-

11



aNKWINAEHTeTpaxupodypane HAKOH TpeTMaHa ca ENUOPOMOXUAPUHCKUM JEIUIEHEM WU

,Z[I/IXaJ'IOGTaHOM.35'36

Ha Cxemu 1.16. npencraBibeHO je reHepucame auaHjoHa 49 ox eTui-ameroanerara ys3

J10/1aBakb-€ eMUOPOMOXHIPUHA.

o 0O Li OLi O B
L NalL n-BuLi | 1/01 ALY
OFt OFEt

49

HO, O

O
=3 |

Cxema 1.16. Cunresa terpaxuapodypana npeko C-ajakuiaoBama

Kao pesynrar C-ankunoBama Hactaje eHosaT 50. OBaj uHTepMeaujep y HPUCYCTBY
LiCIO, wuma ynory wWHUIMjaTOpa HMHTpamoyiekyickor O-aJKuwioBama 3a  CHHTE3Y
tetpaxuapopypana 51. Moryha je cymcturynmja Ha  B-KeToecTpy, Hako  je
JINACTEPEOCEIEKTUBHOCT y OBHM peakiujama ckpomma (mmp.1-2:1).°°* Kucemo-karanusosamna
CHHTe3a TeTpaxuapodypaHa MpeKko alKWIOBama TUKApOOHWIHUX IUEHOJIaTa Ca jeHOCTaBHUM

. 7
CMOKCH/IMMA TaKole je OIicana y INTepaTypu.”

Cnuyna TpaHcdopMmaimja Moxe ce u3BecT peakmujom 1,3-bis(rpumerwincuinokcu)-1,3-
OyramieHa 52 ca EMOKCHAMMA y MPHCYCTBY Lewis-OBHX KHCEIMHA Kao Karagmsaropa.’’ Y
peakuuju jeaumerma 52 ca 1,2-emokcumpomanoMm y mpucyctBy TICls Hacraje (E)-2-
anknmagenTerpaxuapodypan 55.% [pernocraska je 1a ce oBa peakiuja BPIIH PEKO OTBAPAmbHa
eroKcuia moMohy eHosicuiana 52 aa 6u HacTala UHTEpMeIrjepHa co 53, Koje ce MUKIN3yje 10
jenumema 54. Emuvunarujom TMSOH wu3 jenumema 54 HacTaje mMpou3BOJ 55 y MPHUHOCY O
70% (Cxema 1.17.). Kopumihewem 1,2-IUCYNCTUTYUCAHUX EMOKCHIA WM CYICTUTYHCAHHX
€HOJICUJIaHa MOTY C€ CHMHTETHCATH BHCOKOCYICTUTYHCAHU IMPOU3BOAM Ca YMEPEHOM MJIHM Yak
OJUIMYHOM JuactepeocenekTuBHomhy. OBa peakluja je KOMIJIEMEHTapHa ca CPOJHHUM
peaknujama JUTHjyM-aueHodatra 49. Ha mnpumep, y peakumjm jeaumema 52  ca
enuOpoMoxuIpuHoM y npucyctBy TiCls mobuja ce OpomoBanu TeTpaxuapodypan 56 y mpuHocy

o1 48% .38

12
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N 35 R = CH;, 70%, 98:2 Z.F
56 R = CH,Br, 48%, 98:2 Z:1

Cxema 1.17. JloOujame Terpaxunpodypana u3 queHa

1.4. CunTe3a TeTpaxuapodypana npeKko OKCOHUjyM joHA

Benuku 6poj CHHTETHUKHX MPUCTYIIA 32 CTEPEOCEIICKTUBHY CHHTE3Y TeTpaxuapodypaHa
YKJbYUyjy HAacTaHaK pPEAaKTHBHUX OKCOHHjyM jOHa Kao WHTEpMeajepa KOjH TOJICKY

MHTPAMOJIEKYJICKO] HHTEPAKIIMH Ca IBOCTPYKOM BE30M ajkeHa. >0

_In(OTf), _ Cy\ﬁ/cy
)L T % \

C 60

h/\b Y

Cxema 1.18. Tpudnatu kao Katanu3aTopu y CHHTE3U TeTpaxuapodypaHa

Loh je onucao nmpumeny IN(OTf); kao kaTanuzaropa y peakuuju ainkoxona 57 u angexuia
58. V oBoj peakmuju HacTaje TeTpaxuapodypan 60 nmpeko okconnjym jona 59 ympunocy ox 77%
ca jaumactepeon3oMepHuM ogHocoM on 87:13 (Cxema 1.18.).40a OBa CcTepeoCeIeKTUBHOCT

MIPUITUCYje Ce ICeyN0EeKBAaTOPUjaTHOj OPHjEHTAIMjU CYNCTUTYEHATa y IMpella3HOM CTamy Koje

13



BOoaM J10 Iukiau3amyje. Overman je pa3Buo CIMYHY METOIY KOJ KOje, Takohe, IUKIM3aIja uiae

o 41
MIPEKO OKCOHUJYM jOHA.

Ha mpumep, y peakuuju jenumema 61 ca SnCly nobuja ce terpaxumpodypan 64 y
npusocy ox 98% ca mactepeomsoMepHMM omHocoM ox 98:2 (Cxema 1.19.).*” Osa
Tpancdopmanyja je WHUIMpaHa Prins-oBOM NMKIM3aIljOM OKCOHHjYM joHa 62 TpeKo Kojer
Hactaje kapOeHMjyM joH 63, KOju MOJIeKE IHWHAKOJICKOM TpeMEIITalmy Ja OW Harpaauo
npou3Bog 64. OBa peaknuja gaje MOTYRHOCT 3a CHHTE3Y IIHPOKOT CIEKTpa 3-aluii-

TETpaxuapOPypaHCKUX JIepPUBATA.

O Ph - Ph
SnCl, cusw;%—% . ;
XMGW 9%(1’ (ST Loy

62 63

Cxema 1.19. Terpaxuapodypanu 1001jeHH MTUHKOJICKUM MPEMEIITAHEM

Petasis je ommcao KOHBep3Wjy cymncturyucanux  1,3-muokconan-4-oHa 10
TETPaxuApPOPYPaHCKUX IPOU3BOJA M TO MyTEeM METHJICHOBaHba, KaTaau30BaHO je Lewis-oBum
KHcennHaMma u npaheHo je HpeMGIHTa}LeM.43 VY peakuuju THOKCOJIaHOHA 65 y JIBe CHHTETHYKE
¢a3e HacTaje Kao MPOW3BOA AUCYNCTHTYHCAHU TeTpaxuapodypan 67 y mpuHocy ox 67% ca

ckpoMHOM ctepeocenektuBHonhy (Cxema 1.20.).

1.Cp,TiMe, -
\l\: 2. i-BuAl - |RAIO OBn
>—Bn »- —_
67% O&-——Bn
* HO
66 67

Cxema 1.20. /InokconaHOHU Kao CYIICTPaTH y CUHTE3H TeTpaxuapodypaHa

Peaknmja ce onBuja mpeko MHTEPMEIUjepHOT OKCOHUjyM joHa 66 um mpahena je in Situ
peayKIHjoM nooujeHor TPUATKUJIATYMHUHH] YM-KETOH KOMILIEKCA. Buma
JIMacTepeOCeIeKTUBHOCT J100Uja ce y TpaHchopMaljama CyrcTpara KOoju UMajy CYINCTUTYEHTE

cyce/iHe KapOOHUIIHO] TPYIIH.

14



Takano je pa3Buo MeToAy 3a cuHTE3Yy 2,3,4-TPUCYIICTUTYHCAHUX TETpaxuapodypaHa o
4,5-muxuapo-1,3-muokcenuna 68, y k0joj ce LeWis-oBe KHUCETHHE KOPUCTE KAo KaTaJ‘II/ISaTOpI/I.44
VY 0BOj peakiMju ce Kao KaTaiu3arop y cBojcTBy Lewis-oBe kucenune kopuctu ce (i-PrO),TiCly
nmoMohy Kojer HacTaje TPUCYNCTUTyHcaHu Tterpaxunapodypan 69 y mpunocy ox 53% ca
muactepeomepauM  ogHocom 30:1 (Cxema 1.21.). Vkommko ce ymorpedbu TBSOTF kao
Kartagu3aTtop Jnaobuja ce napyrauuju nauactepeomszomep /0 y mnpunocy ox 85% wu ca

nmactepeomeprnM ogaocoM 13:1 (Cxema 1.21.).4%

HO CsHy
5H1 1
(i-PrO) TiCly/NaBHy  fi Ny o
53%
TBSOTHNaBH,
()J 85%

Cxema 1.21. JIlnokcenmHA Kao CYTNICTPATH Y CHHTE3H TETpaxuapodypana

ANWICHUIIaHY U ATHJICTaHAHH CE YeCTO KOPHCTE Kao HyKJIeo(pHiTHa aTKeHCKa KOMITOHEHTA
y OKCOHHMjyM-JOHCKHM aJUIIMOHMM peakllijaMa y KOjuUMa HacTajy TeTpaxuIpodypaHCKu
npou3Boau. Ha nmpumep, anuicuiaHu KOju y MOJIEKYJy UMajy 0-CTAaHMJIETApCKy TPYIy MOTY ce
(YHKIIMOHATN30BaTH y CYINCTUTYHCAaHE TeTpaxuapodypane OKCI/IJ:[aquOM.45 VY peakuuju (Z)-
amicninana 71 ca  Ce(NBuy)2(NOs)s HacTaje  OKCOHHjyM jOH 72, KOJjU  TOJUIEKE
MHTPaMOJICKYJICKO] PpEaKlUju Yy KO0joj HacTaje Kao mnpousBoj 2,3-CiS-AUCYICTHTYHCAHH

Terpaxuapodypan 73 kao jenunu quacrepeonsomep (Cxema 1.22.).

15
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Ce(NBuy)»(NOs), Y 83%
71 > =
/0@
O " Bn Bn
73
B SnBu; 72

Cxema 1.22. Terpaxuapodypanu godujenu u3 (Z)-aauicuiaHa

Sarkar je pa3BuO anTepHaTHBHY METOAY 3a CHHTE3y MHTEpPMeIujepa KOjU Cy aHalo3u
uHTepMenujepy /2. OBa MeToa yKJbyuyje peakiujy ajijgexuaa ca 1-cunuiMeTmi-alnicuianuMa
74. Ha npumep, Terpaxuapodypan 77 je CHHTETHCAH MPEKO HHTepMenujepa 76 u3 amgexunaa 75

¥ anuickana 74 y mpusocy o 68% 1 To Kao jeauHu guactepeomsomep (Cxema 1.23.).%°

PhMe,Si, gy
O._.0OBn
O BF,0OEt, BnO
PhMe,Si + s Sodoc
68%
/ OBn p =
74 75 77

Cxema 1.23. Jlucuinanu y CHHTE3U TeTpaxuapodypana

Yamamoto je onucao popmupame 2-BUHMI-3-XUIpOKCUTETpaxuapodypana nonasehu ox
Y-aJTKOKCHAJIWJICTAHAHA KOjU HMMajy aJJIeXUIHY rpyHy.47 Ha mpumep, BF3OEt, katanmm3zoBana
peaknyja jeaumema 78 nmaje 2,3-trans-gucyncruryucanu terpaxuapodypan 81. IlpermocraBiba
ce Ja peakiyja WA MPEeKo TmpenasHor crama 79 y kojem je Lewis-oBa kucenuna (LA)
opujeHTucana anti ox amunmeraiaHor pearerca (79). Terpaxuapodypan 81 nmobuja ce y mpuHOCy

o1 95% ca nuacrepeomepuum ogrHocom 90:10 (Cxema 1.24.).47b
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Hacynpor Tome, w3 wuHTepmenujepa 78 mgobuja ce 2,3-CiS-IUCYNCTHTYHCAHU

terpaxuapodypan 82 y npunocy ox 95% ca quacrepeomeprum ognocom 98:2 (Cxema 1.24.).

H

0
SnBu; BF;OEy |/ ;I“‘()LA 95% Q/\
/T 78°C 0 /

T

V H Y nBu, r"()H
81

78

o O,SnBu3 o

N _Cells H 95% X

0 100 °C O '/‘E f

H H OH

80 82

Cxema 1.24. JloGujame TeTpaxuapodypana Ipyu KUCETUM U TEPMAIHUM yCIOBIUMA

HajsepoBarHuje je ma ce oBa peakiyja oIurpaBa mpeko mpenaszHor crama 80 koje je
cIM4yHO CiS-mekanuny. OBIe ce anjiexuj aKkTHBUPAa HHTPAMOJICKYICKOM KOOPIMHAILMjOM ca
CTaHWJI TPyHoM. JeqHa OJf BapHjaHTH OBAaKBOI TIpucTyna omoryhaBa mnoOujame 2-BUHHI-3-
amuHOTETpaxuapodypana.’®

Marsden®® u Cossy™ Cy HE3aBUCHO jeJlaH O]l APYror pa3BHIU METOJOJIOTH]Y 3a CHHTE3Y
TeTpaxuapodypana nomohy peakuuje KOHAEH3alHMje ajjexuja ca CyNCTHUTyucaHuMm l-okca-2-

CWJIALIMKJIOX EITT-4-€HOM.

Ar

33 - 85

O"‘S{i\
Ar = 3,4-(0OCH,0)Ph

FMe,Si

Cxema 1.25. CuHTesa TeTpaxuapodypaHa U3 OKCaCHIAIUKIOXEIITCHA
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VY peakmuju jenumema OKcacwianukioxenteHa 83 ca OCH3aIAEXUIOM Y TMPHUCYCTBY
BF3OEt; kao xatanuzaropa Ha -78°C nobuja ce Terpaxunpodypan 85 y mpunocy ox 78% ca
nuactepeomepauM ogHocom 89:11 (Cxema 1.25.). Ipermocraiba ce 1a 0Baj MPOU3BOJ HAcTaje
M3 [pelasHOr CTamba y KOME je alIexXuI OpHjeHTHCAaH IceynoekBaropmjanuo (84).%
EnaHTHOCENEKTHBHE BapHjaHTE OBE pEakKIlMje ONHCaHe Cy 3ajeHO ca JAPYruM OpOjHHM

51,52
HHTCPCCAHTHM IIpHUMECHAMaA.

1.5. Terpaxuapodypanu HacTaJIM U3 Y-JIAKTOJIA

AxnuumjoM Hykneouna momyt Grignard-oBor pearerca,’ OpraHoOLHHKOBOT peareHca” u
THTAHEHONIATA > HAa JIAKTONE HACTajy MHTEPMEIWjepHH OKCOHUjyM joHu (Hmp.87). OBu
WHTEPMEIUjepH H3BEACHH W3 Y-JAKTOJCKHX JIepUBaTa IIMUPOKO Cy MPUMEHUBAHU Y
CTEpPEeOCEIeKTHBHIM CHHTe3aMa TeTpaxuapodypana. >

Ha Cxemm 1.26. mnpukazan je penpe3eHTaTUBHM TIpUMEp Yy KoOjeM  je
arietokcurerpaxuapodypan 86 mpeseaen y terpaxuapodypan 88 y mpunocy onm 72%, a

JMaCTePEOMEPHH OJHOC je 75:25.%

OTBS OTBS
C4Ho— OTBS]  C4Ho™\
I!E!H : 1E1E
C,HMgBr |Cylly
_...‘.1.._2?__%__, g 12% O 88
BFg OEtZ
O H
Ac C4H9
%6 87

Cxema 1.26. Grignard-oBa peakiuja y CHHTe3H TeTpaxuapodypana

MHora ucTpaxkuBama Cy J0Beja 0 pa3Boja Mojesa KOjuM OM ce MOorao o0jacCHUTH U
NpPEBUICTH CTEPEOXEMHJCKU UCXOJ HYKJICODHUITHE aullje Ha OKCo-KapOeHujyM joHe. Reifig u
CapaJIHUIM Pa3BWJIM CYy MOJIE] KOjU mpeaBuha CTEpPeOXeMHjCKH HUCXOJ aullije alnJICUiIaHa U

CHJIMJI-€HOJIeTapa Ha cyrcTuryuncane y-nakrone (Cxema 1.27., 89-91).°"%®

3aHUMJIBHUBO j€ Ja y HU3Y TpaHcopmaluja yKJbydyjyhu aaunujy aauiTpuMeTHICHIaHa

Ha (hEeHMII-CYNICTUTYHCAHE JaKToje, KoHBep3Hja 4-penun makrosickor cyncrpata 90 y 2,4-trans-
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TUCYTICTUTYHCAaHU TeTpaxuapodypan 93 oaBHja ce ca HAJBHIIOM JUACTEPEOCETCKTHBHOIIhY

(95:5) (Cxema 1.27.).

{OTOH BE;OFt  180%, © Z 93
[ /\/SiMe:; Q/\/

s ‘

89 R = 3-Ph

90 R = 4-Ph | 80%_ ppa Z 94
91 R = 5-Ph

HT 1 P
98 99 100

Cxema 1.27. y-1akToNM Kao CYNCTpPaTH y CUHTE3H TeTpaxuapodypasa

IIpernocraBka je 1a IJIaBHU MPOM3BOJ] HAcTaje MPEKO Mpesia3Hor cTama 96, y KojeM cy
1,3-nuakcujanHe uHTEpakiuje u3Mely Hykineopuia ¥ CylCTUTYEHTa Ha JIAKTOJICKOM IpPCTEHY
MUHHMaJHE. Y OBOM CIly4ajy KHHETHYKa CEJIEKTUBHOCT j€ YIOTIYHEHAa TEPMOJUHAMUYKUM
apUHUTETOM 3a TIICEyJOCKBATOPUjATHY OpHWjEHTALH]y CYICTUTYEHTa JAKTOJCKOT TpCTeHa
(95>98). Canuna ananmusa je kopumiheHa 1a ce 00jaCHH CEJIEKTHBHOCT y peakildjama JaKToJia
KOjI MMajy CYIICTHTYEHTE Ha ION0kKajy 3 1 5.°" J[HacTepeoceIeKTHBHOCT Y OBUM CITydajeBHMa je
HUCKa, a IHpPEeTIOCTaB/ba C€ Ja pas3JIor JIeKH Yy KOHKYpPeHLMJU wu3Mel)y KUHETHYKe H

TEPMOANHAMUYKE KOHTPOJIC aUIIH]e.

Woerpel je pa3suo mojen 3a HyKICODWIHY aiWIHjy Ha TETOYIaHE MHUKINYHE OKCO-
KapOEHMjyM JOHE M Ha OCHOBY KOT' C€ MO’KE€ 3aKJbYUMTHU Ja c€ aJullija NMPBEHCTBEHO JelllaBa ca
KOHKaBHE CTpaHe okco-kapOeHujyM joHa 101 (Cxema 1.28.).>” OBa CKIIOHOCT Ka HYKJICO(DUITHOM

Hamany ,,I/I3HYTpa“ MOTHYEC U3 CTCPCOCIICKTPOHCKUX C(I)CKaTa. Ha MNpuUMEp, akKo CC aJINJIOBAKC
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JIECU TIPEKO 3aKaCHEJIOT MPEea3HOT CTama, YHYTpalllkbu Haman faaje ctabmianjy C2-nykiaeodun
Be3y, kao u C3-H Be3y (102—103). HacympoT Tome, Hamaz ca CIoJjbHE cTpaHe he JoBecTH 110
noBehama eHepreTcke Oapujepe 300T €HEpreTCKHM HEMOBOJbHE MHTEepakiuje m3mely Beze C2-

nykieodun u Bese C3-H (104—105).°%

u O _._EO
/
Nu Nu
104 105

Cxema 1.28. OpujenTanuje Hykiaeo(puIHe aulije Ha ETOUWIaHe OKCOHU]yM JOHE

Bennuuna cyncrutyenta Ha C2 aToMy MMa BEIIMKH YTUIQ] HA TUACTEPEOCEINEKTUBHOCT
MPUJIMKOM aJIuIUje aTuiIcuiaHa Ha OKCOHHjyM jOHE, KOjU HacTajy u3 2,2,4-TpUCYIICTUTYHUCAHUX
naktona. Ha mpumep, y peakuuju terpaxuapodypana 106 ca anunTpuMeTHUICHIAHOM Y
npucyctBy SnBr, nacraje cmema u3omepa 107 u 108 y oamocy 95:5 (Cxema 1.29.).
CenextuBHoOCT je onpehena BemmunmHoM C4-cymcrturyeHTa yKoimuko je C2-CyNCTHTYeHT Malj.
Mebhytum, ykonuko ce y cTpykTypu 106 akcujanHa ankui rpyna 3aMeHH BOJIOHMKOBUM aTOMOM
J07a31 0 JPacTMYHOI CMamema CeNeKTUBHOCTH, Tj. Taga je oJHoC u3oMepa 36:64.
[IpermocTaBiba ce Aa mocrojambe 1,3-TUANKWII HHTEpaKIMja y TPEIa3HOM CTalky Y KO0joj
M30TPONUJI Tpyla CclpeuaBa HEMOBOJFHU HamaJ ca KOHBEKCHE CTpaHE 3a pe3yiTar uma

HO6OJ'LI_HaHy CGHGKTI/IBHOCT.GO

i-Pr

i-Pr

106 167 108

Cxema 1.29. SnBr, xao kaTaqm3arop y CHHTE3H TeTpaxuapodypana

Woerpel je mpumeTHo 1a ce peakiirje JIakToJia KOju Hoce eTapcky rpymy Ha C4 mosoxkajy

3aBpIlaBajy ca HEOOMYHUM CTEPEOXEMHUjCKMM HcxojoM. Ha mpumep, y peaxkuuju
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ATMITpUMETUIICHIaHa ca TeTpaxuapodypanoM 109 koju mma Ha monoxajy C4 OeH3mieTapcky
TpyIy Kao CYICTHTYEHT Hactaje crepeom3omep 110 y mpunocy on 94% ca muactepeoMepHUM
omHocom on 99:1 (110:111) (Cxema 1.30.). Mehyrum, kama ce y mosaxaj C3 ymecto

OeH3uJIeTapcKe TPyIe CTaBM METUJ TpyIia J0J1a3u 70 TOTaaHOo oOpHyTe curyauuje. Haume, Tana

ce nobuja mpuHoc o1 93%, anu ca OOpPHYTUM TUACTEPEOMEPHUM OJTHOCOM U TO 5:95.%%
= =
OBn o OBn o r OBn o
£ SiMe;
BnO 94% BnO BnO
109 110 111

Cxema 1.30. SnBr4 xao kaTanu3arop y CUHTE3U TeTpaxuapodypaHa

1.6. Terpaxuapogypanu HACTAIN U3 ANUKJIMYHHUX NPeKypcopa

Nako ce Hajuemhe peakuuje 3a CcUHTe3e TeTpaxuapodypaHa oOABHjajy THPEKO
HyKJIeo(pUIHE aaulMje Ha IUKJINYHE OKCOHHMjYM jOHE KOjU HAcTajy M3 LUKIMYHUX CyICTpara
OMHCAHO j€ W HEKOJUKO BEOMa 3aHUMJbUBUX U KOPUCHHMX CHHTETHUKHUX TpaHchopmaiuja Koje
[0/Ipa3yMeBajy ynorpedy alMKINYHUX CYIICTpaTa U3 KOJUX HACTa]y LUMKINYHU OKCOHHM]YM JOHHU.
Ha npumep, y acUMeTpUYHHO] CHHTE3U 2,5-JUCYNCTUTYUCAHUX TeTpaxuapodypaHa, BpIIU ce
peIyKiMja JIaKToNa KOju je TeHepucaH iN Situ W3 y-XHIPOKCHUKETOHA, a KOjH MMa y CBOM

1
MOJIEKYITy XHPAIHH CyIorcr.’

0O
o, O e
Ph )k/\/\*émp-Tol Et;SiH, TMSOTS Ph i A \SOp-Tol
A y -
OoH O - 7%
112 113

Cxema 1.31. Cuntesa TerpaxuapodypaHa u3 alMKINIHUX KETOHA

Kao mro je mpukazano Ha Cxemm 1.31. ammknuunu keroH 112 mpenasu y 2,5-Cis-

TUCYNICTUTYHCcaHu Terpaxuapodypan 113 y mpunocy ox 71% ca amacTepeoMEpHHM OJIHOCOM
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86:14.°'" CrepeocenekTuBHA CHHTE3a CYIICTHTYHCAHHX TETPAaXHApodypaHa MOXe ce BPLIUTH U
npeko [4+3] anenamnuje u3mel)y eHos eTapa KOju Cy HacTaid U3 -KE€TO ecTapa ¥ OKCOHHjYM jOHA

KOji HacTajy in Situ 3 1,4-THKapGOHIMITHNIX jeHmbemba.

0
0 OTMS COOMe
H TMSOTE
114 + = .
) OTMS 119
115
OTMS \LOTMS ‘
Q 4\_((?001\4@ —"’MCOOMe
OTMS OTMS

Cxema 1.32. CuHTe3a OUITUKINYHAX TeTpaxuapodypaHa

Ha Cxemu 1.32. npuka3zana je peakuuja 1,4-auxapOoHUIHOT jequmbemha 114 u nuena 115,
KOjH y MPHUCYCTBY KatanuTHukux KoiaumurHa TMSOTT najy Ounmkinnunu Terpaxuapodypan 119

y mpurocy ox 55% (Cxema 1.32.).5%

OBa peakinja OfBHja C€ MPEKO IUKIMYHOT OKCOHHjyM joHa (116), koju mposasu Kpo3
Mel)yMOJIEKYJICKO ,,XBaTame* 0] CTpaHe HyKJICO(QUIHOT JUEeHA, a CBE TO C LIUJBEM JIa Ce HAarpau
untepmenujep 117. V Hapennoj ¢dasu Hacraje okcoHujyMm joH 118 mpeko kojer Hactaje

OMIMKINYHY TeTpaxuapodypan 119.

1.7. [3+2] Hukioaguuuje u peakiuje aHeaamuje

Beoma mohHa Mmeronma 3a wm3rpaamy TeTpaxuapodypaHCKHX [epHBara IMOJpa3yMeBa
kopumiheme [3+2] mmkmoamuimje. Y oBuM TpaHchopmaiijama HacTtajy 2 wid 3 Bes3e, JBa
CTEPEOIICHTPa U jeaH MPCTEH y JeTHOM CHHTCTHYKOM KOpaky. MHOrO pa3jiMYUTHX METOMA je
pa3BUjeHO TIPU YeMy Cy KOpHUIINEHE Pa3Iu4uTe JBO- U TPOKOMIIOHCHTHE peakiifje y Kojuma

YYECTBY]Y: €MOKCHIH, [IMKJIONPOTIaH!, KAPOOHUITHU WIHIHA U aJTKCHH.
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1.7.1. [3+2] Hukaoannumje KapOOHUITHUX MJINIA

JenaH 3aHMMIUBMBH TIPUCTYN CHHTE3HM Terpaxuapodypana npeko [3+2] uumkioaauimje
nojpazymeBa ynoTpely poJAHjyMOBHX COJIM KaO KaTajau3aTopa y peaklHju JUa30 jeIubemha ca
anexuauMa U akTUBUpaHUM ankeHuma.  Ha Cxemu 1.33. mpukasana je peaknuja -HUTpo-4-
XJIOPOCTHUpPEHA ca JAWUMETHII-AMAa30MajOHATOM W 4-METWIOSH3aIIeXUJI0OM Yy KO0joj HacTaje

teTpaxuapodypan 121 y npuHocy ox 76% u To Kao jeuHU )JHaCTepeoplsoMep.63C

3aHuMIBHBA je TpaHCcopMaIMja Koja je Karaau3oBaHa POJMjyM-alleTaToM M Koja ce
OJIBMja TPEKO HHTEepMeaujepHor kapOoHwntHor wimma (ump.120) koju HacTaje W3 IUa30
jenumea u angexuma. OBaj WM MOUIEXKE Aalb0j peakiuju mpeko [3+2] aumonaphe
nuKIoamunuje ca ankenuma.® enepanno, oBe TpacdopMammje cy eduKacHe camo ca

CIIEKTPOH-ICUIIMTAPHUM aJIKeHUMa (HIp. B-HUTPO-4-XJTOPCTHPEH).

O,N
_Rhy(OAe);
Meooc A coome NaOA) o 0 121
Ar= pC6H4Cl veood, COOMe
MeOOS\ I
MeOOC E/\@\

120

Cxema 1.33. PonujymoBe cosiv Kao KaTalnu3aTopu Yy CHHTE3U TeTpaxuapodypaHa

Mebytum, Jamison je ymnotpeOuo anaexuae Koju MMajy KapOOHWIIHH KiacTep KoOaurta.
OBa MeTo/a Aaje MUPHU CIIEKTap PEaKTUBHOCTH y CHMHTe3ama Terpaxuapodypana. Kao mro je
npukazano Ha Cxemu 1.34. kymmoBameM annexuga 122, Koju je CHHTETHCAaH U3 2-OKTHHAla U
C0,(CO)s, ca muazo jenumemeM 123 u cTupeHoM HacTaje Terpaxuapodypan 124 y npuHOCY 0Of
46% ca omHocoM permomzomepa ox 82:18 um ca amacrepeomepHum oxnocom 20:1 (Cxema

1.34.).9%
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( )3 (TMS Ph R_h2(OAC)4 h,"
(CObCo?CHO + ( —r 0 124

CsHyy ,

122 123 I'MS

Cxema 1.34. PonujymoBe coiii Kao KaTaJIM3aTOPU Y CHHTE3U TeTpaxuapodypana ca

KapOOHWIHUM KJIaCTEPOM KobajTa

WHTpaMOJIeKyICKO TeHepHcamke KapOOHWIHUX HIIKAA U3 0-IHa30 KETOHA KOjU HMajy
KapOOHHJIHE TpyIIe, a KOjH 3aTHM IOUIeKY UHTEPMOJIeKyickoj [3+2] uukmoamuiuju takohe je
ommcano y nureparypn.” Y peakumju o-mmaso xerona 125 macraje terpaxmapodypan 127 y
npuHocy o1 77% HakoH TpeTmaHa ca aneHoM y npucyctBy Rhy(OAC)s kao karamusaropa. OBa

peakiija uze npexo uarepmenujepHor mwinaa 126 (Cxema 1.35.).9®

Q N

2
)J\/\ﬂ)\ Rhy(OAc), N, |17%,
e —
O O
125 126

Cxema 1.35. Ynotpeba aneHa y poanjyM-KaTaln30BaHO] CHHTE3H TeTpaxuapodypana

Padwa je pa3Buo mertomy 3a noOujame TeTpaxuapodypaHa y KOjoj c€ HCTOBPEMEHO
TEHEPHIIIE U ,,XxBaTa* KapOOHHMIIHU wimn.* Cxemom 1.36. o0jalmeHa je OBaKBa METO0JIOTH]a.

| N _

| + O )

O O Rhy0OAc), | \ OE 75%, He,

130
128 129

Cxema 1.36. Ponujym-katanu3oBaHa CHHTe3a TeTpaxuapodypaHa U3 A1a3o KeToHa

Kao mTo je mpukaszaHo, o-nmua3o keToH 128 y mpuCYCTBY KaTaIMTHYKHX KOJUYMHA
Rh2(OAC), naje Terpaxunpodypan 130 y npunocy on 75%. OBa Tpanchopmanuja ce oaurpasa

MIPEKO HMHTEPMEINjepHOT WINJA 129.% Oge peakiuje cy H3BeA€HE M MOMONy XHMpalTHHUX
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KOMIUIEKca poamjyma,’’ a MOry ce KOPHCTHTH y CHHTE3aMa HH3a 3aHHMJBMBHX IPHPOIHKX

HpOI/I3BO,I[a.64

0
o o N+ MO OMe -§fn2~*
131 132 929 OMe
OMe
133

Cxema 1.37. Sml; kao karanu3aTop y CHHTE3H TeTpaxuapodypaHa

ANTepHaTUBHM TPHUCTYNl 3a TeHEpUCame KapOOHWIHMX WINAa KOjUM ce u30erasa
yrorpeba ana3o jelumbea, a y KOjeM y peakiju ydecTByjy bis(xiaopomerwmm)erap u Sml,
(racraje in situ u3 Sm u ) wm Mn/PbCl; takohe je ommcan y mureparypu.’® Ha npumep, y
peaknuju etpa 131 ca ankenom 132 Hactaje Terpaxuapodypancku nepuBat 134 y nmpuHOCY 01

92% wu To kao jeauuu gumacrepeoumsmep (Cxema 1.37.).5%

Peakuuje cymncrtutyncaHux
bis(xiopomeTri)etapa Takohe aajy oaIMyYHE MPHUHOCE, allk j& TUACTEPEOCEICKTHBHOCT 3HATHO

Joumja Hero koJ Beh momenyTor mpumepa.

Y TPOKOMIOHEHTHOj CHHTE3M TeTpaxuapodypaHa, KapOOHWIHN WINAH TCHEPHINY Ce 3
a-jomo-cunmaerapa (ump.134) y mnpucyctey Sml,, a cBe ce omurpaBa mnpeko [3+2]
mmknoamuimje.”’ OBa MeToa BeoMa je euKkacHa ca HeaKTHBHIM aJIKCHCKHM JHIIONapoduImMa
nomnyr jenumema 135, koje ca cununerpoM 134 naje Terpaxuapodypan 136 y nmpunocy ox 65%

u nuactepeomepuum ogarocom 95:5 (Cxema 1.38.).

Melhytum, OBaj CHHTETHYKM IIOCTyNaK OrpaHUYEH j€ HCKJbYYMBO 3a J00Mjame
TeTpaxuapodypaHa Koju MMajy HIESHTHYHE CyNcTHTyeHTe Ha mnojoxajy C2 u C5. Mexanuzam
OBE pEaKIlMje HHje pa3jallbeH.Y CIMYHO] PEaKlMju OMHMCAHO j€ KOPUIINEeHhEe KaTaTuTUYKOT

cuctema Mn/PbCl, ymecto Sml,.”

)ozgs . /___“/OMe S, m{lm
Et” 1 MeO THF-TMU
134 135 65% t“‘ OMe
OMe
136

Cxema 1.38. Sml; kao karanu3aTop y CHHTE3U TeTpaxuapodypaHa u3 aJKeHCKHAX aumosiapoduia
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1.7.2. [3+2] AHenanuje KpyTHX cHCTEMA

Hekonuko mHTepecanTHux [3+2] aHenamuja 3a CHHTE3y TeTpaxuapodypaHa yKIbY4yjy
yInoTpedy KpyTHX MPCTEHOBA Kao cyrcrpara. Ha npumep, 2-BUHII €IOKCUIN CY YNOTPEOJbEeHH
Kao II0ja3Ha jeIubCHha Yy IMalaiujyM-Karaau3oBaHoj [3+2] aHemanuju ca aKTHBHPAHHM

'ElJIKeHI/IMa71 1M CHOJIMMA HaCTaJIuX U3 MaHOHaTa.72

Ha Cxemu 1.39. mpukasaHa je peakigja cyncTuTyucaHor enokcuaa 137 ca jenumemeM
138 y mpucycTBY naiaaujymMOBOT Karaau3aropa. Y OBOj peaklMju HacTaje TeTpaxuapodypaH

139 y npunocy ox 66% u ca quactrepeoMepHUM OHOCOM 2:1.

NC CN
o . |l Pd(PPhs),
/7@ = 66%
137 0~/
138

Cxema 1.39. [Nananujym-kaTaim3oBaHa CHHTE3a TeTpaxuapodypana

Enokcumu ce Takohe kopucre y panukaickuM [3+2] aHenanujama Koje Cy KaTaln30BaHE

IIpeIa3sHuM meranuma.” Ha Cxemn 1.40. IIPUKAa3aH je MpUMep OBAKBE PEAKIIH]eE.

VY peaknuju jenumema 140 ca xatamutuukuMm cuctemom Cp,TiCly/Zn nobuja ce

ouIEKTHYHE Tpon3Boa 141 y mpuHocy o 60% ca auacTepeoMepHiM ogHocom 4:1.7

O
EtOOC g 60% COOFt
149

141

Cxema 1.40. [lo6ujame TeTpaxuapodypaHa pauKaICKUM IIyTeM

HNuTepMoneKkyncke peakiyje alkeHa ca elMmoKCHIuMa, a Kojeé ce OJBHUjajy TMPeKo

. 74 .
pajMKaJICKUX  HMHTepMeAujepa Takohe cCy omucaHe y  JHUTepaTypH. HNako je
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JINAcCTEPEOCEIeKTUBHOCT Y MHOTHMM OJf OBHX pe€akifja BeoMa CKpOMHA, METo/a je Beoma

aTpaKTHBHaA 3001 Pa3HOJIMKOCTHU IMPOU3BBOAA KOjI/I CC MOT'Y CHHTCTHUCATH.

s, oth
Sn(OTH),
+
PhCHO — o W COOMe
COOMe
MeOOC~ “COOMe 143

142

Cxema 1.41. Tpuduatu kanaja Kao KaTaau3aTopy y CHHTE3U TeTpaxuapodypana

[uksaonpomanu cy Takohe KopuinheHH y TPOKOMIIOHCHTHM CHHTE3ama y [3+2]
AHENIALMOHMM peakljaMa Koje xajy TerpaxuapodypaHcke mnpoussoxe.” Ha upumep, y
peakiuju IMKIONpONaHcKor aepuBata 142 ca Oensamaexuaom y mpucyctBy Sn(OTf), kao
Karanu3atopa nobuja ce TteTpaxuapodypan 143 y mpunocy on 97% ca nuactepeoMepHUM
oxsocom 20:1 (Cxema 1.41.)."* IIpermocraBba ce ga oBa peakiyja 3arno4yumbe OTBAPAmHEM
[UKJIONPOIAHCKOT MPCTEHa KOje je KaTalin30BaHO Lewis-OBOM KHCENMHOM. 3aTHUM J0J1a3u 10
peaknuje wu3Mel)y HOBOHAcTaJoOr CTa0WIHOT KapOeHMjymM joHa ca amaexugoMm. One
TpaHchopMalHje Cy OrpaHHuYEHEe Ha aKTUBUPAHE IMKJIOMPOIAHCKE CHCTEME KOje UMajy apui

Ipyne Kao CYIICTUTYCHTC.

1.7.3. [3+2] AHenanuje anuiacuiaana

Peaktnje [3+2] anenanuje m3Mel)y anuicuiaHa W alfexuaa WK JAPYTHX KapOOHMIHHX

nepuBara nmpBoOUTHO cy passujere 1991. roaune o cTpaHe Panek-a"®u nocra ce pUMERY]y 3a

cuHTe3e Terpaxuapodypana.’’

$iMe,Ph . )OL SnCly © COOE
: —Te t
z C
144 143 $iMe,Ph

146

Cxema 1.42. Cunresa terpaxuapodypana u3 GyHKIIMOHATU30BAHUX aJHJICHIIaHA U KeToecTapa
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VY cBom paxy Woerpel je usBpmno anenanujy GyHKIHOHAIM30BaHOT anuicuiana 144 ca
a-kertoecTpoM 145 u Ha Taj HAYMH CHUHTETHCAH je Terpaxuapodypan 146 y mpunocy ox 85%

(Cxema 1.42.)."

Roush je u3Beo MyITHKOMIIOHEHTHY CHHTE3y TeTpaxuIpodypaHa Koja je 3acCHOBaHA Ha
[3+2] amemaumju ammncunasa.’” YV oBoj Merogm gBa amgexupa pearyjy ca  (E)-y-
(mumetundennacumn)-amunooponatom 147. Tlpea (asa peakije oOyxBara peaxiujy ectpa
147 ca xuaponMHaMHI AIAEXUAOM, 3aTUM JOOWJEHHM aJKOXOJ IOCJE 3aIITHTE XUIAPOKCHIIHE
rpyme aaje erap 148 y npurocy ox 81%.”°V cnenehoj dasu peakimje nobujeHn erap pearyje ca
a-OeH3mokcu-aneranaexuaom y npucycrsy BF3OEt, u tako Hactaje Terpaxunpodypan 149 y
npuHocy o1 78% wu muactrepeomepuuM omHocoM 20:1 (Cxema 1.43.). KetoHu koju umajy a-
kapOoHwiHy rpyny (Hmp. 2,3-0yTaHIHOH) Takolje ce MOr'y KOPHUCTH M TO YMECTO ajieXuia y
by o6e36ehuBamba BHCOKOCYICTHTYHCAHHX MPOM3Boga. °© Meljyrtum, u o,B-emokcuerpn cy

Takohe KopuImheHn Kao eNeKTPOPUITHE KOMIIOHCHTE Y OBUM TpaHC(HOpMaIIH] ama.®

SiMe,Ph
) ) OBn OTBS
') SiMe,Ph
/U\/\ i O,B\O TBSCL, EN, DMAP. Ph\/\/l\/ BF;OEt,
H Ph 81% : 0
i-ProOC’ COOi-Pr OTBS H'U\,OBn
147 148 149

Cxema 1.43. JIBocTenena cuHTe3a TeTpaxuapodypana U3 anuiadopoHara

V Behunu [3+2] aHenamuja koje cy kataau3oBaHe Lewis-OBUM KHCEIMHAMa aTHJICHIIAHU
y peakuuju ca KapOOHWJIHHUM jeUE-eHhUMa Ipajie MHTepMeIujepHu KapOokaTjoH. Mehyrum, y

HEKOJIMKO CJIy4ajeBa HaCTaIM UHTEePMEIUjepHU KapOOKaTjoH Oyze ,,yxBaheH oj cTpaHe Apyror

HyKJIeoguia.
PhMe,Si
Ph . e Phal© .
BF 3 OEtz SlMezph
PN DBMP
TESO” “CHO ) 68% uo
150 152
151

Cxema 1.44. Cuntesa terpaxuapodypana u3 KpoTHICHIaHa
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Ha npumep, Angle je u3Beo peaknujy kpotuicuiana 151 ca o-CHIMIOKCH alICXHUI0M
150 u Tako je CHHTeTHCao TeTpPacyNCTUTYucanu Terpaxuapodypan 152 y npunocy ox 68%, mox
je nmacrepeoMepHH ofHoc Hm3ak u m3Hocu 4:1 (Cxema 1.44.).%" Cimune peaxumje yxibyuayjy
alIexuAe KOjH y MOJEKYIy MMajy aueTOHWIHH [e0,°2 M aliiCHIaHe Kao HYKICO(pHIE KOjH

83
CaIpiKE CUIINJIETAap Kao CYIICTUTYCHT.

1.8. MeTtas-kaTajn30BaHe aJilje WIN peaKidje HHCepTALHje 11a30 jequbermha

Ocum kopucHocTH [3+2] HHUKI0AAUIIMOHKX peakKiinja Koje cy Beh omucane, KapOCHOMIH
npenasHuX MeTajla KOjU HacTajy NpU MeTall-KaTaIM30BAaHOM pas3jiaramy IHa30 jeIUmbEeHma Cy
Takohe BakKHM Yy TporecuMma cTBapama HoBux C-H Besa y cuHTe3ama Kkoje Jnajy
Terpaxuapodypancke npoussoae. Ha mpumep, Taber je omucao pojujyM-KaTaaIu30BaHy CHHTE3Y
2,3,5-TpUCYNICTUTYHCAHUX TeTpaxuapodypana u3 y-aJIKOKCH-0-AHA30 eCTapa.84 Kao mro je
npukazano Ha Cxemm 1.45. y peaknuju amazo jeaumema 153 y NpUCYTBY KaTaMTHUKHX
kommuraa Rhy(OAC)s nobuja ce Tterpaxuapodypan 154 y mpunocy ox 92% wu ca
nuactepeomepanM oaocoM 3:1.3% Crepeocenexrusroct ce Moske moseharn YKOJIMKO C€ TpyIma
ca eNeKTPOH-TIPUBIAYHMM OcOOMHamMa Hajma3u Ha MecTy uHceproBama C-H Besze. Osa

METO/IOJIOTH]a j€ PUMEHhEeHA Y TOTAIHO] CHHTE3U (—)-trans-ueM6paH0nHz[a85 " xnanHz[eHa.%

M O O
155

/O N,
b COOMe COOMe
153 154

Cxema 1.45. Poaujym-katann3oBaHa peaklija HHCEpTaIUje A1a30 jeqUbemha

[Toznato je ga kapOeHOWOM TpENla3HUX MeTaja KOjUu HacTajy W3 o-aua30KapOoHuIa
pearyjy ca erpuma y3 nparehe popmupame OKCOHUJYM WIHJIA KOJU CYy KOPUCHU MHTEPMENN]jepH
y cuHTe3ama Terpaxuapodypana. Ilpummkom [2,3]-curmarpomHor mnpememTama OKCOHUjYM
wmaa (anp. 157) nobujajy ce TeTanI/Iz(poq)ypaH-B-OHH.87’88 AcuMeTpHuYHE BapHujaHTE OBE
Metone Takohje cy passmjene.” Ha mpuMepy npukasaHom Ha Cxemu 1.46. ecrap 156 ca

KaTtaTuTHYKkuM KoamuuHaMma komiuiekca Cu(MeCN)4PFg n xupantor qurMuHa Kao JUraHaa J1aje
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terpaxuapodypan-3-on 158 y npunocy ox 62% U CKPOMHMM €HAaHTHOMEPHHM BHILIKOM KOjU

usHoCcH 57%.5%

N, N
)= CuMeCN)PF 0N 0
0 0 Q ﬁ N |
/ 0
e AN NSy, 7 158
At =2,6-CLCglH,
159

Cxema 1.46. Komriekc 6akpa Kao KaTalu3aTop y CHHTE3H TeTpaxuapodypaHa

OKCOHI/IjYM WINau TCHCPUCAHU IIPEKO MHHTCPMOJICKYJICKUX 6aKap'KaTaJII/I3OBaHI/IX
peaKqua O-aArna3oeCTapa €a OKCETAaHOM IOMJICKY CKCH&HSI/IjI/I IIpCTCHA, a Kao IIocCjacauua Tora

HacTaje TeTpaxuaApo(ypaHCKu IPOU3BO/I.

OCMeC
Y2 161 Ph

160 162 ke

Fe
N, o O(CMeCyz
y . Q9 cuorh, N
serrrm——————————- O
0 74%
Ph 163 1\@7

Cxema 1.47. bakap-karanu3oBaHa CHHTE3a TETpaxuapodypaHa u3 OKceTaHa

Panuje crymuje y oBoj obmactu cripoBenu ¢y Nozaki u NOyori, koju cy nokasanu jia ce 2-
(beHmIoKceTaH KOHBEPTYje y 2-kapOomeTokcu-3-peHmnrerpaxunpodypad HaKOH TpETMaHa ca
METHJI-IMa30alleTaTOM y TPHUCYCTBY Oakpa Kao KaTaJ'II/I3aTOpa.9O Takohe, oOjaBibeHa je u
IpUMEHa HEKOJHMKO BPJIO CENIEKTUBHUX XMPAITHUX KaTaau3aTopa KOjU BpILE €KCHaH3H]y BEIUKOT
Opoja oOKceTaHa y JOOpOM TPUHOCY Ca BEIUKOM JIMACTEPEOCEIIEKTUBHOIINY U

eHaHTl/IoceJ'IeKTI/IBHOHIhy.gl

Ha mpumep, y peaknuju jequmema 161 ca nuazoectpom 160 y mpucycTtBy comm 6akpa

Kao Karajau3aropa W XupaisHor juranjga 163 mobujen je Terpaxuuapodypan 162 y mpuHOCY 01
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74% ca puactepeoMepHHM oHOCOM of 95:5 u 98% enanTHOMepHOr Buuika (Cxema 1.47.).%%¢

Hako je nobujeHa BUCOKa CEIEKTUBHOCT, OBa TpaHc(opMalidja je orpaHuYeHa Ha OKCETaHe KOjU

MMajy CYIICTUTYEHTE KOjU CTaOMIN3Yjy KaTjoH.

1.9. Aqunuje Ha KOBYTOBAaHUM CHCTEMHMA

Pa3BujeHO je HEKONMKO pa3IUYUTHUX CTEPEOCENIEKTUBHUX METOJa 3a CHHTE3Y

TeTpaxuapodypaHa, Koje YKJbYdyjy KOHYIOBaHY aJWUILIM]y QIWIHUX- WIH MPONAPTUIHUX-

92,145a

aJlkoxola Ha MajkiioBe akLenTope. Hutpoankenn ce dyecto ymnorpebibaBajy Kao

aKIIENTOPCKA KOMIIOHEHTA Y 0BUM peakijama.®

COOMe

@/N02+ I KO:-Bu
-BuOIL

164 HO™ 165

Cxema 1.48. Cuntesa terpaxuapodypana u3 mpornaprui-aakoxoiia i HAITPOAJIKEHa

Ha mpumep, y peakuuju HuTpoasnkeHa 164 ca mpomapruHuM anmkoxoiioM 165 Hacraje
TeTpaxuapopypan 166 y KBaHTUTATHBHOM IMPHUHOCY M TO Kao cmema E/Z w3omepa (Cxema

1.48.).%%
Cl
I [ KOr-Bu

NO,
HO 68%
167

168

Cxema 1.49. Cunresa terpaxuapodypana mpeko oKCu-MajKIIoBe aIuIHje

Takohe je ommcana u aBOCTpyka MajkiioBa aauiuja Y-XHIPOKCUEHOHA y CHHTE3H
TeTanHszoq)ypaHa.97 Duclere je ypamuo cunTe3y terpaxuapodypaHa NMpeko okch-MajkioBe

aZMIyje Ipornaprui-alkoxoia Ha HuTpoaikeHe. OBaj mpolec HUje cTepeocnenuduyan, aau je
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nHaCTepeoceneKTHBaH.94a‘98 Ha npumep, jenumeme 167 y peakiuju ca (E)-2-HUTpo-2-0yTeHOM

naje terpaxugodypan 168 y mpunocy ox 68% (Cxema 1.49.).98

ANKWIUACH MayoHaTH Takohe ce MOory KOPUCTUTH Kao MajKIIOBH aKIENTOpH Y
peakimjaMa Koje Cy KaTaau3oBaHEe NalaaijyMOBHM " C MM HHHKOBHM' . KommiekcuMa. Ha
npumep, Balme je 3amazuo na nananujym-karain3oBaHa peakiuja npomnaprui ankoxona 170 ca
ANKWIUACH JaepuBatuMa MasioHata 169 renepumie 3-metwieH-terpaxuapodypan 171 ca

nprHOCOM 011 92%, aiu ca OCKyxHOM auacTepeocenekrusrouhy (Cxema 1.50.).%%

EtOOC I ~ PhaUNPh
= DU, ﬂceo&
sood b Pd(OAc),/PPhs Sy

HO™ “Ph 92%
169 170 171

Cxema 1.50. AnxunuaeH MaioHaTH kao MajkiioBH aKIIENTOPH Y CUHTE3H TeTpaxuapodypaHa

Balme je Takohe ommcao TPOKOMIIOHEHTHY CHHTE3Y BHCOKO CYICTUTYHCAHUX
TeTpaxuapodypaHa W3 aNKHIHACH MalOHATA, alMIHAX aJKoXoma M apui-xanorermaa.’”> Kao
IITO je MPHUKA3aHO, PEaKlljoM alKIIWIeH ManoHaTta 169 ca jomoOeH3eHOM U aTiiI-aIKOXO0JIOM
172 y npucyctBy KH u xaranuruuke koiuuune Pd(dppe),, nobuja ce terpaxunpodypan 173 y
npunocy ox 60% (Cxema 1.51.). Takohe cy ommcane u TpanchopMmaije Koje YKIbYUYjy
IIpUMapHe U CEKyHJapHe Mponaprui-ajakoxoje 1 'y o0a ciydaja 1o06Mjajy ce TeTpaxuapodypaHu
ca ckpoMHOM auactepeocenektiromthy. % Ciouuny Merony koja ykibydyje ynorpeGy amui-

XJTOpHJIa YMECTO apuii-Gpomna myommkoao je Lu. %

E00C, Pd(dppe)z
) COOE
Brooc 0% | OO
169

Cxema 1.51. Pd(dppe); kao kaTanmu3atop y CHHTE3U TeTpaxuapodypana

Yamamoto je u3Beo mayiajinjyM-KaTaJu30BaHy PEakilf]y aJIHUX aJIKoXoJia KOJUu UMajy
kapOoHaT Ha monoxajy C-4 ca anKwiMIeH MaJOHATHUM JIepHBaTHMa M TaKO j€ CHHTETHCAO

CYICTUTyHCaHEe 3-BUHHITETpaxuApodypaHcke JepuBaTe y A0OpOM MPHHOCY ca YMEPEHOM
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CTepeOKOHTpOJIOM.1°4 Kao mro je mpukazano Ha Cxemu 1.52. aymmnmuu ankoxon 174 y peakuuju
ca jenumemeM 175 y npucycty Pd(dppe), kao karanusatopa 06e36elhyje Terpaxuapodypan 176

y npunocy of 72%.

YnorpeboM karanm3aTopa Koju Hoce xupainHe ¢GocPuHCKe mranaue ao0Hujajy ce 3-

BUHWITETpaXuapodypanu ca 92% eHaHTHOMEPHOT BUIIIKA.

HO

Z/ CN

174 ) f C{CN Pdy(dba);/dppe L—iCN
T2%
Hp-OM
O CgHyp-OMe 0" Cetlap-OMe

0= 175 176
Qi-Pr

Cxema 1.52. Pd(dba)s/dppe kao kaTanu3aTop y CHHTE3HU TeTpaxuapodypana

1.10. Okcupanmja ajakeHa, IMeHA M MOJIMEHA

Metona oxcupaTuBHE LuKiIu3auuje 1,5-nueHa kojom ce A00HMjajy XUAPOKCUIOBAHU
TeTpaxuapodypanu NpBoOUTHO je 06jaBibeHa mpe 50 romuua’®® ¥ MHTEH3NUBHO je xopumthena y
CHHTE3H cIokeHnx Momekyna.>~**'% Muore oy oBHX MeTona MMajy orpaHmdeHy yrnotpeby jep

3aXTEeBajy CTEXHMOMETpHjcKe KommdnHe okcraanaca momyt KMnO, mmm OSOy.

HO OH
OBn 6 eq. CSA
W 5 mol% OSO4=
: 4 eq. Me;NO
OBn 84% BnO OBn
177 178

Cxema 1.53. Cunrtesa terpaxuipodypaHa u3 CAMETPUYHHX JUEHA

MehyTum, BeIMKH HAMOpU Cy YCMEpPEHH Ka pa3BOjy KaTAIUTHUYKUX MOAMU(DUKAIIMja OBHX

peaKI_II/Ija.107 Ha npumep, jenny o moaudukoBaHux mporeaypa mnpemioxkuo je Donohoe koju je
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U3BPILINO KOHBEp3U]y jenumema 177 no terpaxumpodypana 178 y mpunocy ox 84% u To

107
nomohy karanutuakux koaumurna OsOy4 (Cxema 1.53.). 7"

MHore paHuje CTyaMje OKCHIATHBHE IHMKJIU3allMje IueHa Owie cy (POKyCHpaHe Ha
TpaHcopmalnrje y KojuMa J0JIa3H 10 HaCTaHKa jeTHOT XeTePOLMKINYHOT npcTeHa. Mehytum, y
MHOTHM paJIoBHMa MPHKa3aHa je CTepeoceIeKTuBHa cuHTe3a bis-,tris- u momurerpaxuapodypana
w3 nonuena.’® Ha npumep, RuOs-katanm3oBana oxkcuganyja ckBaieHa 179  naje
nenrarerpaxuapodypar 180 y mpurocy ox 50% (Cxema 1.54.)."%% V oBoj mmmpecuBHOj
Tpancopmanmju Hacraje 12 HoBux Be3za u 10 crepeolieHTapa y jeAHOM CHHTETUYKOM KOPaKy.
OxcupmatuBHOM  mwkmm3anujom  1,4-nuena  pobwjajy  ce  2,3,5-TpUCYIICTUTyHCaHU

109
TeTpaxuapodypaHu y CKPOMHUM IIPUHOCHUMA U ca CKPOMHOM PETHOCETIEKTUBHOIINY.

0

\ I

1

(RREENZ

0.2 eq. RuO,2H,0 .M
: | 0 180
eq. NalOy ot
50%

f—\f_\f—/\’f_\/
: 04

Cxema 1.54. Cunre3a nonureTpaxupodypata U3 cKBajieHa

OKCI/IIlaTI/IBHe unxnmaunje Y-XUAPOKCHUAJIKCHA U ITOJIMCHA TaKOIjC CC KOPpHUCTC Yy CUHTC3U

¢ Ha npumep, McDonald je ommcao Re-KaTaqn3oBaHy OKCHAATHBHY

TeTpaxuapodypaHa.
UKIIM3annjy xuapokcn ankena 181 y xojoj Hacraje terpaxunpodypan 182 y npurocy on 84% u
TO Kao jemuHu aumactepeonsomep (Cxema 1.55.).110 Jom Hekw okcwmaHcu cy KopuirheHu 3a

OKCHIATHBHO 3aTBapam¢ TETPaxHapodypaHCKHX MPCTeHOBa, Kao Ha mpumep: Ti," Cr 1012
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L™ u VvV KOJU, OCHM IITO Cy KopulmheHW 3a oBe TpaHchopmalyje, KopumheHu cy U 3a

eIIEKTPOXeMHjcKe oKchuanmje y enoserpe.™

(F3 CCOQ)R€O3‘
84%

181 | 182

OH

Cxema 1.55. Penunjym-kaTanm3oBaHa CHHTE3a TeTpaxuapodypana

OxcupaTMBHA IMKIM3alMja IMKIOXeKceH-auona 183 mocturnyra je kopumrhemem
Jpyraddje cTparerdje 3a OKCHUIATHBHY HHMKIM3anujy. Kao mro je mpuka3zaHo y HACTaBKY,
kopuinhemem MoaudukoBaHor moctynka Schreiber-ose osonommse’™® nmomasu 1o edukacke
koHBep3uje nuona 183 no OunukmuuHor jeaumemwa 184 y mpunocy on 75% wu ca

nmactepeomepHuM oxrocoM 411 (Cxema 1.56.).17

H
HO 03, ACzO -0 O OA
Et;N, DMAP o e
HO 0
et 75% 1
184

Cxema 1.56. CuHTe32a OUITUKIIMYHUX TeTpaxuapodypaHa mpeKko 030HOIH3E TN0JIa

1.11. OxkcuaaTuBHA HMKJIN3aNUja He3acuheHUX ajnkoxoJa

[Mamagmjym-karann3oBaHa OKCHIATHBHA NWKIHM3alMja He3acMNEeHUX ajkoxoja 1o 2-
BUHHITETpaXuApoypaHCKUX JepuBaTa MPBOOHMTHO je ommcana ox crpaHe Hosokaw-e 1976.
romgure.'’® Kao mro je npukasamo, amkenon 185 y NpHCYCTBY KaTaIMTHYKHX KONHYMHA
Pd(OAC); u y mpucyctBy crexuomerpujcke kommunae CU(OAC), y atMochepn KHCEOHUKA Jaje

tetpaxuapobypan 187 y  ckpomHoMmM  mpuHocy  (40%), amm ca  OIMYHOM
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muactepeocenektuBaomhy (Cxema 1.57.). IlpermocraBma ce jga oBa peakidja HIE IMPEKO
uatepmenujepa 186. OBaj mHTepMeaujep MOABpraBa ce B-XHIPUAHO] CIMMHHAIU]A M TaKO
Hactaje Terpaxuapodypan 187. Crexmomerpujcka KOIWYMHA Oakpa Kao aguTHBAa CIYKH Ja
u3Bpm peokcunauujy Pd(0) mo karamutmuku aktuBHe Bpcre, Tj. 10 Pd(ll). HMcropujcku
rJIelaHO, OKCUIIAIAI0BAbEe je KOPaK KOjU Ce MO MPETIOCTaBIM OJurpaBa Mmpeko anti-aauiyje.
Melhyrtum, HajcKOpHja HUCTpaKMBamka MEXaHHM3Ma yKaszyjy Jna je Takohe IpuxBaT/bUBO SYyN-

119
OKCHUIIaJIaJOBamkc.

[ Ph ] Ph
O Pd(OAC) é
/\/\/]\ 2, 0 —
Ph Ca(OAC), O |~ ESO 187
185 40%
/Pd(0OAc) S
186

Cxema 1.57. JIBocTpyKO KaTaau3oBaHa CHHTE3a TETpaxuapopypaHa

Hexke ctymuje y oBOj 00JIacTH YCMEpEHE Cy Ha pa3Boj KaTalM3aTopa W yClIOBa peakinje

KOjU He 3axTeBajy Kopuirhemwe Oakpa. OBUM ce onakmaBa o0paja M CMamyje ce KOJIMYMHA

Pd(OAC), ©>
——-
DMSO, O, s
90%
HO ° 189

HCXKCJbCHHUX ITPOU3BOA.

188

Cxema 1.58. Cunrtesa terpaxuipodypaHa u3 ajlkeHoa

Jenan nmpucTyn je OMo Ja ce€ UCKOPUCTH MOJICKYJCKH KHCEOHHK Y JUMETHII-CYI(DOKCHIY
kao pacreapauy 3a Pd(0)-Pd(ll) okcmnanmjy.'”® OBakBu ycioBM Cy IpHMEmeHH 3a
Tpancdopmarmjy ankeHnosna 188 mo erpa 189 y npurocy ox 90% u ca amactepeoceIeKTHBHUM

oxHocom oz 20:1 (Cxema 1.58.).2%%°

Kao antepnatuBy, Stolz je pa3BHO OKCHAATHBHY IUKIW3AIHN]y Y-XHUIPOKCHAIKEHA, KOja
kopuctu KaranmuTudku cucteM PA(TFA)y/mupuauH y npucycTBy aTMOc(epcKor KHCEOHHKaA, JOK

119a,b

yrnoTtpeda quMeTniI-cyadoKcHia Kao pacTBapaya HUje moTpeOHa. Peaxkiujom ca Cxeme 1.58.

N0OUjeHH Cy pa3INunuTU CIIUPOLUKINYHYU WIN OUIUKIMYHU TeTpaxuapodypaHCKU MPOU3BOIN Y
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MPUHOCUMA O] 60-93%."° Ha Cxemu 1.59. MpUKa3aH je jelaH MpUMEp OBE pPeakiihje y K0joj ce
Bpmn nukim3anyja ankoxona 190 mo rerpaxunpodypana 191 y mpunocy ox 60%.*° Benuku
Opoj UCTpaXMBAYKUX TpyIa je Takohe yKIbY4eH y pa3Boj CPOJHUX €HAHTHOCEICKTUBHUX METOAA

OKCHJIATUBHE [UKIU3alldje, Koje Tpyxkajy wmoryhHocT 3a cuHTe3y OeH3odypaHCcKux

jeI[I/IerHxa.llgb’ 121
OH
Pd(TFA),
]
Py_, N82C03 o
1Y)
190 60% 191

Cxemal.59. Pd(TFA),/mupuauH Kao KaTaJUuTUYKUA CUCTEM Y CHHTE3H TETpaxuapodpypaHa

1.12. Xuapoerepudukamnuja ajakeHa
1.12.1. Xuapoerepudukanuje npeko KHCEOHUKOBOT PaguKaJia

Xuzapoerepudukaiyje ajkeHa Koje ce OJurpaBajy NMpPeKO KHCEOHHKOBUX pajuKaia cy
KOpUCHE MeTofe 3a (opMHUpame TeTpaxuApoPypaHCKUX jeAumema. Palukamy KuCeoHHKa
OOMYHO Ce TeHEpHILly ITyTEM XOMOJIN3€E CI1aduX KHCEOHHK-XeTepoaToM Be3a. Hacramu paaukanu

TOJUTEXKY BeoMa Op30 5-eX0-IuKIH3anuju 1ajyhu Terpaxuapodypancke mpousBoze. 22

D i
v "
192 NP
Yk/v 69% 193

N hv

———— s -

80% |
195
Ph =
194

s
peas

N/
-
AT

Cxema 1.60. @oTonuTHuKka CUHTE3a TeTpaxuapodypaHa
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Ha nmpumep, xao mro je mpukazano Ha Cxemu 1.60. kouBep3nja N-aqKOKCUTTHIICPUTAH-
tnoHa 192 no rterpaxuapodypana 193, onmBuja ce y mpuHocy ox 69% u ca ymepeHOM
nmacrepeocernektusrouthy (69:31).2° Oa Meromonoruja je npoumpena ua cunTesy 1'-6poMo- u
1'-jomorerpaxuapodypana.?* V peakimju poronuse jenumema 194 y npucycry CsFol Hactaje
terpaxuapodypan 195 y npunocy ox 80%, mok muacrepeomepHu oanoc usHocu 71:29 (Cxema
60). Cyncruryncanu terpaxuapodypanu Ttakohe ce mory (opMupatd 5-€XO-IHKIA3aInjoM
ankokcn pazmkana.'?® Ha mpumep, TpermanoM jenmmema 196 ca BusSnH i AIBN moGuja ce
npousBox 199 y npunocy on 64%, a nuacrepeomepnu oxnoc u3nocu 3,3:1 (Cxema 1.61.). OBa
TpaHchopmalja ce oABHja MPEKO BUHWI pagukana 197, y KoM J0Ja3u 10 MHTPAMOJICKYJICKE

aTnCcTpakIlMje BOJOHUKA M3 aJIKOXOJIHE rpyre y3 HactaHak 198. OBaj paaukan mpojiasu Kpo3 5-

eX0-IMKIIM3AIUjy ¥ TaKO HacTaje TeTpaxuapodypancku mpoussoxa 199.

AcO
O
OAc Bu;SnH
196}IO A 199
Br OAc

AcO

AcO
OAc

OH
197

Cxema 1.61. Cunre3sa TerpaxuapodypaHa Npeko BUHWI paJuKaa

1.12.2. Xuapoetepupukanuje npeko kapookaTjoHa

Beoma BaxkHa peakmuja 3a goOujame TeTpaxuapodypaHa H3 alKeHa je peakiuja
uHTpamosiekyicke aguiuje OH rpyme. Mehyrum, oBe Tpanchopmalmje Ccy 4ecTo orpaHuyeHe,
jep 3axTeBajy KHUCEIWHE Kao Karajau3aTope. ANTEpHATUBHU HAYWH Pa3BUjeH je OJl CTpaHe

Hosomi-ja koju ykibyuyje Brensted-oBe wmm Lewis-oBe kucenwHe 3a IHMKIU3ALH]y Y-
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xI/mp0KCI/IBI/IHI/IJICI/maHa.126 PenpesentatuBHM mpuMep oBe peakiyje je peakmuja cuinana 200

koju y npucyctBy TiCly maje 2,5-trans-mucyncruryrncanu terpaxuapodypan 203 y mprHOCY 0O

89% u ca auacrepeomeprnM oxrocom ox 9:1 (Cxema 1.62.).%

. 0
OH SiMe,Ph
PP ? __Ti?/}i,\{_? “SiMe,Ph
Ph = BO% 203
200 T
| .
o\ &
*‘QH\ SiMe,Ph|—| “Q XSiMe,Ph
~TiCl, “TiCly
201 202

Cxema 1.62. TiCl, xao kaTanu3aTop y CHHTE3U TeTpaxuapodypaHa u3 cuiaHa

[IpermocTaBspa ce 1a oBa peakiiyja uje IpeKko MpoToHoBaHOT nHTepMenujepa 201. 3atum
J0J7a3u JO0 HMHTEPMOJICKYJCKOT IPOTOHOBamka JBOCTPYKE BE3€ NPUIMKOM KOjer HacTaje
untepmenujep 202. MzoTonckum obenexaBameM ca JISyTepUjyMOM JOKA3aHO je Ja ce aiulluja
oIurpaBa ca Syn-celieKTHUBHOIINY, a OBe peakiuje cy Takohe edukacHe 3a cuHTe3y 2,5-trans-,
2,4-Cis- wu 2,3-trans-mucyncTUTyrcaHux TeTpaxuapodypana o (Z)-BHHWI CHIaHA Kao
cyncrpara.’?’ Peakumje anenaumje (Z)-cmmi-bis-xOMOQIMIHEX anKOXoma KOpHCTE ce 3a
CTEpPEOCEeIeKTUBHE CHHTe3e TeTpaxuapodypaHa ©  Karanu3zoBaHe cy Brensted-oBum

KI/ICGJ'II/IHaMa.128

SiMe,Ph
2 p-TsOH C)?/ 205
i OH 77% /
204 SlMezph

Cxema 1.63. CenexkTuBHA cHHTE3a TeTpaxuapodypana karaauzosana ca p-1SOH

Ha npumep, y peaknmju jenumema 204 ca karamutuakoMm KoiawmauHOM P-TSOH Hacraje
terpaxuapodypan 205 y npuHOCy 01 77% 1 TO Kao jemunn guactepeonsomep (Cxema 1.63.).'2%
Cunun rpyna uMa JBOCTPYKY YJIOTY y OBHUM peaklujama, jep CIyXKH 3a CTaOWIM3alujy
KapOOKaTjoHa TIPEKO G-T KOWYTallkje, a Takohe oJlaKIaBa CeNEKTHBHU HYKEIO(WIHHN Hamaa Ha

KapOOKaTjoH, a Kao MOCIeANIa TOTa HAaCTaje jeaH TUCTEPEOn30MeEp.
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1.13. Xanoerepuduxkaumje, MepkypuoeTepupukanuje u ceaeHoeTepupukanuje aaTkeHa

Peakumje xamoerepudukanuje, Mepkypuoerepudukanmje u celeHoeTepuduKaImje
Hajuerthe cy ymoTpeOsbaBaHe y CHHTE3aMa TeTpaxuapodypaHa, Kao U y CHHTe3aMa PUPOIHUX
npou3Bojaa. Ha mpumep, KJbydHH KOpaK y CHHTE3M pyOpeaHosuaa Koju ¢y npemioxuin Fujioka
n Kita ykibydyje aBocTpyky jomoerepucukanujy amerana 206 u3 Kor HacTtaje OWIUKIMYHH
terpaxuapodypan 207 npunocy ox 80% ca mumacrepeomepHum ogHocom oxa 3,5:1 (Cxema
1.64.).129 Hamom ¢yHKmonanu3anujoM npousBoaa 207 mobujeH je mpupoanu mpousBoxa 208.

. . . 5,130,131
OBge Tpanchopmaliyje HaILIe Cy BeoMa BeJIMKY IPUMEHY Y CHHTETUYKO] XEMU]H.

Ph Ph O
NIS, H,0 i ! [F
00 —5i ™ . O“ S— O 208
/i“ 0O ' Ph
V AN i 0
206 Ph
207 HO

OH

Cxema 1.64. Cunresa pyOpeaHoma U3 aneraia

1.13.1. PeareHcOM-KOHTPOIMCAHA XeMO- H PerHOCeJeKTHBHOCT

Hexonmuko crymuja Oumo je QokycupaHo Ha THTame XEMOCEICKTUBHOCTH WIIU
PETHOCENEKTUBHOCTH Y €IeKTPOQHIHUM peakifjaMa eTepuduKaluje cyrncrpara Koju cajapike
BUIIE  HYKICODUIHUX rpyna.m’133 On 3Havaja je  TOMEHYTH  €JEeKTpO(UIIHY
muknoerepudpukanyjy  kojy  je  mpemioxkuo  Castillon.  Hamme,  enexrpoduina
nuKIIoeTepuduKaImja nepuBata 4-nmenten-1,2,3-rpuona 209 Moxxe ce H3BPIIUTH OMIIO 5-€X0 HITH

5-endo waumHOM y3 onromapajyhm u300p eneKTpo(MIHOr peareHca W 3alliTUTHE Tpyle 3a

IPHUMAapHy alTKOXOIHY TPyIy.

Kao miro je npukaszano ucnoxa (Cxema 1.65.), nuknu3zanmja 5-ex0 tuna ¢aBopusyje ce ca

CYIICTpaTOM KOJ KOjer je MmpHMapHa aJKOXOJHa rpyna cioboaHa (Hesamruhena) (217a) mpu

40



jonoereprupUKaIMOHUM U CelIeHOeTepUPUKAITMOHNM yCIIOBUMA aajyhu Tako Tepraxuapodypan

212 n 213.

NPSP I,, NaHCO;
BnO - I
! N(_Z 55% "\ ST 9%

3 S-endo OH 5-exo

BnO SePh ™ HO OBn
210 ROJ\./\ 212

R=Bn OBn  Rp-pj 0
I,, NaHCO; / 209 N\ NPSP """“SePh
86% 9%
S-endo 5-exo O

Cxema 1.65. 5-ex0- u 5-endo- nukim3anyja aTkeHoa NPy Pa3IndIUuTUM PEaKIMOHUM YCIIOBHMA

Kon peakiuje nukin3aimje Kaaa je 3amTuhena npuMapHa ajJKoX0JIHa TpyIa y CyICTpaTy
209 jomoerepudukamnuja uae MPeKo 5-eX0 MUKIN3AMUOHOT ITyTa Aa 0u ce moomo mpowssoxa 211,
70K je mpou3Boj 5-endo umkimuzanmonor mnyra 210 noOujeH je ceneHoeTepUUKAIAjOM.

CeJleKTUBHOCT IIpu endo- u EXO-I_II/IKJ'II/ISaI_II/IjI/I [Mpoy4daBaHHu Cy U HAa MOJICKYJICKOM HI/IBOy.134

1.13.2. AcumeTpHuuHe ceJIeHO- U XajioeTepudukanmje

3HataH Hamop je mocBeheH  pa3BOjy — €HAaHTHOCENEKTHUBHMX  CEJIEHO- U
xasioeTepu(UKalMOHUX pea1<u1z1ja.135 Benuku Opoj paznuuMTUX HEPALIEMCKUX CEJICHCKUX
peareHaca Cy CHHTETHCAHH, a FHXOBA XHDATHOCT NPOMCTHUE M3: aepusata (epouena,*® Cp-
CHMETPHYHHX apoMaTH4HHX rpyma,’®’ xupanuux Gemsumerapa wimn THoetapa'>® u kamdopa Kao
cy6jez[HHHua.l39 Pearencu koju cy 0a3upaHu Ha XMPaJIHO] AMUHCKO] KOMIIOHEHTH Takohe 1o0po

. 14
YTHYy Ha aCHMETPHYHOCT CeleHoeTepr(HKAIja ca BHCOKOM eHaHTHOCenekTiHomhy. 0

Ha npumep, y peakuuju ankeHoina 214 ca  XupagHUM  apHIICENICHHII-
xekcadryopodocharom koju je mobujeH peaknujom muceneHuga 215 ca Br, m AgPFg, maje
tetpaxuapodpypan 216 y npunocy ox 86% u ca 98% mmacrepeomepHor Bumka (Cxema
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Ph

o

O
N 215
Se, ™\
S |
2 07 “pp <—O—Tﬁt
/\\N -
OH Br,, AgPF, |
214 86% SeAr*

216

Cxema 1.66. CunTesa Terpaxuapodypana ca ceJIeHOM Y O0UYHOM HUBY

Hako cy CHHTETHCAaHM MHOTH pearcHCH Yuja je yJiora Ja JIOBEdy O aCUMETPHUYHE
cerleHoeTepuUKaImje, aCHMETPUIHE jogoeTeprudukanmje cy npmwmyHo perke. Kang je omucao
SHAHTHOCEJICKTUBHY CHHTE3Y TeTpaxuapodypaHa MyTeM joJoeTepruduKainje Koja je u3BeaeHa y
npucyctBy xupaiaaor Co(lll)-canen komruiekca kao karanusatopa (218) wim xupanaor BINOL-
JIEpPUBATU30BAHOT  TUTAHH]YMCKOT karammsaropa.”t Ha mpumep, Co(lll)-karamn3osana
jomoerepudukaimja (Z)-4-nenteHonckux aepusata (217), naje rerpaxuapodypancke Ipou3BoIe
219 y mpuHocy on 83-94% ca 64-90% enanrHoMepHor Bumka (Cxema 167.).'*'"" Crnumunn
MPUHOCH ¥ CHAaHTHOCEIEKTUBHOCT JIOOWjEHH Cy Yy aCUMETPUYHUM MEPKYpPHUOLMKIIM3AIHjaMa,

Koje cy karammsoane xupanaum Hg(11)-bis-okcazonuuackim komimiekcom. ™

218

-

—N N=
5
C

TV\/\ - O/éj 0
t-B -
N OH u t-Bu

NCS. I,
217 83-94%

TEN

ok

219

Cxema 1.67. Xupanau Co(l11)-cajen koMIIeke Kao KaTain3atop y CHHTE3H TeTpaxuapodypana
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HAIINW PAAJOBHA



YBoa

[uknodyHKIMOHATM3aIMja aJIKEHOJIAa Ca CEJICHCKMM peareHCHMMa II03HaTa je Kao
dbenunceneHoerepudukanuja. OBa peaknuja je Halula MPUMEHY Y pa3HUM TpaHaMa XeMHuje, a
HAPOYNTO CE KOPHCTH y TOTATHEM cuHTesama. ™ ' Harmm pasBoj XeMmuje OpraHOCENeHCKHX
jeIumbema MPUIINCYje ce OCOOMHaMa OBHX jEeHIbEHha KOje HCIYHaBajy 3axTeBe MOICPHHUX
OpPraHCKUX CHHTe3a. MHOTH pearcHCH OpraHOCEIICHCKOT THIIA Cy € TIOKa3alli Kao jako J00pH 3a
pEruo- U CTEPEOCEICKTUBHE PEaKIIMje Y OPTaHCKO] CHHTE3U. JeHa, 01 MHOTUX T0OpHX 0coOMHA
OPraHOCEJICHCKUX peareHaca je MoryhHocT kopumihema MO OJaruM eKCIEePHUMEHTATHUM
YCIIOBMMA, IIITO j€ 0/ KPYIHjaTHOT 3Ha4yaja 3a CTAOMITHOCT CYIICTpATa U MPOU3BO/Ia Y PeaKIlijama
He3acuheHX W (YHKIIMOHATHO KOMIUIGKCHHUX MOJICKYJIa, HApOYUTO HAa TIOJbY MPHUPOIHUX
npou3Bosa. OBH yMepeHH yciaoBH oMoryhaBajy KMHETHYKY M TEPMOJIWHAMHYKY KOHTPOIY
peakimje, a ToO BOJAU JI00Ujamy jemHor, o Moryha J1Ba pernou3oMepa, U TO Y BEITUKOM BHIIIKY,
ma je OBO jeJaH Oj pasjora Kopuinhema OpraHOCENICHCKMX peareHaca INpU HU3paad OBe

JTUcepTaImje.

deHmIICeNIeHO-TPYIIA je Hajuyemnhe KopuliheHa rpyna 3a yBoheme eleKTpoIIHOT celeHa
y pa3auuuTO (QyHKIMOHAIM30BaHe opraHcke Mousiekyne. Hajuemhe cy kopuithenu
(beHuIceNeHMI-XaloreHUAN, KOjU Cy KOMEPLHjaIHO JOCTYIMHH WM Ce MOTY CHHTETHCAaTH W3
mudenn-aucenennia. Peakmnuje onedurna ca enekTpoGUIHUM OPraHOCEIICHCKUM peareHCuMa y
MPHUCYCTBY CHOJbAIIBEr HykiIeoduaa cy crepeocnenuduure anti-aauimje Koje YKIbY4Yjy
(bopMHpame UHTEPMEN]EPHOT CEeJIeHOHUjyM-KaTjoHa. MehyTuM, Kaja je Hykieopus cacTaBHU
7eo He3acuheHOr CyICTpaTa IMpOoLEeC MOCTajeé MHTPAMOJIEKYJICKH M J0Ja3Hu 10 IUKIHW3aLuje.
VYkonuko je oJedUHCKH CHCTEeM HECHUMETpUYaH TEepMOJIMHAMUYKH e (aBOpU30BaHA

MapkOBHHKOBJbEBA OpPHjEHTAIIH]A.

Ha Cxemn 2.1. mpuka3zaHu cy TMOTEHIUJaJIHU PEAKIIMOHU MYTEBU y 3aBHUCHOCTH O]
pENaTUBHOT MOJ0Xkaja HyKJIeopuia 1 oJeQUHCKOr cucTemMa y rnojiazHom cyncrpary. Cymerpar 1
NpeJCTaB/ba aKEHON Koju  (eHuIceNeHoeTepupHUKaIjoM Jiaje  TeTpaxuapodypaHCKH
(eHunceneHo-eTap U TO CaMo ako je JBOCTpYKa Be3a CYNCTUTyHCaHa. AJNKEeHON 4 y 3aBUCHOCTH
O  CYINCTUTYIHj€  JBOCTpyKe  Be3e  (eHmiceneHoeTepuPuKamujoM  MOXKe  JaTh

TeTpaxuapodypaHCKu 5 u TETPaXUAPONUPAHCKU (benumceneHo-eTap 6.
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denuncenenoeTepuUKaIIjoOM aTKeHoMa { HacTaje TeTPpaxuApOoNupaHcKu GeHuIceneHo-eTap 8,
TOK OKcemaHcku (eHmceneno-erap 9 He Hacraje. VIHTpaMoneKyiIcka HUKIN3AIH]a, 3a0YHHE
HaraJIoM peareHca Ha OJe(QHHCKH CUCTeM ajkeHona 1, 4 u 7 mpu 4emy HacTaje CeJICHOHH]yM-
KatjoH (y paHUjo] JHUTEpaTypd Ha3BaH enuceneHypan). Y cuneaehoj ¢asm nonasu 1o
MHTPAMOJICKYJICKOT HYKJICO(QHIHOT Halaaa ¥ y3 eIMMUHALN]y TIPOTOHA TEOPH]CKH MOT'Y HaCTaTH

nukInyHn penuceneno-etpu (2, 3,5, 6, 8 u 9).

SePh O

R _PhSex_ O wR

1
2 3 SePh

o SR _pasex QAM O\
. SePh
PhseX_ O Seph SePh
HO™ ey AR S o Q
7 0™ "R
B 9

. 4
Cxema 2.1. [Torenuujanan (GeHUICENECHO UKIN3AMOHN TTyTEBH A’-, A*- u A°-ankenona

[IpaBmiHuM K300pOM CyICTpaTa M OPraHOCEJIEHCKOI peareHca umak je Moryhe

152 .
CHUHTETHCATH CEIMOWIAHE U BUIICYIAHE XETEPOLUKINYHE IEpHUBaTeE. > Moryhe je nobutu u
ONTUYKHM AKTHBHE IMKJIM3ALMOHE MPOM3BOJE U TO YIOTPEOOM OPraHOCENEHCKUX peareHaca

R*SeX kox kojux R* rpyma moceyje xupanuu mesrap. >

Jlako ykinamamwame (PEeHWICEIEHO- IPpyle IPUMEHOM PelyKIIMOHUX peareHaca joIl BHUIle
¢daBopusyje ymoTpeOdy OpPraHOCEJIeHCKMX peareHaca Yy CHHT€3aMa IUKIMYHHX eTapa.
Xunporenommsa C-Se Beze BeoMa ce JIaKO BPIITH MIPH OJIATMM PEAKIIMOHUM YCIIOBHUMAa Ha COOHO]
TeMmIepaTypu y terpaxunpodypany momohy Raney-Ni y BucokoMm mputocy on 94%. Moxke ce
YIIOTPEOUTH Kao PEAYKLIMOHH peareHc U Tpu-N-OyTUiI-KanajXxuapu/] KOoju yKiama (peHuIceIeHo-
IpyIly Y IPHCYCTBY KaTaJIMTHYKHMX KOJHMYKMHA a30-Dis-n3o6yruponurpuna y tonyeny Ha 110°C y
BHCOKOM mpuHOCY oa 98%. OBa MeToma je HapoOyMTO TMOTOJHA y ClIy4ajeBUMa Kajga Cy y

MOJIEKYITy IPUCYTHE U Apyre (yHKLIHOHAIIHE TPYIIe KOj€ CE MOTY JIAKO PEeIlyKOBATH.
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Peaknuju denmicenenoerepudukanmje mopiexxy npuMapHu, CEKyHIapHU U TEPLHjapHA
ankoxosu. CnoboaHo ce Moxe pehu 11a je nHTpamosieKysicka ¢peHusceneHoeTepuduKalyja jeHa
O]l HAjBAKHUJUX METOJAa 3a CUHTE3y KHUCECOHMYHUX XETCPOIUKINYHUX jeIUEHha KOJU CY
MPUCYTHU Kao KOHCTHTYCHTH MHOTHUX OHWOJIOIIKM BaXXHUX jequmema. Jla Oum ce ychenrHo
M3BpIIHIa GpeHuIceIeHoeTeprudrKaIyja moTpedan je MoBoJbaH MOJI0Ka] 0JICPUHCKOT CUCTEMA U
XUAPOKCHIIHE TPYIIC Y MOJIEKYIy, IPH 4eMy ce Hajuenthe n00H1jajy XeTepOUUKINYHA MTPOU3BOIN
TETPAXUAPOPYPAHCKOT /WM TETPaXUIPONUPAHCKOT TUNa. HTpaMONeKyIcKa IUKIn3aIuja je
TJIaBHA peakifja KOoJ MPUMapHUX U CEKyHJApPHHX AJIKCHOJa, JOK TEePIMjapHU AJKCHOJH, O]
UCTHM PEAKIMOHUM YCIOBHUMA IHMKIIM3Y]y Y BEOMa MalliM NMPUHOCHMA Kaja ce Kao pearcHc

kopuctu PhSeCl.**

TokoM mnperxoIHMX TOAMHA BpILIEHA Cy HWCHOUTHBaWmA (QEHUIICeNeHoeTepupUKaIyje
Pa3NUYUTO CYNCTUTYHCAHUX aIKEHOJa y MPUCYCTBY oApeheHnx Karanm3aropa KOju MOTY UMaTH

. o1
YTHUId) KaKO Ha IPHUHOCEC, TAKO U HA PETHUO0- U CTCPCOCCIICKTHUBHOCT OBUX pCaKlHja. %

On moceOHOr 3Hauaja Ccy pe3yaTaTd AOOMjEHH HCIUTHBAKEM yTUIAja MHUPHIMHA Ha
IPUHOCE U TOK (peHHIHCETIeHOeTeprHKanmje. Ynorpeda eKBUMOJAPHUX KOJMYMHA MHPUANHA
yTude Ha moBehame mpuHOCa NMKIMYHMX €Tapa J0 TOTOBO KBAaHTUTATHBHUX, a KMHETHYKA

Meperba oTBPYYjy BeroBy KaTaIuTHUKy YIOTy.

IIpenmer oBe aucepranyje je HUCOUTHBAKE MeXaHM3Ma (eHHIceneHoeTepupuKayje
HEKMX TEPICHCKUX allkoxojia y mpucycTtBy anutuBa (Lewis-oBux 0a3za W KHCEIHHA).
[IpernocTaB/beHM MEXaHU3aM OBE peaklidje MOTBPHEH je eKCHEPUMEHTATHUM U TEOPH)CKUM

METOoJaMa.

IIpBu neo paga oOyxBaTa peaklyje LUKIM3alMje 0Aa0paHUX TEPHEHCKUX AJKOXOJa ca
PhSeX (X = Cl, Br) u Hactajame deHuceneHo-erapa. Y Hujby mo0osblama IPHHOCA H CTEPeo-
U PErnoceseKTUBHOCTH peakliije cy u3BoheHe y npucycrtBy Hekux Lewis-oBux 6a3a (EtsN, Py,

Qui u Bipy) u kucenuna (SnCl, u CoCly,) kao agurusa.

VY apyrom paeny OBOT paja MCIMTATUMBaH j€ YTHIA] NMPUMEHEHUX aauTHBa Ha Op3uHY
peaknuje QeHmIceneHoeTepruduKanrje KHHETHIKAM METO/laMa Ha OCHOBY d4era cy J00ujeHH
MoJIalli O MEXaHW3MY OBUX peakiMja a Taj MexaHu3aMm je y Tpehem nemy morBpheH u Ha
MOJIEKYJICKOM HuBOy mnomohy teopujckux wmoxena: B3LYP/6-311+G(d,p) u MO062X/6-
311+G(d,p).
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2.1. PeruocenekTuBHa (QeHWwiIce/JeHOeTepupUKAIAja JIMHAJIO0JA, HEPOJHI0Ja H

O-TeprnHHeoJIa

Kao cymcrparu xopumheHu cy TEpIEHCKH alKoXoJsu: JuHanon (3,7-muMmerninokra-1,6-
mueH-3-om), Heposwmmon  (3,7,11-tpumerunn-1,6,10-nonekarpuen-3-o1) W O-TEPIIMHEON
(2-(4-meTun-1-nuknoxekc-3-eHui)mponan-2-oi). YpaheHa je cepuja peakija HaBeICHHX
TEPIICHCKUX aJKoXoJia ca (PEHHJICEICHUI-XJIOPUAOM M (QeHHMICeTeHII-OpomMuiom. JInHamom,
HEPOJIHON M O-TePIIMHEON MPEACTaBibajy A’-alKeHome KOjH TEOPETCKH 5-eXO-trig mporecoM
Mory jaa (opMmHpajy LHMKIHYHE eTpe TeTpaxuapodypaHckor tuma, a 6-endo-trig mporecom
UKJIMYHE eTpe Terpaxuaponupanckor tumna (Cxema 2.1.). BaxHo je ncrahu yumeHuy na ce
NOOHjeHU MPOU3BOINA MOTY JaJbe (YHKIIMOHAIN30BATH TOMTO y OOYHOM JIeTy MOJIEKYJIa UMajy

Kao )parMeHT IBOCTPYKY BE3y.

OcuMm peakiyje MUKITU3aIje MoKe IOhH u 10 CriopeHe peakilnje aJullije peareHca Ha
JBOCTPYKY BE€3y aJKEHOJIa, a 0OpO je TO3HATO J1a Cy OPraHOCEICHCKA jelUIberha OIMYHH
u3Bopu enekTpodmiHuxX yectuna. [la Ou cy30MiiM HEXEbHY Peakilujy aaulihje y PEaKIHOHY
CMeIIly Cy JI0JaBaHu Pa3IMunuTH JAUTHBH. Y OBY CBpXY KopwuiiheHe cy Heke Lewis-oe 6aze u
Lewis-oBe kucenune. O BaXHOCTH je OWIIO U Jla C€ UCIUTA HUXOB YTHIA] Ha TIPUHOC M OJTHOC

MUKIMYHUX €Tapa.

- OH _ PhSeX (X=CLBr) _ PhSe 0 . O™
R EGN, Py, Qui. Bipy, R A R

CaCl,, SnCl PhSe
R = CH, (1) noE ;: ;E
R = )%/\ (2)

SePh
SePh
PhSeX (X=Cl, Br) 9] +_[O ¢
OH Et3N, Pys Qui, Blpya
COCIQ, Sl’lC12
; 3a 3b

Cxema 2.2. [{uknu3anyja TuHaNoNa, Hepoiauaoia u o-reprnuHeona ca PhSeCl u PhSeBr y

npucycTBy aautuBa (Lewis-oBe 6a3e u KucenuHe)
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JlonaBameM €KBHMOJIApHUX KoiuunHa Lewis-oBux 6aza (Cxema 2.2.): TpHeTHIaMHHA
(EtsN), mupuauna (Py), xunomauna (Qui) u ounupuauna (Bipy) u Lewis-oBux kucenuna (SnClou
CoCl,) y peakiuoHy cMenry jgojia3u A0 moBehama MpUHOCA MUKIMYHUX €Tapa y3 JAPAacTHYHO

CMambeHhe KOHKYPEHTHE Peakilfje aaulije.

Y Tabenu 2.1. mpukaszanu cy npuHocu (y %) U penatuBHA pacmojena JA00ujeHHX
XeTepOIMKINYHKX Tpou3Boja (1a-3a u 1b-3b) nuknusanuje nunanona (1), Heponumona (2) u o-
teprimaeonia (3). Ca a o3HaueHw cy TerpaxuapodypaHckd, a ca 1b Terpaxmaponmpancku

IIPOU3BOJIH.

Taodena 2.1. ®enmncencuoerepudukanuja suaanona ca PhSeCl y npucyctBy ekBuUMoOIapHHX

konmurHa Lewis-oBux 6a3a (EtsN, Py, Qui, Bipy) u kucenuna (SnCl,, CoCly)

IIpuHocH M 0IHOC HIMKJINYHUX NPou3Boaa a:by %

NPOU3BOAHU Et:N Py Qui Bipy SnCl, CoCl,

la, 1Ib  100(81:19) 93(93:7)  96(97:3)  94(96:4)  86(94:6)  75(95:5)

2a,2b  100(100:0) 100(100:0) 99(100:0)  98(94:6) 100(100:0) 100(100:0)

3a,3b  100(0:100) 99(0:100) 100(0:100) 100(0:100) 100(0:100) 91(0:100)

Ha ocnHoBy pe3synrara nobujeHux y peakiujama cepuje aiakenona (Tabena 2.1. u Tabena
2.2.) npumehyje ce 1a cy y CBUM cilydajeBUMa 00JbU MPUHOCH KaJla c€ KOPUCTHU (DeHUIICEeNeHUII-
XJIopu] Kao peareHc. Takolhe, 3anaka ce 3HauajHa PErHOCEIEKTUBHOCT Y CBUM peakiifjaMa, Maja
u oBzie Tpeba ucrtahu Ja je 3HaTHO 00Jba PErHMOCENEKTUBHOCT OCTBapeHa Kaja ce Kao peareHc

KOPUCTH (PEHUIICETECHNUI-XJIOPUL.

[MpuHoc mpousBoga mukim3anmje JuHanona ca PhSeCl 6e3 ammtuBa je 37%, omHOC
UKIMYHUX Tpou3Boja je 86:14 y kopuct Terpaxuapodypana, a ca PhSeBr xao peareHcom He
JoN1a3u 0 IuKIn3anuje. Heponumon u o-TepnuHEOA HE /Majy NMKIN3alMOHE MPOM3BojJE 0e3

npucyctBa amuTtuBa. M3 mpukazanux pesynarara (Tabeme 2.1. m 2.2.) 3akibydyje ce na y
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peakmujama nuHanona ca PhSeCl u PhSeBr mpucycrBo agutusa (Lewis-oBe kucenute u 6ase)

¥Ma TIpecyiHy yjory Ha noehame npuHoca.

Ta6ena 2.2. denucenenocrepudukanuja auHamona ca PhSeBr y mpucycTBy eKBHUMOJapHUX

konnurHa Lewis-oux 6a3za(EtsN, Py, Qui, Bipy) u kucenuna (SnCl,, CoCly)

IIpuHoCcH M 0IHOC HMKJINYHUX NPou3Boaa a:by %

NPou3BOIH Et;N Py Qui Bipy SnCl, Co(Cl,

la, 1b 67(94:6)  87(100:0) 81(63:37) 96(95:5)  92(96:4)  72(95:5)

2a,2b 98(100:0) 100(100:0) 100(97:3) 99(92:8) 100(100:0) 100(100:0)

3a, 3b 100(0:100) 100(0:100) 95(0:100) 100(0:100) 100(0:100) 100(0:100)

Panuja ncrpaxkuBama y 0071acTH OpraHoCelIeHCKe XeMuje jacHo mokasyjy na je PhSeCl
epukacHuju peareHc ox PhSeBr, jep je 6pomua 60sp1 HyKICODHITHN KOHKYPEHT KHCEOHUKY HETO
xjaopun. MehyTum, HOIaTKOM aguTHBA, pa3ihKa y PEaKTUBHOCTH OBa JABa (hEeHUIICENEHWUII-
XaJoreHuJa y e(UKaCHOCTH LMKIU3alMje C€ JIPACTUYHO CMamyje IUTO Ce BUIM HAa OCHOBY
npuHoca u3 Tabena 2.1. u 2.2. kana cy xopuithenu Hop. Bipy, SnCl, u CoCl,. ¥V Benmkom 6pojy
peakija o-TeprrHeosa y KBAHTUTATUBHOM MPUHOCY J00HjeH je mpousBoa 3b u cBe u3BeneHe
peakmuje u ca PhSeClu ca PhSeBr cy pernocnennduune u pernocenexkruue (Tabemne 2.1. u
2.2.). Mehytum, kana ce y peakuuju a-teprnuHeona ca PhSeCl ynorpedu CoCl, kao aautus,
no6uja ce npoussoj 3b y Bucokom npunocy (91%), anu He 1 kBaHTUTaTUBHOM. Kana ce y ucroj
peakiuju ynorpedu NMUpuauH Kao aafuTUB, MPUHOC Mpou3Boaa 3b mocraje ckopo KBaHTUTATHBAH
(99%). Kagma ce ynorpeObu XMHOJIMH Kao aaWTUB MpuHOC TmpousBoaa 3b Takohe Huje

KBaHTUTATUBAH 3a peakuujy o-trepnureona ca PhSeBr u uznocu 95%.

Vnora xopumthenux Lewis-oBHX KHCeIMHA Kao aguTHBa C€ 3aCHUBA HA YKIAWkaBby
XanoreHuAHUX joHa (xyopun u Opomun) uz pearenca PhSeCl u PhSeBr Besyjyhu ux y co,
. + .
noBehaBajyhu Tako enexrpodunHoct PhSe karjoHa u3 dvera mpouctuue mosehame MpHHOCA
IUKIIMIHAX Tpow3Boja. Ha oBaj HAuWH ce YTHIA] CIIOpPEIHE PeaKIfje aaulije Ha JBOCTPYKY

BE3y CBOAUM HA MUHHUMYM. Lewis-oBe 0a3e T'paac BOAOHUYHY BE3Yy Ca H aromom u3 XUAPOKCHU
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rpyle TEPIEHCKUX aJIkoxosia yuMe ce noBehaBa HykJ1€o(UIHOCT KMCEOHHKA LITO TIOHOBO UMa 3a
MOCJIEAUILY nosehame pUHOCA MUKITUYHAX IPOU3BO/IA y peakuujama

(benmnceneHoeTeprupuKaIyje.

Hakon wu3onoBama W HIASHTH(UKAIUjE MPOU3BOAA WHTEPECAHTHO j€ OWMII0O UCIHUTATH
CTEPEOCEIICKTUBHOCT Yy J00OMjeHUM TeTpaxuApodypaHCKUM TmpousBoamma la wu  2a.
[Tocmarpajyhu monoxkaje CyncTuTyeHara Ha TeTpaxuapodypaHCKOM MPCTEHY y MOoKajy 2 U 5
o0a terpaxuapodypana (la u 2a) Mory umMaTu CBOje cis W trans u3oMmepe. Y OBOM CIy4ajy
M30MEpH C€ IMOCMAaTpajy Ha OCHOBY IIOJIOXKaja CYNCTHTyEHaTa IO MPUOPHUTETY y OAHOCY Ha
TETpaxXuapoPypaHCKu TpCTeH. Y CBpXy ojApehuBama onHOCa H30MEpa 3a HaBeJCHE
teTpaxuapodypaHe kopuinheHa je UWHCTpPYMEHTallHA TEXHHMKA TacHe Xpomartorpaduje y
KOMOMHAIIUjU ca MaceHOM criekTpomerpujoM. Y Tabenama 2.3. u 2.4. nmpuKa3aHu Cy pe3yiTaTH
MPOIEHTYATHE 3aCTYIUbEHOCTH Cis U trans U30Mepa y YKyITHOM MPHHOCY TeTpaxuapodypana la
u 2a 3a ynorpebsbene peareHce PhSeCl u PhSeBr kao u 3a cBe ynorpebspene aautuse. Kana je
yrnorpedsbeH PhSeCl kao peareHc 3a umuKIM3alnMjy JMHANIONA JO peruousomepa la
CTEPEOCEIICKTUBHOCT j€ TEHEPAIHO JIoIa 32 CKOPO CBe yrmoTpeOsbeHe anuTuie. Onaxka ce aa je
JeOIMHO y cIydajy peakiuje y Kojoj je YyIoTpeO/beH TPHEeTWIAMHH Kao aJWTHB JOOWjeHA

3HAYajHHja CEJICKTUBHOCT Koja ce omiena y 48% BuUIIKa frans u3oMepa.

Ta6ena 2.3. OxgHoc CiS u trans uzomepa y mpousBoanMa la u 2a (y %) npu HMUKIU3AIHH ca
PhSeCl

NPou3BOIAH EtzN Py Qui Bipy SnCl, CoCl,

la 26:74 51:49 39:61 52:48 36:64 60:40

2a 80:20 65:35 73:27 88:12 70:30 88:12

[ITto ce THuYe cTEpPEeOCENeKTUBHOCTH Yy peakifjamMa Koje [ajy peruousomMep 2a mnpu
ynotpedbu PhSeCl kao pearenca pesynraru 3a cBe KopHIINeHE aJUTUBE My Y KOPHCT Cis
nzoMmepa. Hajseha cenektuBHOCT ocTBapeHa je npu ynorpeou ounupuauaa u CoCl, kao agutrsa
1 u3Hocu 76% BHILIKa cis u3oMepa 3a oba aautusa (Tabena 2.3.). BaxxHO je TOMEHYTH U BUIIAK

on 60% y KOpHCT cis n3oMepa Kaja je KOpUINeH TPUETHUIAMUH Kao aauTuB. M3 mpHIIOKeHHX
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pesynrara (Tabena 2.3.) 3a 06a pernouszomepa (1a u 2a) npu ynorpedbu PhSeCl kao pearenca
MOXE C€ M3BECTH 3aKJby4aK Jia 3HAaTHO 00Jba CEIIEKTUBHOCT 3a CBAaKH YIOTPEOJHCHU aIMTUB
HajBEpOBATHHUj€ MPOUCTHYE YCIEA NPUCYCTBA BOJYMHUHO3HE TIpyle KOA HEpoaujaoia Ha

JBOCTPYKOj BE3H.

YV Tabenu 2.4. mpukazaHu Cy pe3yliTaTH OCTBapeHH Y peakuujama JIMHAJIOoNa |
Heponuaona ca PhSeBr m npumemenum amutuBuMa. HajOosba CEIEKTHBHOCT y peakiujama
nuHanona u PhSeCl je noOujena kaga je kao aaguTuB KopuitheH TpuetuiaMut (48% Buiika trans
n3omepa npousBona la), mehyrum y peakuuju iunanona ca PhSeBr rue je takohe ynorpediben
Ka0 aJINTUB CEJICKTUBHOCT je 3HaTHO Jomuja. JJobujeno je 28% BUIIKa frans u3oMepa Mpou3Boaa
1a. 3anuMibuBO je pehu na je y peakuuju JuHanona ca PhSeBr y ko0joj je ynorpedibeH XHHOIUH
Kao aJuTHB Jo0MjeHa Oiara CeIeKTUBHOCT Koja ce omiena y 22% BHILIKA cis U30Mepa, LITO je
OOpHYTO Y OTHOCY Ha pe3yiaTar T0OHjeH Y UCTOj peaknuju camo kaj je ynorpedssern PhSeCl kao
pearenc (Tabena 2.3., 22% Bumika trans n3omepa). Y peakuuju jauaanona ca PhSeBr y kojoj je
ynorpedsbeH CoCl, ka0 aAuTUB MOCTUTHYTa je HajBeha celeKTHMBHOCT Koja ce omiena y 74%
BUIIKA frans nuzoMmepa terpaxuapodypana la. 3a ucry peakuujy camo ca PhSeCl kao pearencom
CCJICKTHBHOCT j€ 3HATHO JIONIWja, ajlu je OOpHyTa, Tj. J0OHWja Ce y BHIIKY Cis H30MeEp
terpaxuapodypana la (Tabema 2.3.). V peaknujama uzmel)y neponumona u PhSeBr 6e3 o63upa
Ha ynoTpeOJbeHU auTUB J100uja ce BUIIAK cis n3oMepa 2a. Hajseha cenekTHBHOCT MOCTUTHYTA
j€ y peakuju y Kojoj je KopuinheH MUpUINH Kao aguTHB y K0joj je aodujeHo 70% BuUIIKa cis
m3omepa. Hemrro mamu Bumak cis uzomepa (62%) nobujen je mpu ymorpedu CoCl, kao

Karajam3aropa.

Ta6ena 2.4. OxgHoc CiS u trans nzomepa y npousogauma la u 2a (y %) npu HMUKIA3AIAJH ca
PhSeBr

NPou3BOIAH EtzN Py Qui Bipy SnCl, CoCl,

la 36:64 59:41 61:39 54:46 40:60 13:87

2a 77:23 85:15 68:32 71:29 78:22 81:19
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300r BeoMa 3aHUMHJBMBUX pe3yiTara KOju Cy J0O0HWjeHH YHmoTpeOOM aauThBa Yy
peaknujama TeprieHckux ankoxosa ca peareicuMa PhSeCl u PhSeBr cmaTpanu cmo na 6u 6miio
oIl 3Hauaja ucnuTatu ytunaj aautuBa (Lewis-oBux 0a3a) Ha Op3uHYy peakivje MUKIN3AIH]C.
VYpahena cy kuHeTHuka Mepema 06a3Ho-KaTanu3oBaHe (heHusceneHoeTepruuKalnje JIMHATIONA U

HCPOJIMI0JIA.

2.2. KuHeTHYKAa HCIUTHBAaHa (bennncenenoeTepmanaunje JIMHAJI0JIa U HEPOJIHUIA0Ja

Kunetnka 1 MexaHu3aM peakiuja (GEHUICEICHUI-XJIOpUIa U OpOMuUIa ca TepIHjapHuM
aJIKEHOJIMMa JIMHAJIOJIOM M HEPOJIUAOJIOM Y TETpaxuapodypaHy Kao pacTBapady Npoy4aBaHH Cy
Kao peakiuje PSeudo-npBor pena y NpucycTBy 0a3HHX KaTaiu3aropa (aaupaTuyHu: MHIICPUTHH
M TpUCTHIAMHUH, apOMaTH4YHM: TNUPUAMH W xuHOmMH) Ha 288K momohy UV-Vis

cnekTpodoToMeTpHje.

Kuneruka Qenuncenenonukiamnzanyje je npaheHa MepemeM MpoMeHe arncopOaHie A, Ha
MpeTX0HOo ojpeheHoj TanacHo] Ay kuHH A, kao QyHkuuje BpeMeHa t. Pagna tanacHa myxuHa 3a
[UKIIM3AIMOHM TIpoIiecC je onapeheHa y ogHocy Ha cierry mpo0y y arcopIIMOHOM OTicery u3Mmely
200 u 600 nm. Koncranra 6p3une peaknuje pseudo-mpsor pena, Kops, oapehyje ce rpaduuku us

3aBucHOCTH IN(AL-Ar) o1 BpemeHa t.
Besa usmelyy oBux nmapamerapa jiara je jeiHaYuHOM 1:
A= Ao + (Ao- Ar)exp(-Kops.t) (1)

rae Ap mpeacTaBiba arcopOaHily pactBopa Ha moderky peakiuje (t=0); A¢-anmcopOania y

BpeMeny t; Ap-ancopbanua nocine ,,06CKOHa4YHO* TyTO BpeMeHa.

3aBHCHOCT KOHCTaHTa Op3uHe peakije PSeudo-mpsor pena, Kops, O KOHIICHTpaIHje

aJTKOX0JIa MOXE Ce MPUKA3aTH jeTHAYNHOM 2:
Kows.= K1 + k; [ankenon] (2)

rae je Kp-xoHcTaHTa Op3uHE IUpeKTHe peaknuje (mukim3anuja), a Kj-koHcTanTa Op3uHE

napasieliHe peakiuje (aauimja peareHca Ha IBOCTPYKY Be3y). Koncranrte Op3una (K; u Kp) ce
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oapelyjy mupekTHO ca rpaduka 3aBUCHOCTH Kops 0J1 KOHIICHTpaIIKje JTHHAJIOA, I/Ie Harub mpaBe
npejCTaBba BPEIHOCT 3a KOHCTAHTy Op3uHe peaknuje nukimsanuje (K;) mox ce koHcraHTta

op3une nopartHe peakiuje (Ki)ompehyje u3 oxceuka npase Ha Y-0CH.

Ta6esna 2.5. Koncranre Op3uHe JUPEKTHE peakilvje MUKIM3AIMjE JIMHAIONA U HEPOIHI0Na ca

PhSeCl u PhSeBr y npucyctsy Lewis-oBux 6asa na 288 K y Terpaxumpodypany’>®

aunagon k, (M7 s™7) neposmmzoa k, (M 's™)
PhSeCl PhSeBr PhSeCl PhSeBr
MTUATICPUIUH 11,22 1,76 +0,06 0,69 + 0,02 1,5+0,1 0,38 £0,02
tpuetmwnamud 10,64 1,40+0,04 0,56+0,02 0,72+0,04 0,29 +0,02
MU PHUIAH 523 0,96+0,09 0,32+0,02 0,40+0,04 0,090 +0,007
XUHOJIMH 494 0,60+0,02 0,198 +0,006 0,34+0,03 0,053+ 0,004

karaguzarop pKa

W3 npunoxenux rpaduka Moxke ce 3aKJbY4UTH J1a je YTHIIQ] CIIOPEIHE peaKklinje aaulje
peareHca Ha IBOCTPYKY Be3y CBEJE€H Ha MUHHMYM, a TO C€ OrJie[ia y TOME Jia CBE MpaBe MoJa3e
U3 KOOpIMHATHOT TodveTka. KoHcTanta Op3uHE CriopeqHe peakiuje 3a peakiyjy JIMHAoNa ca
PhSeCl y mpucycrBy mumepumnua msuocn 1107 s, OBo je jexuma 3Hauajumja BpemHOCT
KoHcTaHTe Ki, TOK ¢y 3a peakiujy nuHagona ca PhSeCl y mpucycTBy TpueTHiaMuHa, MUPHIHHA
1 XMHOJIMHA MPAKTUYHO Oe3HauajHe. Peakiuje nukin3aiyje nuHanona ca peareicom PhSeCl cy
opxe ox onux ca PhSeBr. IlpencraBbeHe ekcriepuMeHTaIHe BpeaHocTd u3 Tadene 2.5. ykasyjy
Ha TmoBe3aHOCT Op3uHa nupektHe peakunuje (K) ca pKa BpemHocTHMa ymOTpeOJbEHHX
karanuzaropa. Ca mopactoM 0a3HOCTH aAUTUBA, pacTy KOHCTaHTE Op3MHA JUPEKTHUX peakiyja
3a 00a pearenca. Ha I'papunuma 2.5., 2.6., 2.7. u 2.8. npezacrasibeHa je Bronsted-osa 3aBucHoOCT
log ks on pKa kopumhennx amurnBa. Kako je oBa 3aBucHoct nuneapua (R?=0,98) y cBum
UCIHUTHBAaHUM peaklMjaMa MOXK€ C€ 3aKJbyuuTH [Ja KaTainu3a (eHuIIceneHOUUKIn3aImje
JUHANONIAa M Hepoiujona Oe3 o03upa Ha TUpuUMemeHy Lewis-oBy 0a3y Tede 1O HMCTOM
peakunoHoM MexaHusMmy. Hajehe peakimone Op3unHe noOujeHe cy ymoTpeOoM Hajba3Hujer
Kartaiy3aropa TUNEpUANHA. XWHOJIMH W TNUpUIWH uMajy cimuHe pPKa  BpeaHocTH

(pKa(Py)=5,23; pKa(Qui)=4,94), anu Bpio pasnuuute BpeaHoctu K, 3a Tako cimuHe pKa.
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Paznor oBome cy moBehaHe cTepHE CMETHE KOje Ce€ jaBJhajy KOJ XHHOJWHA Yy OJHOCY Ha

nupuauH. [loTyHo ucTH 3aKibydak ce MOXKe U3BecTH 3a mpuMerenu EtsN u nunepuaun.

I'papux 2.1. Koncrante Op3une peakiuje pseudo-mpBor pema (Kops) y OGyHKIHMjE Of

yrnoTpedJbeHe KOHIIEHTpaIlMje ajIkeHoia 3a peakiujy guHainoia ca PhSeCl y mpucycrBy Lewis-

oBux 6a3a (EtsN, Py, Qui u Bipy) kao karanusaropa Ha 288K y terpaxumpodypany

10 - 10% Kops /s @ [MnepuIvH
B TpueTHIaMUH
75 A upuanH
= XUHOJIMH
5 -
2.5 A
0 103[nunanon)/M
0 1 2 3 4 5 6

I'papux 2.2. Koncrante Op3unHe peakiuje pseudo-mpBor peaa (Kops) y OGYHKIHMjE O
ynoTtpeOJbeHe KOHIICHTpAIIMje allkeHona 3a peakiujy Junanona ca PhSeBr y npucycry Lewis-

oBux 0aza (EtzN, Py, Qui u Bipy) kao karanuszaropa Ha 288K y TeTanI/IszO(pypaHy158

4 - 103 Kyps /57t @ TUTIepUANH

B TpueTHIIaMUH

1

3.5
3 A upunH

1

= XHUH HH
25 ol

1.5

1

0.5

1

10%[nunanon]/M
0 1 2 3 4 5 6
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I'papux 2.3. Koncrante Op3une peakiuje pseudo-mpeor pema (Kops) y OGyHKIHMjE Of

yrnotpebJbeHe KOHICHTpalhje aJKeHola 3a peakuujy Heponumoia ca PhSeCl y mpucyctBy

Lewis-oBux 6a3a (EtsN, Py, Qui u Bipy) kao karanusaropa Ha 288K y terpaxumpodypany™

10 ﬁ103 kobs.ls_l
75 -
5 4
25 -
0 103[ueponumon]/M
0 1 4 5 6

@ nunepuanH
M TpueTHIIaMUH
A upuavH

= XHHOJIMH

8

I'papux 2.4. Koncrante Op3une peakiuje pseudo-mpBor peaa (Kops) y OGyHKIHMjH O

yrnoTpeOsbeHe KOHICHTpAIlMje alKeHoja 3a peakiujy Hepoaumoia ca PhSeBr y mpucyctBy

Lewis-oBux 6a3a (EtsN, Py, Qui u Bipy) kao karanuszaropa Ha 288K y TeTanI/IL[pO(bypaHy158

2

1.5

0.5

103 Ky /st

103[ueponumon]/M

4 5 6

@ nunepuanH
B TpueTHIIaMUH
A upuanH

== XHHOJIHUH
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I'pagux 2.5. JlorapuraMcka 3aBUCHOCT KOHCTaHTe Op3uHE peakiyje muknmsandje Ko og pKa

BpPEIHOCTH yHoTpeOsbeHux Lewis-oBux 6asa 3a peakiujy nmuanona ca PhSeCl ma 288K y

Terpaxuapodypamny >

aunagosa + PhSeCl
0.3 Lok, _
* Pip

® Et,N
01 -

I'padgux 2.6. JlorapuraMcka 3aBUCHOCT KOHCTaHTe Op3uHe peakiyje ruknusandje Ko oq pKa
BpPEIHOCTH yMOTpeO/beHux Lewis-oBux 0asza 3a peakuujy nuHaigona ca PhSeBr ma 288K vy

TeTanHz[pO(l)ypaHyl58

JuHajion + PhSeBr
0 - Logk,
-0.1 -

-0.2 - .
-0.3 - Et,N

Pip

0.4 -
-0.5 - *Py
-0.6 -
-0.7 - o Qui

0.8 x x x x x x __PKa
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I'pagux 2.7. JlorapuraMcka 3aBHCHOCT KOHCTaHTe Op3uHe peakiyje muknmsandje Ko og pKa

BpeIHOCTH ymoTpeOsbeHux Lewis-oBux 6asa 3a peakiujy Hepoaumona ca PhSeCl ma 288K y

Terpaxuapodypamny >

Heposnaoa + PhSeCl
0.2 - Logk, oPip
0.1

-0.1 - o EN
0.2 -
0.3 -
04 - .
-0.5 - Qui

-0.6 ; ; ; ; : : x :

Py

I'pagux 2.8. JlorapuraMcka 3aBUCHOCT KOHCTaHTe Op3uHE peakiyje muknusandje Ko og pKa
BpEIHOCTH ymoTpeO/beHux Lewis-oBux 0a3za 3a peakuujy Heponuaona ca PhSeBr na 288K vy

TeTanHz[pO(l)ypaHyl58

Heposmaoa + PhSeBr
-0.2 (Log ky

04 - Pip

'0-6 T EtsN

'1.4 T T T T T T T 1

Ha ocHOBy KHMHETHMUKMX TMapameTapa IOKa3aJio ce€ Ja Op3uHa XEeMH]CKE peaKIuje
MUKIM3alKje JIMHAJIOJNA W HEPOJNMIOoia 3aBHCE W OJ Oa3HOCTH TPHMEHEHHX aJUuTHBA.

I/ICTpa)KI/IBaI-LC MEXaHHU3Ma HaCTaBJbCHO je 1 Ha MOJICKYJICKOM HUBOY Yy HOKymajy Ja O6jaCHI/IMO
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yTUIla] Kako 0a3a, Tak0O W KOHTpa joHa Ha TOK (peHwmiIceneHoeTepuduKanmje JUHAIOoNA M

HCPOJIMI0JIA.

3.1. KBaHTHO-XeMHjCKa HCIMTHBaKba eHuIce/IeHoeTeprupUuKAIUje JTHHAJI0JIA

U3 npunoxene Cxeme 3.1. Buam ce jna nuHamon y peaknuju ca PhSe’ xatjomom y
[IPHUCYCTBY aJIUTHBA TEOPUjCKU MOKe aatu netowianu (1) u mecrowranu GperuceneHo-eTap (2)
W TO IO JIBa peakiroHa myta: Syn u anti. [To oba peakimona myra MOy HacTaTH U CiS u trans

H30MEpHU.

+

6

- PhSe 0
syH g PhSe
B ==
- 1
/LA/? PhSe", B 60 TS 1 B + spPCly cis/trans
R Se < B’
OH w4 )Q synTSZS '

K

B= Quf, Pip, Py. Et}N .s‘ynRCl B ®</ -BHJr ij</
synRC2y PhSe PhSe

syPC2y
czs/ trans

anti __ X PhSe
-BH
/PhSe
= 4 anti fSi;; 1
“ e, 5 2 < cisitrans
OH \H

FTS2
am’zT&E annPCl B
B = Qui, Pip, Py, Et;N . PhSe
Ij<\ B’
antiRClp PhSe
am‘iRCZB
]-30 us/lmm
antiPC2yp

Cxema 3.1. [ToTeHIIMjaTHY TUKJIM3AMOHN TYTEBH (SYN 1 anti) 3a NUKIM3aIM]y JHHATIOA ca

PhSe" katjonom y npucyctsy anutusa (B (Lewis-ose 6a3e): Qui, Pip, Py u EtzN)

Horammjom RC, TS u PC o3HaueHu cy npepeakiMoHH KOMIUIEKCH, IMpejla3Ha CTama U

MOCTPCAKIITMOHU KOMIUICKCH Y LII/IKJ'II/I3aI_[I/IjI/I JJMHAJI0J1a.
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Jla 6ucMo McnUTaNW yTHIQ] aAWNTHBA TPH UKIU3ANU]U JIMHAJIONA MOPAJIA CMO Ja Ha
MOJIEKYJICKOM HHBOY UCIIUTaMO SYN u anti HuKIM3aioHe myTeBe 0e3 MPUCyCTBa auTHBA LITO je
npukazano Ha Cxemm 3.2., W Ja 3aTuM HampaBuMO Topeheme u3Mel)y Karanu3oBaHE U
HeKaraian3oBaHe peaknuje. Kao v Kol peakMoHuX MmyTeBa Koju cy npuka3zanu Cxemom 3.1. Tako
Uy clydajy Iukiu3amuje 6e3 mpucycrBa agutuBa (Cxema 3.2.) Huje Moryha nukim3anyja ao
miecTOWIaHOT eTpa mo Syn myTy. Pasmor jexu y CTpYKTypHO] CIpEdYeHOCTH aa johe o

MHTPAMOJICKYJICKE IIMKIn3anuje y pa3u npenaszHor crama (SynTS2) kojom 6u Hactao SynPC2.

syn H,
PhSe O

= "
)\/\/Q Phsei HO syn TS 1/ synPCl
= OH Se ﬁ <

S

+

AN, \ H
/ \H synTS2 of

A P
synRC1
synRC2 PhSe

synPC2
anti H .
PhSe O
= antiPC1
/"\/\/E PhSe, » i
N
OH H+

HO AN 8)
T~
antiRC1 PhSe

antiRC2 antiPC2

Cxema 3.2. [ToTeHIMjaTHN UKIN3AIMOHH YTEBH (SYN u anti) 3a MUKIM3aIH]y JIMHATONA ca

PhSe" kxatjoHOM 6e3 mpHCcycTBa aUTHBA

Hakon mnpermoctaBku 0 MoOryhuM IMyTeBUMa Yy MEXaHU3MY IIMKIH3aldje JHHAI0A
NPUCTYIIA CMO ONTHUMH3ANHUU TPETIIOCTAB/LECHUX MPOM3BO/IA UKIU3AIN]j€ U CBUX EUXOBHX
n3zomepa Ha B3LYP/6-311+G(d,p) muBoy Teopuje ca CPCM (Conductor Polarizable Continuum

Model) conBarammonum Mmoaenom y TterpaxuapodypaHy Kao pactBapady. Llusb je Omo nma
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MPEeTMMUHAPHO UCIIUTAMO €HEPreTUKY U pa3iuKe Y cJ000IHUM €HeprujaMma 3a CBe NMPOU3BOJIE U
u30Mepe UKIn3aImje auHanoiaa. OnTuMu30BaHe reomMerpuje Cis u trans u3omepa CIMKOBUTO CY

npHKasaHe ca oxrosapajyhnm pemarnsanm croboaunm eneprijama y kJ mol™ ma Crovmm 3.1.

[Terounanu eTpu MMalu Cy HWXKE CHEpPrHje y OJHOCY Ha mmecrowiaHe. M3ueHahyjyhe je
Owino na cy eHepruje CiS u trans usomepa Hmxe 1o Syn Hero no anti myry. Hajuuxky eneprujy
nMa trans mzomMep MnerowiaHor (peHwIceneHo-eTpa AO00HjeH IUKIN3AINjoM 0 SYN MyTy U CBE
€Hepruje Cy padyHaTre y OJHOCY Ha mera padyHare. 3a o0a (eHuIIcerIeHo-eTpa W 1Mo o00a

peakuuoHa myta trans nzomMepu uMajy HIKe eHepruje o Cis.

Syn UMKJU3anuja

,

,3’:‘(‘4 Jw,;’f,»

trans 1 cis 1
0,0 2,0

anti NUKJIA3ANHja

trans 1 cis 1 trans 2 cis 2
2,7 6,1 9,6 14,3

Cauka 3.1. OnTuMu30BaHe TeOMeTpHje MOTEHIMjaTHUX MPOU3BOAa U BUXOBHUX M30Mepa SyN U

anti LEKTM3AIHOHNX ITyTeBa INHATONA; PeIaTHBHE c1000/He eHepruje aate cy y ki mol™

Ca Cimke 3.1. BUIH Ce BelMKa eHepreTcka pasimka koja mssocu 14,3 ki mol™ usmehy
HajctaOuiHUjer nmpousBozaa (trans 1) u mpomsBona Koju HOCH HajBHIIy eHeprujy (Cis 2). Hakon

OBOra HpUCTYIHIIO CC€ IIeTa.]'bHI/IjeM HUCIIUTUBAKLY MCXAaHU3MaA I_[I/IKJ'II/IBaLII/Ije JIMHaJ10J1a a0
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METOWIAHOT W MISCTOWIAHOT (PEHMIICETICHO-eTpa MO0 CBMM MOTYhMM IyTeBHMa Yy TPUCYCTBY
anuTuBa XWHOJMMHA. ONTHMH30BaHE Cy T€OMETpHje MPEPEaKIHOHHX KOMILUIEKCA, MPENIa3HuX
CTama U MOCTPEAKIIMOHUX KOoMIUIeKca. Takohe onTuMU30BaHe Cy cBe Beh HaBeleHe reomMeTpuje
3a IUKJIM3AlMjy JuHamona 0e3 MpHCYyCcTBa XWHOJMHA KAao ajuTHBa. Ha MpUIIOKEHHM cIuKama
(Cnuka 3.2., Cnuka 3.3. u Ciiuka 3.4.) npukasaHe cy U KpylyjaiaHe aykuHe Be3a. [locMarpamem
ONTUMH30BAHUX TIEOMETpUja 3a UUKIM3alMjy JHHaIona mnpumehyje ce aa y CTpyKTypu
MPEPEaKIMOHNX KOMIUIEKCA IOCTOJU TPOWIAHM TIPCTEH KOjU j€ HAcTao Kao TOCIEIHIa
ancrpakiuje PhSe’ on crpaHe m-enekTpoHa IBOCTpyKe Be3e NuHanona umju cy C aroMu

obenexeHu OpojeBuMa S5 u 6.

Ciamka 3.2. OnTuMu30BaHe reomerpuje mpepeaknunonunx komiuiekca (RC), mpenasHux cTama
(TS) u mocrpeaknmonunx xkomiuiekca (PC) 3a Syn NUKIU3AIMOHU YT KOJU BOIM JI0 HACTajama
TIeTOUIAHOT TPOM3BO/IA Y PeakImjn nmHanona ca PhSe’ Ge3 m y mpucyctBy amutnsa (Qui);

KpyLIMjaiHe Ay)KHHE Be3a jare ¢y y anrcrpemuma (A)

Ha Coumu 3.2, mpukazan je SYN NMKJIM3AIMOHM TYT 3a HACcTajabe MEeTOWIAHOT
npou3Boga. JlykmHe Be3a Ha pEaKIMOHOM IIEHTPY O€3 W y TMPHUCYCTBY aJUTHBA KOJ

MpEPCaAKIUOHOT KOMIIJICKCA BEOMaA Cy CIIMYHC. IIIto ce Tuue AYKUHaA BE€3a y NNPCJIa3HUM CTalbhUMa
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omaka ce 3HayajHUja pasliuka y IykumHama Be3a Se-CS 0e3 u y mpucycTBy amutuBa. bes
MpUCYCTBa aIUTHBA OBa AykuHaA u3Hocu 2,081 A, a y IMpUCYCTBY XWHOJIMHA 2,778 A o ce
o0jalmaBa yTHIIajeM a30TOBOI aTOMa XWHOJUHA KOju rpaljemem BojoHHYHE Beze ca H atomom
u3 OH rpyne noeehaBa HykiieopmiHOCT Kuceonuka. [loBehamem HYKICODHITHOCTH KUCEOHUKA
JI0J1a3H JI0 jader v OpiKer mpuBiaueka n3Mmel)y aroma krceoHuka u atoma C5 ca IBOCTpyKe Bese.
VY nmnpenazHuM cramuMa 0€3 M ca XMHOJWHOM OHe u3Hoce 2,294 u 2,351 AV o6a
MocTpeaknoHa Komriekca (6e3 u ca xuHoiamHOM) Bede Se-C5 cy packunyre, 10K cy Se-C6

narpahene. Takohe crBopene cy O-C5 u N-H Bese, a packunyra je O-H Be3a.

antiRC1 antiTS1,, antiPCl,,

Qui

Cauka 3.3. OntuMu3oBaHe reoMeTpuje npepeaknuonnx komruiekca (RC), mpenasHux crama
(TS) u nocrpeakimonux komiuiekca (PC) 3a anti nukIM3aMoOHK MyT KOjU BOJH 10 HACTajama
IeTowIaHOT MPOM3BOAA y peakuuju nuHanona ca PhSe™ 6e3 u y npucyctsy aautusa (Qui);

KpyLIMjaiHe Ay)KHHE Be3a jarte ¢y y anrcrpemuma (A)

Ha Cnunm 3.3. nmpukaszaHe cy ONTHMH30BaHE F€OMETpHje MPEepeaklMOHUX KOMILIEKCa,
NpeNa3HuX CTama M MOCTPEaKIMOHMX KOMIUIeKca 3a UKIIM3aIH]jy JIMHAIoMa 1Mo anti myry 6e3 u

y npucyctBy xuHonuHa. Kpymnujanne gyxuHe Be3a cy kpahe y onHocy Ha Beh omucan Syn myT.
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HajepoBarnuje je na je To 300T HEeMoCTojamka CTEPHUX CMETHH Y OKOJIMHU PEAaKIIMOHUX IIeHTapa
IITO OJIaKIIaBa IMpHWJIa3 HYKJICOPHIHOT KUCEOHUKOBOr aroma C5 aroMy y MHMKIHM3aIHOHOM

KOpaKy.

Ha Cmunm 3.4. npukasad je camo anti MUKIM3AIMOHM MYT Kao jeIuHH Moryhu mpu

MUKJIM3ALKj1 JIMHAJIONA 10 HIECTOWIAHOT (PeHUIICETICHO-ETpa.

antiTS2 antiPC2

S.

I
j:ﬁ ;o 3.g8.

A/z 653 5 //‘/2’984

2274 i
g —
9,

J,:‘

antiRC2,, antiTS2,, antiPC2,,

Cauka 3.4. OntuMu3oBaHe TeoMeTpuje npepeaknuonux komruiekca (RC), mpenasHux crama

(TS) u nmoctpeakimonux komiuiekca (PC) 3a anti nukIM3aMoOHu MyT KOjU BOJIHM 10 HACTajama
. + .

[IECTOWIAHOT TMPOU3BOJIAY peakuuju JrHanoia ca PhSe” 6e3 u y mpucyctBy amutuBa (Qui);

KpylHjaIHe TyKMHE Be3a Jate Cy y anrcrpemuma (A)

Kao u xon Beh onucanux myreBa Koju BoJie A0 HACTaHKA METOWIAHOT (heHUIICENIeHO-eTpa
U KOJ OBOT' KOjU BOAM 0 HACTaHKA IIECTOWJIAHOT (DEHUIICENEHO-eTpa y MpepeaKkiMOHIM
KOMIUIEKCMMa ©0€3 W y TMPHUCYCTBY XHMHOJMHA HMaMO OQOpPMJbEH TPOWIAHU MPCTEH.

ITocmaTpajyhu pactojame O-C6 mpumehyje ce 1a je oHO ayXe OJ UCTe Ay KMHE Ko anti myra 3a
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HacTaHaK MMETOWIAHOT MPCTEHAa, aik je Kpahe o] MCTOr pacTojama KoJ SYN myTa 3a HacTaHak
neTowiaHor (¢eHmiceneHo-eTpa. LlITo ce Tyue mpenasHor cTama y MPUCYCTBY XUHOJIUHA Beh ce
npumMehyje yTuiaj BOAOHMYHE Be3e momrTo y omHocy Ha nyxuHy O-H u N-H Beze y
MOCTPEaKIMOHNM KoMIUlekcuMma Buau ce aa ce O-H Besa m3gyxyje, a N-H ckpahyje y
npenasHoM cramy. Ha Cmmuum 3.5. mpukasanm cy pesynraru cBux IRC pauyna (Intrinsic

Reaction Coordinate).

Total Energy along IRC Total Energy along IRC
-31002715 g - ;
synTS1 35023180 ] synTS1,,
¢ -35023190 -
-31002720 | ", 4
= % 2 -3502.3200
o E -
€ -31002725 € -35023210
] f 4
= = 35023220
&-31002730 E E
@ & -35023230
s I 1symRC1,,
- 31002735 = -3502.3240 -
b1 w - -
2 synPCl 2 -35023250 -
-3100.2740 | 45023260:
] synPCl1
31002745 - synRCI RN epmppp——E—————
il i Wb i Sl S L L S 5 4 3 2 101 2 3 4 5
25 20 -15 -10 05 00 05 10 15 20 25
e Cooni et Intrinsic Reaction Coordinate
Total Energy along IRC Total Energy along IRC
-3100.2880 -
antiTS1 -3502.340 4 antiTSl,,
-3100.2885 i 1
-3100.2890 | SR
o — 7
; ] o
g 31002895 S 3502344
@ -3100.2900 5 1 ;
T % antiRCl1,,
"o, ~3100.2905 = -3502.346
= i
& 31002910 2
c 2 -3502.348
W 31002915 w |
= 31002920 B 3502.350
: ] B ]
= antiPC1 S e
= N
-3100.2925 +
31002930 -3502.352 -
antiRC1 4 antiPCl,,
-3100.2935 - 3502354
[ RAALLLAY Ll k) AL LAY LA L L Lt i | I T rrrrrrrrrrrrr|
-30 20 10 00 10 20 30 e 4 2 0 2 4 3
Intrinsic Reaction Coordinate Intrinsic Reaction Coordinate
Total Energy along IRC Total Energy along IRC
31002910 4 3502341
P s ]
31002915 -] fum:’TSZ\\ TLIET
— — 3502343 4
o o -
E -3100.2920 -{ / E -3502.344 -
<} 2 ]
L 31002925 | L 0257
) & 3502 346
& 31002930 € 3502347
- antiPC2 — 1 antiRC2,,
£ 31002035 £ 35023487
= F 3502349
-3100.2940 4 '3502350:
T T
25 20 -15 -10 05 00 05 10 15 20 25 RN O
insic R FoE " Intrinsic Reaction Coordinate

Camka 3.5. Pesynraru IRC pauyna 3a npena3Ha cTama 3a Syn u anti UKIM3annoHe myTeBe Koju
. +
BOJIC /10 HACTAHKA METOWIAHOT U IIECTOWIAHOT MPOM3BOJA y peakiuju jguHamoia ca PhSe” Ge3

(;1eBo) m y mpucyctBy angutuBa (Qui, JECHO)
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Hakon ycnemno ontumuzoBanux reomerpuja (Ciouka 3.2., Ciouka 3.3. u Ciouka 3.4.)
ypahenu cy IRC pauynu. OBUM CMO XTeNH Ja MOTBPMMO Ipea3Ha cTama. OBUM padyyHUMa ce
notBphyje Be3a u3Mel)y ONTUMHM30BaHUX CTPYKTypa MpelasHHX CTamba ca OAroBapajyhum
CTpYKTypaMa MpepeakIMOHNX KOMIUIEKCA U MOCTPEAKIMOHUX KoMIuiekca. Pauynu cy ypahenn
3a cBe Moryhe myTteBe nukIM3anuje IMHanona ca PhSe’ 6e3 aquTiBa n y IpHCYCTBY XMHOJMHA.
[Ipu 3anaBamy Komanau 3a u3Boheme IRC pauyna morpedHO je onpenenuTu ce 3a 6poj Kopaka
KOjU BOJI€ O] ONTHMM30BAaHE CTPYKTYpe IpENIa3HOT CTama, KOoja je Ha BpXYy IOBPLIMHE
MOTEHIIMjalTHe €HEprHje, Ka MOCTPEaKIIMOHOM KOMILIEKCY U MPEepeaklnoOHOM KoMmIuiekcy. Heku
pauyHu cy pahenu ca 20 xopaka, IITO MPAKTHYHO 3HAYM J]a CE€ HA MOBPIIMHU MOTCHIUjATHE
enepruje HakoH ycrnemHor IRC pauyna m3mudepenmupa 20 crpykrypa (10 crpykrypa 1o
MOCTPEaKIMOHOT KoMIuiekca 1 10 10 mpepeakmoHor KOMIUIeKca, a 21. je CTpyKTypa mpelia3Hor
crama), a Heku ca 40 kopaka (20 kopaka [0 MOCTpeaKUHMOHOT KomIiuiekca u 20 1o

pepeaKkIoOHOT KOMITIEKCa, a 41. je ONTUMHU30BaHa CTPYKTYpa MPEIa3HOT CTamba).

[TomrTo XMHOJIMH HUj€ JeJUHU aJUTHUB KOJU CMO YIOTPEOUIIN Y HAIllUM €KCIIEpUMEHTHMA,
ujeja je Ouiia Ja ce Ha MOJEKYJICKOM HUBOY UCHHUTA])y CBU LMKIM3AIMOHU IYTEBU KOJU 1ajy
METOWIAHW M IIeCTOWIaHu (eHuIceneHo-eTap y npucyctBy Pip, Py u EtsN. Ilo anamoruju ca
XHHOJIMHOM 32 oBa TpH aautuBa ypahenu cy u IRC pagynn. OntuMunzoBaHe reoMeTpuje 3a cBe
IIyTE€BE U 3a CBa TPU aJUTUBA Cy npuka3aHe Ha Cinkama 3.6., 3.7. u 3.8. 3a cBa Tpu aguTHBa U
10 CBUM PEaKIMOHUM ITyT€BUMa HAcTaje TPOUJaHU MPCTEH KOjU (PeHUJICETIeHUI Tpymna Irpaau ca
nBoctpykoM Be3oMm (C5-C6) nmnanona. Takohe, y CBUM cllydajeBUMa y ONTHMH30BAHUM
CTPYKTypamMa TOCTPEaKIMOHOT KOMIUIEKCa Hajaye WHTPaMOJIEKYJCKO pacTojame m3Mehy O
aToMa M aToMa YIJb€HHKa JBOCTPYKE Be3€ je y peaklMju Koja ce ogurpaBa Mo Syn myTy.
HajBepoBaTHuje je 1a Cy CTepHE CMETHE y OKOJMHH PEaKIMOHMX IIeHTapa IJIaBHU (akTop oBe
YUbEeHUIlE. Y CBUM Ipena3HuM crambuma Beze C6-Se cy Harpalene, ok cy C5-Se packunyre y
ciy4ajy JoOujama TeTOWIaHOT (EeHWICEeNeHo-eTpa, WM OOpHYTO, y ciydajy AoOujama
mecTounaHor (QenunceneHo-erpa. IlITo ce Thue HMHTPAMOIEKYJICKOT pacTojama u3Mehy
KHCEOHHUKOBOI aTOMa M YIJbEHHKOBOI aTOMa Hajly’Ke je Yy CBMM Ipela3HUM CTamkuMa Mo Syn
MyTy 3a CBE YHOTpeOJ/beHE aJUTHBE. Y CBUM Ipela3HUM CTalkbuMa M0 CBUM IYTEBHMA 3a CBa TPH
amuTuBa jacHo ce Buam jga ce N-H Besa ckpahyje (ctBapa), a O-H m3gyxyje (kuma).
W3nenalyjyhe je na je y moctpeakiimoHUM KOMIUIeKcHMa 3a cBa Tpu aautuba O-C Be3a Hajkpaha

pu A00Mjamy MeTowIaHOT (peHUIICETIeHO-eTpa Mo SYN MyTy.
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Cauka 3.6. OntuMuzoBane reomeTpuje (Tope) mpepeaknnonnx komiuiekca (RC), mpemasaux
crama (TS) u mocrpeakimonux komiuiekca (PC) u IRC pauynu 3a npenasHa crama (1051€) 3a Syn
¥ anti [MKIM3AMOHN MyT KOjU BOIW 10 HAcTajarba METOYIAHOT M MICCTOYWIAHOT MPOU3BOJA Y
peaxmuju nuHanona ca PhSe™ y mpucyctBy agmtusa (Pip); KpyImjanHe IyXuHe Be3a 1aTe Cy y

anrctpemuma (A)
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Cauka 3.7. OntuMusoBane reomeTpuje (rope) mpepeakuunoHnx komruiekca (RC), mpemasHux
ctama (TS) u nocrpeakimonnx komruiekca (PC) u IRC pauynu 3a npena3Ha ctama (oje) 3a Syn
¥ anti [MKIM3AIMOHU YT KOjU BOIM J0 HACTajaba METOWIAHOT M IISCTOYWIAHOT MPOU3BOJA Y

peaxmuju muHanona ca PhSe” y mpucyctBy agutua (Py); KpylnjanHe myXWHe Be3a JaTe Cy y

anrcrpemuma (A)
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Cauka 3.8. OntumusoBane reometpuje (rope) mpepeaknnonnx komiuiekca (RC), mpemasaux
ctama (TS) u nocrpeakimonnx komruiekca (PC) u IRC pauynu 3a npena3Ha ctama (7ose) 3a Syn
¥ anti NUKIM3aIHOHM MyT KOjH BOIU J0 HAcCTajarhba METOWIAHOT W MIECTOWIAHOT MPOU3BOIAY
peaxmuju muHAnona ca PhSe’ y npucycrBy aqutuna (EtsN); kpymujanHe 1yknuHe Be3a J1aTe cy y

anrctpemuma (A)
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V¥ Tabenama 3.1., 3.2. u 3.3. npuka3ane Cy peJaTUBHE CIO0OIHE €HEPTHje 3a CBE MyTEBE
nuKIM3anyje 0e3 U y MpUcycTBy aJuTHBA 32 00a ynorpeOsbeHa peareHca. JacHo ce BUIM Ja cy
CHepruje aKkTHBAallMje 3a peaKluje Y OACYCTBY aJWTHBa 3HATHO Behe Hero y mpucyctBy Lewis-
oBux 0aza. Takohe ako mocMaTpamMo napiyjairHa HaeJeKTpUcamba KHCEOHUKOBUX U BOJIOHUKOBUX
aTroma Koja cy npukasana y Tabemama 3.4. m 3.5. Bugu ce ga Lewis-oBe Oase mosehaBajy
HYKJICO(DUITHOCT KHUCEOHUKOBMX W KHCEJIOCT BOJOHUKOBMX aroma. Kao mociemuiia oBora,

YKIIamkhamke MPOTOHA j& OJIAKIIAHO, M TO CE OIJIeAa KPOo3 HIKE SHEPruje akTHBALU]C.

Ta6esa 3.1. JleBo: penatuBHe cI000HE €HEPrHje 3a peakiujy Koja naje koundopmep transl mo
syn u anti mukIM3anuoHOM myTy; necHO: AGy, AG, Kiyr m Keksp. O3HauUaBajy peakIMOHE
CHEpruje, akTHBAIMOHE CHEPIHje, U3pauyHaTe KOHCTaHTe Op3HHE M CKIIEPUMEHTAIHE KOHCTAHTE

6p3MHE LUKITH3ALMje; SHepruje U KOHCTanTe Opsuue aare ¢y y kJ mol™u Mt s™

B RClg TSlg PCls 1+BH'| AG, AGs  Kir Keksp, >
PhSeCl PhSeBr

syn
- -125,9 -43,3 -104,9 - 210 826 0,02 - -
Qui -1040 -249 -162,7 -1861 |-587 791 0,09 0,64 0,19
Pip -102,9 -269 -1950 -211,0 |-92,1 761 0,29 1,76 0,69
Py -1040 -299 -167,3 -181,9 |-633 741 0,65 0,96 0,32
Et:N -86,7 -3,3 -182,6 -2181 |-959 834 0,02 1,40 0,56
anti
- -125,1 -81,3 -86,1 - 39,0 438 1,3x10°
Qui -1043 -775 -151,2 -180,4 |-468 26,9 12 x 10°
Pip -107,0 -80,2 -169,7 -2053 |-62,8 26,7 1,3x10°
Py -1109 -819 -157,0 -176,3 |-462 29,0 5,1 x 10’
Et;N -957 -540 -159,2 -212,5 |-635 41,7 3,1 x10°

Peakuuje kxoje ce omurpaBajy 6e3 mpHuCyCcTBa aJMTHBa Cy €HJAEProOHE, JIOK CBE OCTale
peakuuje cy erseprone (Tadene 3.1., 3.2. u 3.3.). OBa ynmeHHIA yKa3yje IPYry BaXKHY YIOTY

Lewis-oBux 6a3a, a TO je 1a OHM CTAOUJIM3Y]y MOCTPEAKIIMOHE KOMIUICKCE.
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Tabena 3.2. Jlero: penatuBHe c1000HE EHEPTH]E 3a peakInjy Koja aaje koHdopmep trans 2 mo
anti mukmusaimonoMm myty; aecHo: AGry, AGai u Kizr, 03HauaBajy peakIMOHE €EHEpruje,

aKTHBAIIMOHE CHEpTUje M M3payyHaTe KOHCTaHTe Op3uHE LUKIN3AlMje; €Hepruje M KOHCTAHTE

6p3uHe gate cy y kJ mol'u M st

B RC2s TS2s PC2s 2+BH'| AG, AG:  Kir.
- -129,4 -930 -956 - 33,7 364 2,6x10°
Qui -107,7 -838 -1512 -176/4 |-434 240 3,9x10°
Pip -107,1 -826 -176,7 -201,4 |-696 245 3,2x10°
Py -1110 -86,2 -1535 -172,3 |-425 248 2,9x10°
EtsN -896 -515 -152,2 -2085 |-62,5 385 1,1x 10°

Ta6ena 3.3. JleBo: penatuBHE CI000JHE €HEPIUje 3a Peakiujy Koja aaje kondopmep Cis 1 mo
syn umkmmsammonoM myty; gecHo: AGr, AGy' n Kiy, 0O3HAuaBajy peaximoHe eHeprije,
aKTHBAIIMOHE CHEPTHje W M3padyHaTe KOHCTAaHTEe Op3uWHE LMUKIM3alHje; €Hepruje M KOHCTaHTE

6psume are cy y kI mol™'u M st

B RClg TSlzg PClg 1+BH'| AG: AG: Kir
- -1245 -4477 -99,1 - 254 79,8 0,07
Qui -106,8 -21,8 -162,6 -184,1 |-558 850 0,01
Pip -1035 -252 -191,1 -209,0 |-87,6 783 0,12
Py  -108,0 -26,8 -1653 -179,9 |-57,3 81,1 0,04
EtszN -810 -0,1 -1657 -216,1 |-84,7 80,9 0,04

JlassuM mpoydaBameM 100ujeHux pesynarara u3 Tadema 3.1., 3.2. u 3.3. mpumehyje ce ga
CI00O/IHE EeHEeprHje CBAKOI TMpeTa3HOI CTama JIeKE UCMoA 30upa CIO00OMHMX €Hepruja
onropapajyhux o/BojeHHX peakTaHarta. Ha OCHOBY OBe YMILEHHUIIE MOXKE CE€ 3aKJbYYHTH Ja Ha
TUCTPUOYIM]y MPOU3BOJAA HE YTHUYE BHUCHMHA eHepreTcke Oapujepe. Lluknmsarmone peakimje
MPETEKHO Ce OIUTpaBajy mpeko Syn myra, aajyhu tako HajcTabuiIHHje pou3Bosae, trans 1 u cis 1
(Cruka. 3.1.). JIpyrum peuyrMa, NMUKINU3AIU]Ee JTHHATIONA CYy TEPMOIMHAMUYKH KOHTpOJIUCaHe. Y
CarjJacHOCTH Cca OBUM 3aKJbYYKOM Cy W HAIllM €KCIEPUMEHTAIHH Pe3yiATaTH y Kojuma cy oba

FCOMeTpI/IjCKa Hn3omMepa I/I,[[eHTI/I(I)I/II(OBaHa Kao pCaKIIMOHU IMTPOU3BOJHU.
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Tabena 3.4. KpynumjanHa mnapuujasiHa HaeleKTpUCamka YYECHHKA peakluje IMKIU3aIuje

nuHanona ca PhSe’ 6e3 u y npucyctBy agutua (Qui)

0e3 aTuTHBA Qui
Se C5 C6 (0] H Se C5 C6 O H N
synRC1 0,189 0,199 0,555 -0871 0307 synRClgs 0,186 0,203 0553 -1,111 0632 -0,602
synTS1 0,161 1,094 -0,238 -0,962 0,318  synTSlgy 0,136 1,143 -0,212 -1,218 0,707 -0,631
synPC1 -0,038 0,478 0,274  -1,162 0575 synPClg; -0,061 0,532 0,325  -1,204 0647 -0,439
antiRC1 0,133 0,248 0,572 -0,855 0,304  antiRClgu 0,116 0,285 0,562 -1,133 0,669 -0,623
antiTS1 0,020 1,291 0,016  -1257 0324 antiTSlg; -0,022 1,286 0,069 -1524 0827 -0,676
antiPC1 0,048 0,809 0,175 -1,149 0,375 antiPClqs  -0,017 0,602 0,284 -1,287 0,694 -0,493
antiRC2 0,100 0,275 0,651 -0872 0305 antiRC2q; 0,068 0,318 0659 -1,135 0,653 -0,614
antiTS2 0,115 -0,221 1,547 -1,248 0,281  antiTS2qui 0,058 -0,199 1,512 -1,451 0,737 -0,656
antiPC2 0,076 0,036 1,006 -1,232 0,336 antiPC2q; -0,028 0,160 0,728 -1,335 0,681 -0,485

TabGena 3.5. Kpyuujanna mnapiujagHa HaeleKTpUCamba YYECHHKA

nuuHanona ca PhSe” y mpucyctsy agutusa (Pip, Py, EtzN)

peakiuje IHMKIU3aInje

Se C5 C6 O H N
synRC1p, 0,187 0,202 0,553 -1,156 0,667 -0,745
synTS1pip 0,110 1,144 -0,200 -1,256 0,739 -0,745
synPClpj,  -0,0/5 0,510 0,331 -1,154 0,511 -0,520
synRC1py 0,184 0,551 0,204 -1,117 0,644 -0,597
synTS1py 0,135 1,149 -0,215 -1,225 0,721 -0,617
synPClpy, -0,063 0,524 0,326 -1,211 0,688 -0,409
synRC1egsny 0,196 0,211 0,554 -1,059 0,549 -0,898
synTSlesny 0,134 1,200 -0,238 -1,202 0,691 -0,872
synPClesy -0,130 0,497 0,373 -1,058 0,396 -0,579
antiRClpp, 0,118 0,263 0,563 -1,174 0,704 -0,760
antiTSlp, -0,027 1,256 0,079 -1,541 0,870 -0,791
antiPClp,  -0,024 0,602 0,285 -1,239 0,539 -0,510
antiRClpy 0,113 0,290 0,562 -1,140 0,685 -0,614
antiTSl,, -0,023 1,272 0,074 -1,513 0,840 -0,665
antiPClpy,  -0,020 0,607 0,285 -1,290 0,738 -0,467
antiRClgsy 0,127 0,245 0,565 -1,130 0,636 -0,903
antiTS1gsy 0,005 1,315 0,026 -1,550 0,803 -0,915
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antiPClggy -0,031 0,598 0,284 -1,167 0,339 -0,509
antiRC2p;, 0,068 0,332 0,650 -1,165 0,685 -0,743
antiTS2p, 0,052 -0,183 1,148 -1,458 0,772 -0,765
antiPC2p;, -0,032 0,162 0,718 -1,286 0,532 -0,509
antiRC2,, 0,066 0,322 0,658 -1,142 0,670 -0,607
antiTS2py 0,051 -0,192 1,508 -1,447 0,754 -0,644
antiPC2py  -0,028 0,158 0,726 -1,340 0,723 -0,454
antiRC2gzy 0,083 0,307 0,637 -1,082 0,574 -0,895
antiTS2gsy 0,087 -0,277 1,538 -1,480 0,720 -0,900
antiPC2gsn  -0,034 0,168 0,692 -1,216 0,366 -0,536

[Tomro cy y TaGemama 3.1., 3.2. u 3.3. mpukazaHe KOHCTaHTE Op3WHE IUKIH3AIUje

u3pauynate Ha B3LYP/6-311+G(d,p) HuBOy Teopuje MOTpeOHE CTPYKTYpPEe CMO IOJBPIJIH

U3padyHaBamy y jeIHOj Tauku Ha HUBOY Teopuje MP2(fc)/6-311+G(d,p)//B3LYP/6-311+G(d,p),

MOIITO je OBaj HUBO TeopHje Beh kopuiiheH 3a objaiiee MexaHn3Ma anti UKJIN3AIMOHOT MMyTa

nent-4-en-1-oma. " V TaGemn 3.6. MpUKa3aHe Cy u3padyHaTe BPEAHOCTU 3a CBE Moryhe myTeBe

Y aJINTHBE Ha Beh MOMEHYTOM HHUBOY TEOpH]e.

Tabena 3.6. V3pauyHnate KoHCTaHTe Op3WHE LUKIM3AIHU]E Y Mt st nobujerne Ha MP2(fc)/6-
311+G(d,p)//B3LYP/6-311+G(d,p) HHBOY TeopHje

B Syn merowiaHu anti nerowianu anti mecrowiaHu
- 1,8 x 10° 7,6 x 10 2,1 x 10
Qui 1,8 x 10° 7,6 x 10° 6,7 x 10°
Pip 2,6 x 107 8,9 x 10° 2,9 x 10°
Py 54 %107 1,3 x 10° 2,3 x 108
EtsN 1,9 x 10° 8,5x 107 3,1 x 10"

Bpennoctu koHCTaHTH Op3MHA LMKIU3aIMje MO SYN MyTY KOjU BOJIM JO HacTajama

neTowiaHor (eHHUIICEICHO-ETpa 3HATHO Cy HIbKe Hero oHe mobujerHe Ha B3LYP/6-311+G(d,p)
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HUBOY TeopHje. MelhyTuMm, KoHCTaHTe Op3uHE U3padyHaTe Ha JBa HUBOA TEOpH]E MOKa3yjy BeoMa

CJIMYHEC TPCHOOBCE.

[MorenuujanHa MoryhHOCT aa O ce IMKIU3alnja JMHAIOMA MOTJia JOTOIUTH Mpeko anti
MpeNasHor  CTama, IyTeM peakiije H30Mepu3anuje, Takohe je wucnurana. Hamma
eKCIIEPUMEHTAIHA UCTPAXKHMBAKA MOKa3aja Cy Ja ce M30MepHu3allyja MEeCTOWIAHOT Y MeTO4IaH!

IIPCTEH HE MOXKE JOIrOAUTH.

V CariacHOCTH ca OBHM PE3y/ITaTOM je  MoceGHO Bicoka BpeaHocT 3a AGy* Koja H3HOCH
193,4 kJ mol™ Koja je moTpeOHa 3a (opMupame MpelasHOT CTamka 3a H30MEpHU3ald]y

niectowiaHor npcrena y nerowianu (Cruka 3.9.).

VY TSis. I1aBHE POMEHE y XEMHjCKUM Be3aMa JIellaBajy ce€ CHUMYJITAaHO TaKO IITO ce
dbopmupajy Beze O-C5 m Se-C6, a packmmajy ce Beze O-C6 m Se-C5. Ca apyre crpane,
npoyd4aBalid CMO M KOH(OpMalMOHy MHTEPKOHBEP3Ujy mpou3Boaa trans 1 koju Hacraje mo anti
MyTy, y CTabWIHUjU pou3Boja trans 1 koju HacTtaje mo SyNn myTy MpeKko MmpenasHor cramba TSy,

(Cnuka 3.9.).

4 2.261

TS

rot

Cauka 3.9. OnTuMH30BaHE TeOMETpHje NpeJa3HUX CTamka 3a XUIOTETUYKY H30MepHU3alu]jy
[IECTOWIAHOT Mpou3BoAa y nerouwtanu (T Sis., J1€BO) U 32 KOH(POPMAITMOHY MHTEPKOHBEP3HU)Y

npoussona trans 1 (TSyot, I€CHO); KpylHjaIHe qyXKHHE Be3a aTe ¢y y aHrcTpemuma (A)

OBa MHTEpKOHBEp3Hja JieliaBa ce jeqHOcTaBHOM poraijoM oko C5-C6 Be3e u 3axTeBa
porarmony Gapujepy ox 33,0 kJ mol™. Moxe ce 3akbydnTH, HA OCHOBY OBOra aa anti

UKJIA3aIMja Takohe MoKe JaTh HajCTaOWITHK]U Tpou3Bo trans 1, koju je 1o0ujeH mo Syn myTy,
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onroapajyhum kondopmammonum npunarohaBameM. Tako, W3MepeHEe KOHCTaHTE Op3WHA
peaknyje MUKIM3aluje JIMHAIONA MPEICTaBIha]y KOMOMHAIIM]Y J1Ba]y IUKIM3alMOHUX TyTeBa H
To: Syn (cmopuje) u anti (Opke) umkIU3anMje, a oba myra Jnajy TeTpaxuaopdypaHcKu
¢benunceneno-erap. OBo oTkpuhe o0jalmaBa YUHCHULLY Ja Cy M3padyyHaTe KOHCTaHTe Op3uHAa,
Koje cy paduyHare momohy ApeHHjycoBe jeIHaUYMHE KOja je nara y ExcriepuMeHTamHom neny, 3a
UKJIM3AIH]y JTUHAJIOMNA 10 SYN MUKIM3AIMOHOM IYTY Mambe O] EKCIIEPUMEHTATHUX BPEIHOCTH
(Tabena 3.1.). OBo ce moceOHO OJJHOCH Ha Peakiyjy LHUKIH3alLHje y K0joj je ynorpedsbeH EtsN
r7ie ce KOHCTaHTe Op3mHa JpacTudHo paznukyjy (Tabema 3.1.) 300r 3HaTHO CMameHE CTEpHE
npeHanperayroctu usmely amkui rpyma y antiTSlggy y oaHocy Ha SynTSlggn rae cy oBe

CTepHE CMETHE JaKO U3paKEHE.

I'paduxk 3.1. Exeprercku npoduin 3a cBe peaKkiMoHe MyTeBe IUMKIN3aIyje TuHanona ca PhSe”
6e3 (y1eBo) u y mpucycTBy amutuBa (Qui, JecHO); MyHa, HUCIPEKUIaHa M TadyKacTa JIMHUja
NpUKa3yjy eHepreTcku mpoduir 3a Syn u anti UKIM3alMoOHK MMyT 32 (GOPMHUPAE METOWIAHOT

pOM3BO/A U anti IUKIM3aUOHH MTT 32 GOPMHUpaE IIECTOWIAHOT TPOU3BOA

R + Qui

0.0

-20.0 -

-40.0 -

-60.0 -

-80.0 -

-100.0 -

-120.0 -

-140.0 -

-160.0 -

PenaruBHa cino6oana enepruja (kJ mol?t)

-180.0 -

-200.0

Peakunona koopauHara
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PenatuBHe cTa0MIIHOCTH peakTaHaTa W MPOU3BOAA ofApeleHe Cy BUXOBUM pPEIaTHUBHUM
MOJIOXKajeM Ha TIOBPIIMHU MOTEeHIMjainHe eHepruje. Ha oBaj HaumH ocTBapyje ce Be3a m3Mehy
MOBpIIMHE MOTEHIMjaJTHE EHEepruje, TePMOAMHAMHUKE U KHHETHKEe XeMHjcke peakuuje. Ha
I'paduxy 3.1. matu cy eHepreTcku Ipoduan 3a UUKIN3aNKjy TuHanona ca PhSe’ 6es3 (eso) u 'y
MPUCYCTBY aJWTHBA XWHOJMHA (nIecHo). O3Haka R mpencraBiba cymy cioOOgHUX eHEpruja
nuHanona u PhSe’ katjona. JacHo ce Bum ca rpaduka na je YTHIAj XMHOJNMHA Kao aJUTHBA
KpylLHjaJiaH Ha cTa0MIM3alnjy MOoCTPeakMoHOT KoMIuiekca. OCHM Tora, MOKe Ce 3aKJbYYHTH J1a
y peaKiiju ca XMHOJIMHOM €HepreTcka Oapujepa je BHIA HEero y ciydajy 0e3 aauTuBa, mTo Ou

ce MOIJIO 00jaCHUTH OTeKaHUM Ipuiia3oM xuHoiuHa ka OH rpynu nunanona.

I'paguk 3.2. Exeprercku npoduim 3a cBe peakiuoHe MyTeBe UKIM3aluje TuHanona ca PhSe’y
npucyctBy amutuBa (Pip, Py u Et3N); nyHa, ucnpekupana u Taykacta JMHHjA TPUKA3yjy
SHepreTcKu mpodui 3a Syn u anti NUKIM3auoH YT 3a GopMupame MeTOWIAHOT MPOU3BOIA U

anti HUKIIN3AalIUOHHU ITYT 34 Q)opMHpaH,e MESCTOYIAHOT ITPpOMU3BOJa

R + Pip R + Py R+ Et;N

Penarusna cio6oaua enepruja (kJ mol?)
KN
N
o

=220 - P+ Et;NH*

Peakunona xoopanHara
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Baxno je ucrahu ma ce mo Syn myry (myHa JuHHUja) H00HMja METOWIaHU (DEHHIICETEHO-
eTap, Kao HajcraOuiaHHju u3oMep. OBa YHIHCHHIA UIC JUPEKTHO y MPUIOT TEPMOIMHAMUYKO]

KOHTPOJIH peakiyje peHmiceneHoeTepudukaIyje TMHaiIoa y NpUcycTBY aIuTUBA.

I'paduk 3.2. mpencraBiba eHEepreTCcKu MpouI peakiimja 3a npeocraia Tpu agutusa. Kao
U KOJI CITydaja KaJ ce KOPUCTH XMHOJIMH Kao aJUTHB Ha OCHOBY IOJI0XKaja MPOU3BO/Ia BUIM CE 1
HaJHIKY €HEPTHjy MMa IMeTowIlaHu (eHUIICeIeHO-eTap A00HujeH mo Syn nyty (IyHa JMHHUja) 3a

CBa TPpU yNnoTpeOspeHa aIuTUBA.

Takohe, jacHO ce BUAM Ja je YaKk M METOWwIaHW (DEHHIICETEHO-eTap KOju je J0O0HjeH 1o
anti IMKIM3anMOHOM YTy (MCIPEKUAaHa JIMHKUja) CTAOWIIHUJU HEro IIECTOWIaH! (EHUIICEIICHO-
erap nobujeH mo anti nukimsanuoHoM myty. OBO ce omaxka 3a CBE yNOTPEOJbCHE aJUTHBE
(I'padux 3.1. u 3.2.). ¥ cnyuajy kang ce kopuctu EtsN kao agutuB BUAM ce Ja Cy €Hepruje
pearyjyhux BpcTa BeoMa OIMCKE ca €HEPrHjoM MpEeNa3HOr CTama 3a J100Hjarke MEeTOWIAHOT
(benunceneHo-erpa no syn myry. OBo ce o0jamimaBa BeoMa BEJIMKUM CTEPHUM penyi3ujama Koje

HACTajy MPWJINKOM pmiacka aagutua OH rpynu nuHanona.

Hakon pa3marpama MexaHM3Ma HUKIM3AIMje JMHAJONA MPENUTH CMO Ha MPOydYaBambe

MEXaHU3Ma IUKJIH3aIHje Hepoaua0ia o ueMy he OUTH peun y HapeTHOM IOTJIaBIbY.

4.1. KBaHTHO-XeMHjCKa HCIIUTUBAKA (PeHUIIceIeHoeTepu(pHKaIje HepoIu/10J1a

Ha Cxemu 4.1. npukasanu cy cBu Moryhu unmkimsanmoHu myteBu (Syn u anti) 3a
pekanujy Hepomuona ca PhSe’ kaTjoHoM, a kao penpe3eHTaTHBHH HpUMep oAabpaH je MIpuIuH
Kao aauTuB. YmorpeOsbeHa je mcra Hotanuja (RC, TS u PC) kao y Cxemama 3.1. u 3.2.
U3yserak cy cybukcu a, b, ¢ u d kojum cy o3HaueHe peakiyje Koje BoJe A0 HACTaHKa M30Mepa

la-1d (Cnuka 4.1.).

3a onTUMH3alM]y TEOMETpHja TMPEPeaKkIHOHUX KOMIUIeKCa, NpeNa3HuX CcTamba U
MOCTPEAKIMOHUX KOMIUIEKCa Yy TeTpaxuapodypaHy KopHuiIheH je UCTH HMBO TEOpHje Kao KO

muranona (B3LYP/6-311+G(d,p)). Takohe xopuctumu cmo u MO062X/6-311+G(d,p) HEMBO

Teopuje.
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Cxema 4.1. TToTeHnujanny MUKIH3aMORY MyTeBH (anti u syn) 3a muknmsanujy Hepomuaona ca PhSe” katjonoMm y mpucycTBy mupuanHa

Kao aguTHuBa
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[IpBO cy onTMMH30BaHE T€OMETPHjE CBUX IMETOWIAHMX (DEHUJICEICHO-eTapa KOju Cy ca
penaTUBHUM CJI000THUM eHeprujama npukazanu Ha Ciunm 4.1. Buau ce na cy HajcTaOMIIHUjH
uzoMepu nobujeHn mo anti myry, a HajcrabuinHuju je trans mpoussonx (1a). Pasmor ose
uMmbeHHUIe JeXKH y Tome na PhSe” rpyma 3aysuma cTepHO HemoBoJbaH monoxkaj y dasu
mukam3anyje. Takohe, mocmarpajyhu Ciuky 4.1. Buau ce aa cy csu Cis uzomepu (1b u 1d) mame
crabmnu ox trans msomepa (1a u 1c¢). OBo ce objarnmaBa CTEpHUM penyi3rjama u3mel)y BUHUI

U METWJI IpyIie, Koje ce Hamaze Ha XxupaaHuM C aToMHMa HEpOJIUA0IIa.

) *w : a3 P
*’(‘f 2P **‘/‘J P

9 J-? Jd 9 J }* d
9
1a 1b
0,0 7,6
?
J*’ R

Uy
9
1d
1c
11,8 12,8

Cauka 4.1. OnTtuMu3oBaHE TEOMETPHje TMOTCHIHMjATHHX H30Mepa IETOWIAHOT IPOU3BO/IA
(Cxema 2.2., mpousBoj 2a) anti u Syn IUKIM3alMOHKX IMyTeBa Hepoauaona (1a,b-anti, 1¢,d-syn);

penatHBHe c1060/He eHepruje aate cy y kJ mol™

Hakon ycnenmno on3uMu30BaHuX reoMeTpuja mpousBoaa ca Crnuke 4.1. uneja je 6wia ga
ce cumyaupa BC NMR crniektap HajcrabmiHujux npousBoda (la m 1b). O HaumHy Ha koju je

CUMYJIMPAH CIICKTap BUACTU EKCHCpI/IMeHTaJ'IHI/I J€O0. Bpe,[[HOCTI/I XCMI/IjCKI/IX InoMepama KOja cy
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nobujeHa padyHCKUM TyTeMm mpukaszaHa cy y I[lpumory (Tabena II1). JloOujena xemmujcka
rmoMepama y 100poj Cy carjlaCHOCTH ca eKCIIEPUMEHTAIHO JOOHWjeHUM BpeaHOCcTUMa (2a, BUIETH
ExcnepumenTtannu feo). 3HauajHUje OCTyName J00HjeHo je jeauno 3a C aToMe Be3aHe 3a aTOM

cenena. OBa mojaBa Moe ce o0jacHUTH poTanujoMm oko C-Se Bese.

Ha TIpajduxy 4.1. npukasana je nuHeapHa 3aBHCHOCT wu3Mely u3pauyHaTuxX W
CKCIIEPUMEHTAIHO JTOOHjEHHX XEMHUjCKUX MMOMepama 3a JBa HajcTabminuja uzomepa (1la u 1b).

Kopenanuja je Beoma 106pa u koeduipjentu kopenaiuje uznoce 0,993 (1a) u 0,994 (1b).

I'padux 4.1. Kopenaumja nsmely wmspauyHaTux (Oizr) M EKCIECPUMEHTATHHUX (Ocksp.)
BPEIHOCTH XEMHJCKUX TOMeparba 3C NMR cnekrapa (Buaetu ExcriepuMeHTanHu Ae0) uzomepa
la u 1b. Hakon nperxomHo ypalleHOr ONTUMH30BAIM CMO I'€OMETPHjE CBHX IMPEPEAKIIMOHUX
KOMILJIEKCa, MpeJIa3HUX CTamka M MOCTPEaKLUMOHUX KOMIUIEKca 3a peakluoHe myreBe ca Cxeme

4.1. CBe onTUMH30BaHE CTPYKTYpC Ca CBUM pruI/I_]aJ'IHI/IM AYy)KHMHaMa BE€3a IIPpUKa3aHC Cy Ha

Cmukama 4.2. u 4.3.
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1,683

antitransRC,, antitransTS,, antitransPC,,
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anticisRC,, anticis TS, anticisPC,,
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Cauka 4.2. Ontumu3oBane reomeTpuje npepeakimonnx komiuiekca (RC), npenasuux crama (TS) u mocrpeaknunonnx komiuiekca (PC)
3a anti MMKIM3aIMOHK MyT KOjM BOAM O HAacTajama meTouwranor npomssona (1a m 1b) y peaxmmju Hepormmmona ca PhSe’y mpucycrBy

anutusa (Py); Kpyluujanse 1y’kuHe Be3a aaTe cy y anrctpemuma (A)
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syncisRC,, syncisTS,, syncisPCy,

Cimka 4.3. OnTumi3oBaHe reomerpuje npepeakunonnx komiuiekca (RC), npenasuux crama (TS) u moctpeakiponux komriuiekca (PC)
3a SyN IUKIM3aI[MOHHM MyT KOjH BOJM JI0 HACTajama meTowraHor mpomssona (1¢ m 1d) y peakumjn Heponmmona ca PhSe’ y mpucycTy

anutusa (Py); KpylujanHe qy’kuHe Besa aate cy y anrcrpemuma (A)
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V TaGenn 4.1. nmprkasaHa je KOMIUIETHA €HEpreTHKa IMKIN3aluje Heponumona ca PhSe”
y MPHCYCTBY MHPHUAMHA, a Koja je mobujena momohy asa ¢ynkimonana (B3LYP u M062X).
Pesynratu y oBoj Tabenu koju cy nmooujernm momohy B3LYP ¢dynkumonama ykasyjy nma
peaxtantu (Hepormuaon + PhSe” + Py) cnoHTaHo rpage npepeakiuoHe KOMIUIEKCE Ca 3HAYajHOM
eHepreTckoM ctabmimmsanujoM. CBe yKYITHE pEakIfje Cy er3eporeHe u er30TepMHe.

Anti Hamagu 3axTeBajy HI)KE CHEpryje axkTUBalMje oJ SYN W BOJE 10 HacTajama
crabunaujux m3omepa la u 1b. Pasmuka y AGa* 3a popmupame 1a u 1b je npemama u Moxe
OUTH TOCIIeaNIIa KOMITjyTepCcKe rpemike. YnmbeHnIa 1a Cy pasziiKe Y eHepreTcKuM Oapujepama
MUHOpHE, Cyrepuiie jaa ce He Moxke pehu na je ¢eHusceneHoerepuduKanyja HEpOJIHI0Ia
KMHETHYKHA KOHTPOJIMCAaHA PEaKIlyja.

[Topen Tora, eHepruje CBUX IpeNa3HUX CTama HIKE Cy OJ 30Mpa eHepruja O/BOjeHHX
peaKkTaHaTa, IITO 3anpaBo 3HauM aa caMo AG,* He KOHTposHIIe IUKIM3amHjy. CBE MPEeTXOIHO
W3HETE YMH-CHUIIC 3Haue Ja OW y PeaKiMjy MUKIU3aIHMje HePOIH10Ja TPESJOMUHAHTHO HACTajao
trans uzomep, MITO je y CYMPOTHOCTH ca €KCHEPUMEHTAIHO noOujeHuM pesynraruma (Tabena

2.3.u 2.4.,3a Py ognoc cis:trans je 65:35 (PhSeCl) u 85:15 (PhSeBr)).

Ta6ena 4.1. JleBo: penaruBHe cinobongHe enepruje (AG), enranmmje (AH) m eHTpomnujcku
daktopu (-TAS) 3a cBe MOTEHIIMjalTHE PEAKIIOHE MyTEBE; CHEPIHje Cy U3padyyHaTe y OJHOCY Ha
cyMy eHepruja oxaroBapajyhux peakramara (Heponmaon + PhSe’ + Py); mecHo: akTHBamuoHH
napameTpr: ciaobonse enepruje (AGy), enrammuje (AH,Y) u errpormjcku daxropu (-TAS.F) 3a
[UKJIM3AIMOHN KOPaK; eHepruje mobujere onrumusaiijom nomohy M062X/6-311+G(d,p) HuBoa

Teopuje mpescTasibere cy italic-om; cae enepruje nate cy y kJ mol™

RC TS PC NPOU3BOAH A THBATHONH
napamerpu (TS)
a (anti)
AG/AG* -116,2 -86,5 -156,0 -185,7 29,8
-203,1 -177,8 -266,9 -279,1 25,2
AH/AH,* -214,3 -1951 -264,2 -246,8 19,3
-310,7 -284,3 -377,1 -343,0 26,4
-TAS/-TAS;* 98,1 108,6 1082 61,1 10,5
107,6 106,55 110,2 63,9 -1,2
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b (anti)

AG/AG,* -1152 -858 -159,2 -178,1 29,5
-200,0 -174,7 -267,6 -275,1 25,3

AH/AH* -212,7 -1954 -267,9 -243,7 17,3
-306,7 -283,0 -379,3 -342,7 23,6

-TAS/-TAS;* 97,5 109,7 108,7 657 12,2
106,5 1084 111,7 67,6 1,7

c (syn)

AG/AG,* 994 -30,7 -1464 -173,9 63,8
1912 -107,5 -272,8 -281,4 83,8

AH/AH,¥ -201,3 -133,8 -263,0 -241,5 67,4
-303,1 -219,5 -387,9 -342,6 83,6

-TAS/-TAS;* 101,8 103,2 116,7 67,6 1,3
111,8 1120 1150 61,2 0,2

d (syn)

AG/AG,* -102,1 -24,7  -159,2 -172,9 773
-190,6 -111,0 -282,7 -275,4 79,6

AH/AH,* -199,6 -132,3 -270,3 -238,9 67,3
-298,0 -217,2 -393,5 -340,1 80,8

-TAS/-TAS;* 975 1076 111,1 66,0 10,0
107,4 106,2 1108 64,7 -1,2

[TomTo cMO moOCyMBaNmW Yy BajbaHOCT JgoOMjeHuX pesynarara mnomohy B3LYP
¢yHKIMOHANA, CBE CTPYKType cMO peontumuzoBain nomohy MO062X ¢yHkumonana. Y
nopehewy ca B3LYP ¢ynkumnonamom, M062X ¢ynkuuonan npensuha na je dopmupame
MPEePEeaKkIMOHNX KOMIUIEKCA jOII €r3eproHHje W er30TepPMHHUje, TaKo Ja Cy CBE pellaTHBHE
cl000/IHE SHEePrUje U SHTAJINje CUCTeMaTCKH HIKe. Bpennoctu entponujckor dpakropa (-TAS)
Koje cy nobujeHe mo oba (GpyHKIMOHATIA HE MOKa3yjy 3Ha4ajHHUje OJACTYIMAE jEJHO OJ] APYIOr.
I'enepanHo rienaHo, pe3yaTatd A0OMjeHH MO 00a (yHKIMOHANA Cy JOCIEIHHU jelaH IPYrom,
MTO JWKPETHO 3HAUYM Ja MexaHuszaMm npeactaBjbeH Cxemom 4.1. He o0jammaBa
eKCIIEpUMEHTAITHO J00ujeHe pesynTtate (deHwiceneHoerepudukanuje nuHamona. Hamre nasbe

Harope y Wby o0jallmbera MEXaHW3Ma 0 KOjeM HacTaje MpeJoMHHaHTHO CiS m3omep (1b)
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YCMEpPWJIM CMO Ka YHICHHUIM Ja je peakmnuja (eHucencHoerepudukanmje 3aBUCHA U Of
MIPHUPOJIC XaJOT'eHa KA0 KOHTPA jOHA OpraHoCelIeHCKOT peareHca. OBUM CMO OJTYyYHIIH J1a Jajbe
UCIIUTUBAKE MeXaHu3Ma (eHuIIceIeHOoeTepru(UKaIMje HePOINI0Ia YCMEPHUMO Ha MCIUTHUBAE
yTUIaja xajoreHa, KOHKpeTHo xjopuaHor joHa u3 PhSeCl y nmpucycTtBy npuanHa Kao ajuTHBa.
[Ipemioxenn MmexaHu3zam oBe peakiuje nat je Ha Cxemu 4.2.

Oznakama 11, 12 u 13 o3HayeHu cy mHTEpMeaUjepH, a Mpeiia3Ha CTamka Cy O3Ha4YeHa ca
TS1 u TS2. Cydukcu a, b u € 03Ha4yaBajy HMKIN3aIMOHE yTEBE Y KOjUMa HacTajy u3omepu 1a,
1b u 1c. Baxan 3aksbydak Koju ce Moke m3Byhu u3 Cxeme 4.2. je 1a ce NMUKIU3aIMja HE MOXKE
BPIINTH 110 IyTy d, IITO HAUje cIyyaj 3a peakuujy Hepomuaona ca PhSe® y npucycrBy nupumuna
kao aautuBa (Cxema 4.1.). OnTuMHU30BaHEe TeOMETpPHUje ca KPYLHUjAIHUM Jy)XKHHaMa Be3a CY

npukasane Ha Cnunu 4.4.

Ontumu3aiujom reomerpuje PhSeCl y Terpaxuapodypany kao pacTBapady mokasaio ce
na je Se-Cl Be3a koBajeHTHa monmapHa Besa. M3 oBora u3Boau ce 3akibydax ga ce PhSe’ katjon
He (QOpMHpa CIIOHTAHO y peaknmuoHoM Meaujymy. W 3amcra, kama ce Hepoaumon, PhSeCl u
NUPUIMH ONTHUMH3Y]Y 3ajenHo oHU Qopmupajy wuHTtepmeaujep |1 y kojem ce omaxa
kapakrepuctnyna Se-Cl, C-C nsoctpyka u O-H N BomonuuHna Besa (Crnuka 4.4.). ATom ceneHa
HOCH BEJIMKY BpEIHOCT IO3WUTHBHE mapxe (oko 1,2) m BpmuM enekrpoduiaHM Hamaja Ha

JIBOCTPYKY BE3Yy MOJIEKYJIa HEPOIUAOIA.

OBaj peakIMOHHM KOpPaK Ce peajun3yje MpeKo Mpera3Hor cTama |S1 y KojeM Jojia3u J10
packunama Se-Cl u crapama Se-C5 u Se-C6 Be3a. Tpeba HarnacuTH fa ¢y OpOjHHU MOKYIIAjH 12
ce OMTUMH3Yje TeOMETpHja mpeaasHor ctamwa 1S1d omnmu 6esycremun. OBo ce MOXe 00jaCHUTH
YUHCHUIIOM Jla je aJIKWJI rpyna Ha atomy C6 BOJTyMHMHO3HH]a O METUJI TPYIIE U J1a HAa Ta] HAUUH

crnpedaBa npuia3 mosiekyna PhSeCl gsoctpykoj Be3u.

Hemoryhuoct dhopmupama npenasHor crama |S1d npeacraBiba BakKHY YHELCHHILY KOja
JIOBOJIA JIO BeOMa Ba)XKHOT 3aKJbydKa, a TO je Jia ce CIS M30Mep KOjU je CKCIePHUMEHTAIHO

npenoMuHaHTHO no6ujeH (Tabene 2.3. u 2.4.) He qoOuUja Mo SYN MUKIU3AIMOHOM TYTY.

W3 npenasHor crama TS1 Hacraje untepmenujep 12, koju je aHanoran npepeakimoOHOM

koMmruiekcy (RC, Cxema 4.1.), momto 06a moanexxy HHTPaMOJIEKYJICKO] IUKIU3AlIH]H.
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Cxema 4.2. TloTeHIMjaTHA UKIA3AMHOHN TyTeBH (anti u Syn) 3a nukau3anujy Heponuaoia ca PhSeCl y nmpucycTBy nupuanHa Kao

aTuTHUBA
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Cauka 4.4. OntumusoBane reomerpuje uarepmenujepa (11, 12 u 13), npenasuux crama (TS1 u TS2) 3a anti u Syn nukIn3anuoHe MyTeBe

KOjU BOJIE 10 HacTajama merowianux npomssoga (la, 1b u 1c¢) y peakumju mepomumona ca PhSeCl y mpucyctBy aautua (Py);
KpylHjaIHe TyKMHE Be3a Jate cy y anrcrpemuma (A)
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NnyctpatuBro Ha Cnunu 4.5. mpencraBibeHa cy HajBakHuja APT HaenekTpucama y
RCb u 12b. HeraruBHo HaeneKkTpucame Ha aToMy XJopa M MHTEPAaTOMCKO pactojame Se-Cl

(Tabena 4.2.) moka3yjy Ja XJOp er3ucTupa Kao KOHTPa jOH.

2 -1.24 2
dﬂ’ , s @
Fadie (TN 0.86 } ?

So L

RCb [12b

Cauka 4.5. Kpynujanaa APT (Atomic Polar Tensor) naenexrpucama y RCb u 12b

Kako xyopaHu joH yTH4Ye Ha TMO3WTHBHO HaeleKTpucaH ceieH y I12b 1o wmma 3a
nocnenuity nosehame ayxkune Beza C5-Se u C6-Se (Tabena 4.2.) mocMaTrpaHo y OJHOCY Ha UCTE
nyxkune Beza y RCb. Camum tum, C5-C6 Besa y 12b je maprmjanHo nBoctpyka. Joun jemHa
NOTBp/la YTHIIaja KOHTpa jOHAa Ha aTOM CeJIeHa jé U HEroBO MapUIjjalHO MO3UTHUBHO
Haenektpucame koje y RCb usnocu 0,09, a y 12b usnocu yak 0,86. [Tociemuria oBora cy u
3HATHO Mama MapiHjaTHo MO3WUTHBHA HaenekTpucama atomMa C5 u C6 y crpykrypu 12b. Ora
YUBEHUIA TUPEKTHO YKa3yje Ha CMameHy eNeKTPO(PHIHOCT OBHX aToma, HapouuTo atoma C5.
[TomrTo je KOHTpa JOH MPHUCYTAH y PEaKIMOHOM MEAN]yMYy, CBE OBE UHILEHHIIE C€ MOPAjy y3€TH Y

003up.

Ta6ena 4.2. InTepaToMcKka pacTojama (A) y RCbu I12b

Se-Cl C5-Se C6-Se C5-C6 N-H
RCb - 2,116 2,192 1,455 1,850
12b 2,968 2,202 2,274 1,430 1,874

VY najmbeM TOKY peakiMje, KMCEOHHMK BpILIM HykieopmiHu Hamajg Ha atom C5. Osa

WHTPAMOJICKYJICKa ITUKIIN3allija OJIBHja Ce MPEKO Mpesia3Hor crama 1 S2. OBO Mpelia3Ho CTamke
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kapaktepuie ¢popmupame O-C5 u N-H Besa, kao u packuname C6-Se u O-H Besa. [Topen tora,
XJIOPUJIHY jOH C€ CBE BHIIIE yaJbaBa O]l aToMa celieHa. OBe IMPOMEHEe XeMHUJCKUX Be3a IOBOE 110
dbopMupama nocneamer nuarepmenyjepa 13 y koM mocroju BoioHHYHA Be3a n3Mmel)y merownaHor
¢denmnceneno-erpa (la-l¢) n nupuanHUjyM-xjaopuaa. 300r OJu3MHE NMUPHIMHHUJYM KaTjoHa U
XJIOPUAHOT JOHA Y PEaKIlfju I0 MyTy €, 0Baj MyT HajBUIIE MMOoroayje GopmMupamy TUPUIANHI]yM-

xnopuaa (Cnuka 4.4.).

VY Tabenu 4.3. nare cy eHepruje 3a peakuujy Hepoaumosia ca PhSeCl y mpucyctBy
nupuanHa. Pazmarpamem pesynraTa BUAM C€ Ja SHTPOIHUjCKU (DAaKTOp MMa BUCOKE IO3UTHUBHE
BPEIHOCTH y CBUM city4ajeBuMa. OBO yKa3yje Ha YHIHCHUILY J1a je YKyITHa €HTPOIHja OBOjEHUX
peakTaHaTa 3HaTHO Beha o1 BpelHOCTH eHTpoIrja y Ouio kojoj dasu peakuuje. C qpyre cTpaHe,
MOCTOjU OYUTIIEHA pa3inka u3Mel)y BpeHOCTH CIIOOOAHUX eHepruja u eHTannuja y Tabenama
4.1. u 4.3. Jlox je popmupame RC u3pasurto erseporeH u er3orepMan mpoiiec, popmupame 11 je
eHmeporeH u Oiaro erzorepman mporec. OBa IojaBa je IMOCIEAMIIA PA3IHYUTOr IMOHANIAKA
weytpande (I11) u Haenmektpucane (RC) Bpcre y yMEpPeHO TMOJApPHOM —pacTBapady
terpaxuapodypany. Jok je crabunuzanuja neyrpanne Bpcre (11) y pactBopy cinabo uzpaxena,
conBatanuja HaenekTpucane Bpere (RC) nmpahena je ocnobahamem BelMke KOIHMYWHE CHEPTH]C.
VY carmacHoctu ca oBuM cy cinoboane enepruje (AGso,) u eHrannuje (AHsoy,) cosBaraimje 3a

PhSe™ u PhSeCl, koje cy uszpauyHare u3 jeqnaunna 4 u 5 (sujgetu EKCriepUMEHTANHU 1€0).

Hanme, AGsory, 1 AHgopy 32 PhSe”, KOJH j€ KOHCTUTYEHT CBUX MPEPEaAKIIMOHNX KOMILIEKCA
(RC) m3noce -179,2 1 -179,0 kJ mol™, ok 3a PhSeCl, koji je KOHCTHTYEHT CBUX HHTEpMEHjepa
(11) -12,4 u -12,3 kJ mol™. OBu aprymenTn Boze 10 3aK/byuKa Ja ce HE CME MCKJbYUUTH YTHIA]

XaJoreHa U3 MexaHu3Ma (QeHusceeHoeTepuduKaimje.

[IpeTxoaHo M3HETH pe3ynTaT Takohe ykasyjy Aa cio0ogHe eHepruje Mpela3HuX CTamba
TS1 u TS2 nexe w3Ham 30upa CIIOOOJHUX SHEpPrHja peakTaHaTa IITO yKazyje Jia je peakiuja
KOHTPOJIMCAHA AKTHBALMOHMM eHeprujama. Ajumuja PhSe’ joma 3axTeBa HHCKe eHepruje
aKTHBaIHMje, 1 Moxe ce pehu z1a je oBo mpouec kouTpomucan enrpormjoM (AHF < -TAS,). Oso
JTUKPETHO 3HAYM Ja j€ OBaj PEaKIMOHM KOpaK 3aBHCTaH OJI MPHUCTYNAYHOCTH, OpPHjCHTAIIH]e,
nyrame pearyjyhux Bpcra, uta. CynpoTHO, HUKIU3AIMOHN KOPAK je KOHTPOJUCAH €HTaJIIH]OM

(AH,* > -TAS,"), mrto 3anpaso 3Haun j1a je oBaj mpoLIEC 3aBUCTAH OJ jaUMHE BE3a.
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[Topehewem Bpemnoctn m3 Tabema 4.1. m 4.3. Buam ce ma TS mMa HUXKY CHEPrujy
aKTHBaIje ox 1S2, mTO joul jeaHOM MOTBplyje BaKHOCT YTHIIaja KOHTpa jOoHa, Koja je

3aHeMapeHa y peaknuju ca Cxeme 4.1.

Syn myrt ¢ je HCTOBPEMEHO M KMHETUYKHU U TEPMOJMHAMHYKU HEMOBOJbAH, JOK cy anti
nyTeBu @ ¥ b koHKypeHTH. J[ok myT a naje craOwiHUju u3oMep, myT b 3axTeBa HUXKY eHEprujy
aktuBanuje (Tabema 4.3.). OBo yka3yje na je Oa3HO-KaTalnM30BaHa peakiivja HEPOJUIO0JIAa ca
PhSeCl xuHETHYKM KOHTPOJIMCAH MPOILEC INTO j€ Yy CariacHOCTH ca CKCIIEPUMEHTATHO

nobujenum pesynraruma (Tabene 2.3. u 2.4.).

TabGena 4.3. JleBo: penatuBHe ciobonHe enepruje (AG), enrtannuje (AH) u enTpomnujcku
¢dakropu (-TAS) 3a cBe moTeHIMjaTHEe pEaKIIMOHE YTEBE; CHEPIHje Cy U3padyHaTe y OJJHOCY Ha
cyMy eHepruja oaroBapajyhux peakranara (Hepoiumon + PhSeCl + Py); necHo: akTuBanuoHu
napameTp: ciroboaue enepruje (AGyY), entammuje (AHaY) n entponmjckn daxropu (-TAS.Y) 3a

LUKIIU3alMOHH KOpakK; CBe eHepruje nare cy y kJ mol™*

AKTHBALIMOHH
napaMerpu
11 TS1 12 TS2 13 npousBoau | TS1 TS2
a (anti)
AG/AG,* 70,7 884 88,3 132,7 47,6 -30,8 17,7 44,5
AH/AH,* 116 72 78 29,9 -57,1 -86,9 4,4 37,7
-TAS/-TAS;* 823 956 96,0 102,9 104,7 56,2 13,3 6,8
b (anti)
AG/AG* 759 90,2 89,0 130,3 43,8 -23,1 14,2 41,4
AH/AH* -89 58 -6,4 29,3 -62,8 -83,8 3,1 35,7
-TAS/-TAS;* 848 96,0 95,4 101,0 106,6 60,7 11,1 5,6
c (syn)
AG/AG* 63,7 1034 99,2 193,6 53,6 -19,0 39,7 94,4
AH/AH,* -132 37 1,2 86,8 -52,5 -81,6 16,9 85,6
-TAS/-TAS.F 76,9 99,7 98,0 106,7 106,1 62,6 22,8 8,8
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ITomrro ce ca Ciuke 4.5. Buau na je arom C6 y 12b (v y apyrum 12 unTep™Mennjeprma)
enektpowianju, Hamehe ce  3aHMMJBMBO  THUTalme:  ,,3amTo  je  QopMupame

TETPaXUJPONHUPAHCKOT (DeHMIICEIeHO-eTpa oHeMoryheHo?

[IpernocraBmiin cMO Ja ajKuwi Tpyne Ha yrjbeHHKy C6 Heponuaona crpedaBajy
npuja3ak KHCEOHUKOBOT aroma. OBa MPETIOCTaBKY NOTBPANIIO j€ UCTIUTUBAE CIIOPHUjEr Kopaka
mo anti mukimmsammonom myry (Crnuka 4.6.). 30or crepue crnpedenoctd, C6-O ymabeHOCT y
npena3HoM cramy ca Ciuke 4.6. je Beha Hero ynasenoct C5-O y npena3HuM ctambuMa 1523 u
TS2b (Cnuka 4.4.). 3aTum, npenasHo ctamwe ca Ciuke 4.6. uMa eHeprujy aktusanuje ox 49,8 kJ
mol™, mro je 3a 5,3 u 8,4 kJ mol™ Behe ox oxroeapajyhux AG,* 3a anti myrese xoju najy
uszomepe la u 1b (TaGena 4.3.). Takohe, Mory ce odekuBaTH join Behe cTepHe cMeTHE 1Mo Syn
nyTy, wTo Ou jomr nosehamo eHeprujy aktupanuje. OBe UMIbEHHMIIE HAYy y HPWIOTr Ja
[IecTOWwIaHu (EHUIICENICHO-€Tap HEe HACTaje Yy PEeaKIMju KOjy KaTaiau3yje HIOp. MUPUIHH HIIH
HACTaje y TParoBUMa y pPeakIMju HEpOJIMIOIA Koja je Karaiau3oBaHa HIp. xuHoiIuHOM (Tabene

2.1.u22).

12 TS2

Cauka 4.6. KpynujaaHe ayxuHEe Be3a (A) y 12 u TS2 mo anti nmyry 3a mecTowiaHH

(dhennnceneHo-eTap
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5.1. IllpeucnutuBame GeHunsicesieHoeTepupUKaLMje TUHAT0/IA Y IPUCYCTBY KOHTPA joHA

YumeHnla Ja OPUCYCTBO KOHTpa jOHA 3HAYajHO MeEHha CIHKY O MEXaHU3MY
bennceneHoeTepuduKalyje HEpOJUIOIa, HaBeJa HAC je Ja MNPEUCIUTaMO MEXaHU3aM
(denmncencHoeTepuUKaje JIUHAIONA Y TeTpaxuipodypany y IprCYCTBY XJIOpHIa U OpomMuIa
nomohy paznmuuntux Teopujckux mojaena: B3LYP/6-311+G(d,p) u M062X/6-311+G(d,p). V

OBOM UCTpaKUBamy MPUCYCTBO 0a3e je CUMyIupaHo MOMONy MOJIEKyJla aMOHH]jaKa.

JloOGujenu pe3ynTaru npukazanu cy y Tademama 5.1., 5.2. u 5.3 u Ha I'padummma 13-

[114 (Buneru [Ipuor).

[Ipukazanu pe3yiaTaTu MoKasyjy BpJIO CIMYaH TPEH] Kao y ciy4ajy Hepoauaona. Kopak
Koju ofpehyje Op3uHy peakuuje je 00po30Bame MperazHor crama [S2. AKO mocMmarpamo
pesyarare 3a peakuujy denuiceneHoerepudpukaimje aunanona momohy PhSeCl Buaumo na obe
METOJIE MOKa3yjy BpJIO CIIMYHO MOHamame. HarMe, cBa 4eTnpu peakiimoHa myTta Cy er3eprona u
ersorepmHa, npu 4emy cy AGy u AH, Bpeanoctu mehyco6Ho Beoma ciuune. Takole, AG,* 3a
antiTS2 mama je o1 AG,* 3a SynTS2, u3 uera ce MOKe 3aKJbY4HTH Ja je anti Hamaj MOBOJBHUjH
mukm3anuonn myt. Cino0oaHe eHepruje akThBaldje 3a oOpasoBame trans u Cis msomepa cy
BEOMa CIIMYHE, IITO j€ Y CarjJacHOCTH Ca €KCIEPUMEHTAIHUM MojalMa, KOju ToKa3yjy Ja ce

o0a n3omepa 106ujajy y npubamkHoM npuHocy (Tabena 2.3.).

Axko ynopenumo pesynrate nooujene nomohy M062X ¢ynkiuonana (Tabena 5.3.) 3a
peakiujy dpennncenenoerepudpukanuje aunaisona momohy PhSeCl u PhSeBr (Tabene 5.2. u 5.3.)
BUIMMO Ja Cy cJ00OJHE €Hepruje akTHBaluje 3a 00pa30Bame MPENa3HOr CTama |S2 Beoma
ciuyHe 3a 00a pearenca. MelyTum, eHJIeproHOCT NPBOI KOpaka peakliMje je BUIIEe U3paxeHa y
ciydajy PhSeBr, ma xao mocienuia oBe mojaBe npenasHo crame 1S2 y peakuuju ca PhSeBr je
Ha BUIIEM EHEPreTCKOM HHBOY Y OJHOCY Ha TpenasHo crawke 152 y peakuuju ca PhSeCl

(ynopenutu ['paduke I17-1110 ca I'paduuma I111-1114, Buaeru Ipunor).

OBaj pe3ynTar je y carjlaCHOCTH ca KMHETHYKUM MepemnMa, Koja Cy IMoKaszala Ja Cy
peaknuje QeHuIceneHoeTepruduKaimje JIMHAI0a y MPUCYCTBY CBHUX aJUTHBAa Opke Kaja ce

ynotpedbu PhSeCl kao pearenc (Tabena 2.5.).
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Ta6ena 5.1. JleBo: penarmBHe cinobomaHe cHepruje (AG), enraamuje (AH) u eHTpOmHjcKu
dakropu (-TAS) 3a cBe moTeHIMjalTHE peaKIMOHE IYTEBE; CHEPTHUje Cy U3pavyyHaTe y OJHOCY Ha
cymy eHepruja oaroapajyhux peaxrtanara (nmunanon + PhSeCl + NHs); mecHo: akTuUBanuoHu
napamerp: caobonue exepruje (AGy*), enrammuje (AH.Y) u enrponmjcku daxropu (-TAS.Y) 3a
[UK/IM3AHOHN KOPaK; eHepruje mobujere onruMusaijom momohy B3LYP/6-311+G(d,p) HuBoa

Teopuje aare cy y kJ mol™

AKTHBAIIMOHH
napaMmerpu
11 TS1 12 TS2 13 npousBoau | TS1 TS2
a (anti)
AG/AG,* 60,5 72,3 67,5 128,5 7,5 -27,4 11,9 61,0
AH/AH,¥ -16,8 -148 -12,3 28,1 -95,0 -85,1 2,0 40,4
-TAS/-TAS,) 773 871 798 1566 1025 57,7 9,9 20,6
b (anti)
AG/AG,* 556 734 70,7 127,7 11,4 -20,3 17,8 57,1
AH/AH,* -170 -145 -11,8 31,3 -92,5 -79,2 2,5 42,9
-TAS/-TAS;F 72,6 87,9 82,5 159,0 103,9 58,9 15,3 14,2
c (syn)
AG/AG* 62,6 76,6 74,8 176,0 -6,5 -25,0 14,0 101,2
AH/AH,* -158 -12,9 -101 69,4  -108,0 -83,2 2,9 79,5
-TAS/-TAS;F 784 89,5 84,9 106,6 101,5 58,2 11,1 21,7
d (syn)
AG/AG* 585 77,1 73,0 169,6 -6,4 -25,9 18,6 96,6
AH/AH,* -16,6 -134 -10,8 68,1 -106,3 -83,8 3,1 78,8
-TAS/-TAS;F 751 90,5 83,8 101,5 99,9 57,9 15,5 17,8

ITopeheme pezynraTa KBaHTHO-XEMH]CKUX M3pauyHaBama Koja Cy M3Be/eHa TaKo IITO Cy
3aHEeMapeHH KOHTpPA jJOHM U TaKO IITO Cy y3€TH y 003Hp, MOKa3yje Ja KOHTpa jOHH BpILE jaK
yTHIIA] HAa pEaKklIMOHM MeXaHH3aM. 3aHeMapuBamb€ KOHTpA jOHA BOJM JI0 HETAYHOI OIHca
PEaKIMOHOT MEXaHU3Ma IITO je TOCIENIIa BeOMa BEJIMKE eHepruje coaBaTaluje KO MO3UTUBHO

HACJICKTPHUCAHUX MPEPCAKIIMOHUX KOMIIJICKCA. HaI/IMC, IIpu OBAKBOM HAYUHY H3pPAYyHaBamkha
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MPOM3WJIA3u Jla Cy CBHU PEaKIMOHM IyTeBH MOTyhw, Te 1a je (aBOpH30BaHO OOpa30Bambe

HajcTaOWIHHU]eTr u30Mepa, To, MehyThM, HHje YBEK TauHO.

Tabena 5.2. JleBo: penmatuBHe cioboaHe eHepruje (AG), enrannuje (AH) m eHTponujcku
dakropu (-TAS) 3a cBe MOTEHIMjalTHE PEAKIIMOHE MTyTEBE; CHEPTHje CY M3padyHaTe y OJJHOCY Ha
cymy eHepruja oaroapajyhux peakrtanara (nmunanon + PhSeCl + NHs); mecHo: akTuBanuoHu
napamerp: ciaobonse exepruje (AG,'), enrammuje (AH,Y) u enrponmjcku daxropu (-TAS:) 3a
[UK/IM3AHOHA KOPaK; eHepruje qooujere ontumusaiujom nomohy M062X/6-311+G(d,p) HuBoa

Teopuje aare cy y kJ mol™

AKTHBallHOHH
napaMmerpu
11 TS1 12 TS2 13 npousBoau | TS1 TS2
a (anti)
AG/AG,* 32,6 395 30,6 77,6 -67,8 -81,8 6,9 47,1
AH/AH,Y -57,6 -55,7  -59,7 -30,2 -177,8 -147,6 1,9 29,5
-TAS/-TAS;F 90,2 95,2 90,3 107,8 110,0 65,8 5,0 17,6
b (anti)
AG/AG,* 27,1 405 29,5 74,0 -64,2 -77,6 13,4 44,5
AH/AH* -58,0 -55,1 -60,5 -27,6 -176,6 -141,7 2,9 32,9
-TAS/-TAS;F 851 95,6 90,0 101,6 112,4 64,1 10,5 11,6
c (syn)
AG/AG* 30,8 431 32,3 120,4 -81,8 -81,3 12,3 88,1
AH/AH,* -57,3 -54,2  -58,9 12,1 -189,2 -144.5 3,1 71,1
-TAS/-TAS;F 881 97,3 91,2 108,3 107,4 63,2 9,2 17,0
d (syn)
AG/AG* 236 416 28,9 116,2 -78,8 -82,9 18,0 87,3
AH/AH,* -572 -545 -57,7 11,4 -187,7 -145,6 2,7 69,1
-TAS/-TAS;* 80,8 96,1 86,6 104,8 108,9 62,7 15,3 18,2
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Tabena 5.3. JleBo: penmatuBHe cnoboaHe eHnepruje (AG), enranmuje (AH) m eHTpomnujcku
dakropu (-TAS) 3a cBe moTeHIMjalTHE peaKIMOHE IYTEBE; CHEPTHUje Cy U3pavyyHaTe y OJHOCY Ha
CcyMy eHepruja oaroBapajyhux peakranata (imuaion + PhSeBr + NHj); mecHo: akTuBanunoHu
napamerp: caobonue exepruje (AGy*), enrammuje (AH.Y) u enrponmjcku daxropu (-TAS.Y) 3a
[UK/IM3AHOHH KOPaK; eHepruje qooujere ontumusaiujom nomohy M062X/6-311+G(d,p) HuBoa

Teopuje aare cy y kJ mol™

AKTHBAIIMOHH
napaMmerpu
11 TS1 12 TS2 13 npousBoau | TS1 TS2
a (anti)
AG/AG,* 324 48,6 36,7 82,7 -54,1 -70,8 16,3 46,0
AH/AH,* -55,0 -49,8 -55)5 -29,9 -167,4 -136,3 5,2 25,6
-TAS/-TAS.* 874 984 92,2 112,6 113,3 65,5 11,1 20,4
b (anti)
AG/AG,* 30,6 46,3 35,8 78,2 -53,2 -66,5 15,7 42,5
AH/AH,* -55,2  -50,6  -55,5 -24.7 -166,3 -130,4 4,6 30,8
-TAS/-TAS;* 858 96,9 91,3 102,9 1131 63,9 11,1 11,7
c (syn)
AG/AG* 30,6 53,6 37,2 123,7 -69,5 -70,2 22,9 86,6
AH/AH,! 549 -517 -54,3 158  -182,3 -133,2 3,3 70,1
-TAS/-TAS;* 855 1053 915 107,9 112,8 63,0 19,6 16,5
d (syn)
AG/AG* 336 448 38,4 124.8 -71,0 -71,8 11,3 86,4
AH/AH,* -54,3 -48,7 -53,3 16,2 -177,9 -134,2 57 69,5
-TAS/-TAS;F 87,9 935 91,7 108,6 106,9 62,4 5,6 16,9

Kana ce xoHTpa joH YKJbYYH y KBaHTHO-XEMH]jCKa M3padyHaBama (IITO j€ M0 MPBH ITYT
YYHE-EHO Y OBOj JIOKTOPCKO] JUCEPTAIMjU) TMOKa3yje Ce /1a je pacTBapame peakTaHara mpaheHo
0e3HauajHOM eHepreTckoM ctabmimmsarujomM. OmaBae Mpousuiasu Aa je aauirja HeHmIceTeHnI
rpyre Ha JBOCTPYKY Be3y TEPIEHCKOT alKoxoia (IPBU KOPaK peaxiivje) eHIeproHu MpoIiec KOju

ce 0JIBHja MPEKO MPEJIa3HOT CTama. Y OBOM PEaKIMOHOM KOpPaKy CTBapajy ce KOHTpa JOHH KOjU
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JlaJbe BPIIE YTHIA] HAa MO3UTHBHO HACIIEKTPHCAHU JIE0 PEAKIMOHOT CHCTEMa TaKO IITO MOIHKY
€HEepruje aKTUBallMje Y APYrOM pPEakIMOHOM Kopaky. EHepruje aktuBaije cy HIKE y Ciaydajy

anti UKJIM3aIMOHOT TTyTa TE j¢ OH U (haBOPH30BaH.
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EKCIIEPUMEHTAJIHA JIEO



6.1. Onuire HamoMeHe

3a wu3Bohemwe peakinuja GdeHucercHoeTeprudukanyje KopuimheHn cy KOMEepIUjaaHO
JOCTYITHA TEPIICHCKU aJIKOXOJIH (JIMHAJION, HEPOJIUI0N U a-TepruHeos, Sigma-Aldrich). Takohe
Ccy KopumheHM KOMEpIMjaJHO IOCTYIMHHM pacTBapadd (AUXJIOPMETaH M TeTpaxuapodypaH,
Sigma-Aldrich) wu pearencu (PhSeCl wu PhSeBr, Sigma-Aldrich) 0e3 mnperxoaHor
npeuninhaBama. M3y3eTak oa oBOTa je AMXJIOPMETaH KOJH j€ JECTHUIIOBAaH M3HAJ KaJIlvjyM-

XUAPUJIA.

3a mpeunimhaBame peakIMOHMX cMmemia kopuiiheHa je Xpomarorpaduja Ha CcTyOy
(xonmonu). Konona je mymena cumuka-reiom (Fluka Analytical, Benuuuna mopa 60 A, a
BenmunHa 3pHA 63-200 pum). TankociojHa xpomarorpaduja je u3BoheHa Ha ATYMHUHU]jyMCKUM
cunuka-ren mwioyama SUPELCO Analytical. 3a Busyenuzanujy kopunthena je UV mamma uim

jon.

'"H u *C NMR crekrpu cuumann cy y CDCl3 y onnocy Ha Terpamermicuian (TMS,
0=0) na VarianGemini 200MHz NMR cnekrpomeTpy, a XeMrjcka moMepama (8) aara cy y ppm
(parts per million).

I'acHo-macene aHanu3e pahene cy Ha uHctpymeHnty Agilent Technologies mongen 6890N
ca HP-5N komonom (5% denun-, 95% wmerunnonucuiokcan). Kao Hocehu rac xopuirhen je
XeNHjyM, 0K je eHepruja joHuzanuje 70 eV. OgHoc Mace U HaeJIeKTpUCama 3a JOHE Y MACEHUM

CIIEKTPHMA JIaT je Kao M/zZ.

Kunernuka mepema cy BpiieHa crekrpodortomerpujcku kopuctehu UV-Vis Perkin
Elmer Lambda 35 cnekrpodoromerap ompemiber henujom 3a Tepmocratupame. Peakuuje cy
n3BoheHe Ha coOHOj TemmepaTypu, a KHHETHYKa Mepema cy BpieHa Ha 288 K. Temmeparypa

peaKIMoHe CMeIlle je KOHTpoucana ca Taunomhy +0.1°C.

KBanTHO- Xemujcku npopadyHu palhjenu cy nomohy nporpama Gussian 09.
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6.2. JloOujame NMKJIMYHUX €Tapa U3 TEPINEHCKUX aJIK0X0J1a

Y cyB 0OajoH ONpeMeJheH MarHeTOM M MarHETHOM MEMIAUIIOM J0/IaTe Cy OJIMEpeHe
KoJIMuMHEe TepreHckux ankoxoja (I mmol: 0,154 g nmuranona wm 0,222 g HEpoauaoiaa WU
0,154 g a-Tepriuneona) u Lewis-oBux 6a3za (1 mmol: 0,079 g Py wim0,129 g Qin unmu 0,156 g
BiPy wmm 0,101 g Et;N) wim Lewis-oBux kucenuna (1 mmol: 0,189 g SnCl, unm 0,5 mmol:
0,065 g CoCl,) y 5 cm’ cyBor auxmopMeraHa y koM je pactsoper 1,1 mmol PhSeCl (0,212 g)
umu 1,1 mmol PhSeBr (0,260 g). Cse peakuuje cy Kpo3 HEKOJIMKO MUHYTa 3aBpiieHe. Peakiimona
cMmema Oneno xkyrte 6oje je oOpahuBana Tako mro je momara 2 M HCI (camo y ciydajy kan cy
agutuBu Lewis-oBe 0a3e), ma 3acuhenm BojeHu pactBop NaHCO;. Oprancku 1eo je CylieH
u3Hag anxuapoBaHor Na,SO4, 3aTUM je KOHLEHTPOBAaH W XpomarorpaducaH Ha KOJIOHH
HAIYHhCHO] CHJIMKA-TEJIOM Y3 JMXJIOPMETaH Kao €IYCHT, a C IMJbeM Ja C€ YKJIOHU IUu(EHHII-
mucenenu. [IpousBoau (LMKIMYHU €TPH) Cy OKapakTepucaHu Ha ocHOBY NMR cnekTpaaHux

nojiaTaka Koju Ccy MpHUKa3aHu UCTION.

96



6.3. CeKTpPOCKONCKY oAU

cis- v trans-5-ETeHmn-5-metTu-2-[2-(¢penniicesieno)-npon-2-mwi|rerpaxuapodypan (1a)

'H NMR (200 MHz, CDCL): §(ppm) = 1,31 (s, CH3-6), 1,33 u 1,36 (s, C(CH;),), 1,55-
2,12 (m, H-3 u H-4), 3,94 (m, H-2), 4,98 (dd, S50 = 9 Hz, Jipsa1es = 1 Hz, H,-8), 5,18 (dd,
Jiesir = 12,6 Hz, Jesiizs = 1 Hz, He-8), 5,86 (dd, Jurmes = 12,6 Hz, Jiymss = 9 Hz, H-7),
7,25 (m, Hpp), 7,67 (m, Hpy);

PhSe O
7L(_7<\

cis: *C NMR (50,32 MHz, CDCls,): 8(ppm) = 25,61 (CHs, C-6), 25,8 (CHs, C-10),
26,53(CHs, C-9), 27,71 (CH,, C-3), 37,13 (CH,, C-4), 49,49 (C, C-11), 82,72 (C, C-5), 85,26
(CH, C-2), 111,12 (CH,, C-8), 127,23 (C, C-12), 128,25 (CH, C-14), 128,35 (CH, C-15), 138,37
(CH, C-13), 143,59 (CH, C-7).

PhSe O .
AR

trans: 3C NMR (50,32 MHz, CDCLs,): 8(ppm) = 25,61 (CHj;, C-6), 26,31 (CHs, C-10),
26,67 (CHs, C-9), 27,84 (CHa, C-3), 37,76 (CHa, C-4), 49,68 (C, C-11), 83,01 (C, C-5), 85,55
(CH, C-2), 111,15 (CH,, C-8), 127,26 (C, C-12), 128,29 (CH, C-14), 128,41 (CH, C-15), 138,37
(CH, C-13), 144,01 (CH, C-7).

S5-Erenni-5-mernii-2-[6-meTni-2-(¢penniiceseno)| rerpaxuapodypan (2a)

N
PhS¢ A

cis: 'H NMR (200 MHz, CDCls): 8(ppm) = 1,23 (s, CH3CSe),1,28 (s, CH3CO), 1,62 u
1,68 (s, (CH3),C=), 1,65-1,71(m, CH,CO), 1,71-2,05 (m, CH,CSe, CH,CHO),2,08-2,33 (m,
CH,CH=), 3,99 (t, J = 7,3 Hz, CHO),4,98 (dd, J = 1,5 Hz, 10,8 Hz, CH=CH), 5,08 (tq, J =1,4
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Hz, 7,1 Hz, CH=C(CHa)), 5,22 (dd, J = 1,5 Hz, 17,4 Hz, CH=CH), 6,0 (dd, J = 6,7 Hz, 10,8 Hz,
CH=CH,), 7,18-7,32 (m, m-, 0-, p-CH), 7,6-7,71 (m, m-CH);

13C NMR (50,32 MHz, CDCls): 8(ppm) = 17,71 1 22,95 ((CH3),C=), 24,02 (CH,CHO),
25,68 (CH4CSe), 26,82 (CH5CO), 27,74 (CH,CH=), 37,87 (CH,CO), 38,71 (CH,CSe), 54,75
(CSe), 82,54 (CO), 84,31 (CHO), 111,32 (CH,=), 124,35 (CH=C(CHy),), 127,68(=CSe), 128,41
(p-CH), 129,13 (m-CH), 131,45 (=C(CHs),), 138,49 (0-CH), 144,15 (CH=CH),);

trans: *"H NMR (200 MHz, CDCls): §(ppm) = 1,21 (s, CHsSe), 1,33 (s, CH3CO), 1,62
ul,68 (s, (CH3),C=), 1,65-1,71 (m, CH,CO), 1,71-2,05 (m, CH,CSe, CH,CHO), 2,08-2,33 (m,
CH,CH=), 3,97 (t, J = 10,9Hz, CHO), 4,97 (dd, J = 1,5 Hz, 10,8 Hz, CH=CH), 5,08 (tq, J = 1,4
Hz, 7,1 Hz, CH=C(CHg),), 5,13 (dd, J = 1,5 Hz, 17,4 Hz, CH=CH), 5,86 (dd, J = 6,7 Hz, 10,8
Hz, CH=CH,), 7,18-7,32 (m, m-, 0-, p-CH), 7,6-7,71 (m, m-CH);

13C NMR (50,32 MHz, CDCls): 8(ppm) = 17,71 1 22,95 ((CHs),C=), 24,02 (CH,CHO),
25,58 (CH3CSe), 27,74 (CH,CH=), 28,02 (CHsCO), 37,09 (CH,CO), 38,98 (CH,CSe), 55,02
(CSe), 82,99 (CO), 84,50 (CHO), 111,14 (CH,=), 124,35 (CH=C(CHs3),), 127,55 (=CSe), 128,21
(p-CH), 128,26 (m-CH), 131,45 (=C(CHs),), 138,43 (0-CH), 143,80 (CH=CH,).

6-(Penuniicesieno)-1,3,3-TpumMeTnii-2-okcadnuukiao[2.2.2Joxkran (3b)

SePh

IH NMR (200 MHz, CDCls): (ppm) = 1,11 (s, CH5CO), 1,23 u 1,25 (2s, (CH3),CO),
1,42-1,80 (m, H-5, H-8), 1,90-2,14 (m, H-7), 2,62 (tt,J = 3,3 Hz, 7,7 Hz, H-4), 3,52 (dd, J = 2,6
Hz, 5,9 Hz, H-6), 7,20-7,29 (m, Hpt), 7,51-7,59 (M, Hen);

13C NMR (50,32 MHz, CDCl3): §(ppm) = 22,21 (CH,CHC), 26,84 (CH3CO), 27,73
(CH,CHSe), 28,48 u 28,90 ((CH3),CO), 33,98 (CH,CO), 34,38 (CHC), 45,61 (CHSe), 73.74
(CCH3CO), 73,91 (C(CH3),CO), 127,12 (p-CH), 128,96 (m-CH), 130,59 (=CSe), 133,78 (0-CH).
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6.4. KuHeTn4Kka Mepema

CBe peaknuje u3Mel)y TEPIIEHCKUX aJIKOXOJA (JMHAJION, HEPOIUAON M O-TEPIIUHEON) U
opranocenenckux pearenaca (PhSeCl u PhSeBr) y mpucyctBy katanuzaropa (Lewis-oBe 06aze)
u3BeneHe cy y Terpaxuapodypany u mpahene cy cmektpodoromerpujcku. PactBopu cy
IpUIIPEMaHu TaKo INTO je y KBapLHY KUBETY JojaBaHa onpelheHa 3ampemMuHa aakoxoia, Ha
3aTUM KaTallM3aTopa M Ha Kpajy peakidja je WHHWIMpaHa JoJaBameM pearcHca. Peakiuje cy
npaliene kao peaknuje pseudo-mpeor pena. [la 6u ce 3a10BoJbHIIA KMHETHKA peakije pseudo-
MPBOT pe/la TOKOM CBUX EKCIIEPHMEHATa KOHIIEHTpanuja (eHHIICENeHUI-XaloreHnaa je ouma
korcranta (1110 M), 0K je KOHIGHTpamWja TEPIEHCKHX ANTKOXONa OMIA PasiHddTa M TO
Hajmame 10 myra Beha y ofHOCY Ha KOHIIEHTpalMjy peareHca. 3a eKCIIEpUMEHTE y KOjuMa je
KopuliheH aquTHB KOHIIGHTpalMja Karaiau3aropa Owia je eKBHMOJIADHA KOHIICHTPAIUjH
benmceneHm-xanorena. KnueTnyku nojamnu 100MjeHH Cy MEpEHhEeM MPOMEHe arcopOaniie A

Ha onpehenoj TamacHoj nyxunau A ca BpemeHoM t Ha 288K.

JloOujeHn eKcriepuMEeHTaTHH Tofanyd oOpahuBaHM Cy y KOMIIjYTEPCKOM NIporpamy
Microsoft Office Excel 2007. CBu pe3yaTatu NpeacTaBibajy CPearby BPEIHOCT TPH JO IET

HE3aBUCHUX KHHCTUYKUX MCPCHA.
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6.5. KBaHTO-XeMHjcka pauyHama

CBHM KBaHTHO-XEMH|CKH padyyHH W3BEIAECHH Cy Momohy mporpama Gussian 09.6°

OntuMuzaija reoMeTpuja MpepeakMoOHNX KOMIUICKCa, MPENIa3HUX CTamkba, MOCTPEaKIMOHUX
KOMILUIEKCa M TPOM3BOJA BpIIeHa je momohy Tteopujckux mojaena B3LYP/6-311+G(d,p) u
M062X/6-311+G(d,p). H3pauyHaBama y jemaHoj Tadku BpiieHa cy nomohy MP2(fc)/6-
311+G(d,p) momena. YV oxBupy teopuje ¢ynkumonana ryctuae (DFT, Density Functional
Theory) ymorpebsbeHr Cy (YHKIMOHAIN B3LYP™%2 1 M062X.1*3'%* Basucuu cKym 6-
311+G(d,p) xopumrhen je 3a cse atome (C, H, O, N, Cl, Br u Se). NBO (Natural Bond Orbital)
aHanu3a ypahjeHa je 3a CBE CTPYKType HyX pEaKkIMOHEe KOOpAMHATe, MoMohy mporpama
GenNBO. %" TTomro Cy cBe onTumH3ainuje paheHe y pactBapauyy y Ty CBpXY je KopuirheH

CPCM conBaTanimoHU Moz[en.168

[eomerpuje CBUX CTallMOHApHHUX Tadyaka ojpeheHe cy omTuMuzanujoM 0e3 HKaKBHX
orpanuuema. M3pauyHaBameM (peKBEHIHMja MOTBPHEHO je 3a CBE M3padyHaTe CTPYKTYpe na Cy
WIA paBHOTEXHE TeOMETpHje (CBE peaiHe BHOpallvje) WK Tpesia3Ha crama (jeHa UMarnHapHa
BubOpanmja). Ypahenu cy u IRC (Intrinsic Reaction Coordinate) pauyHu 3a mpena3Ha crama H
BUMa je TOTBp)EHO Ja CBaKO MpENa3HO CTame TOBE3yje MPEepeakiyoHe M MOCTPEaKIMOHe

KOMIIJICKCE.

[Ipensuhame BC NMR XEMHjCKUX TIOMepama 3a CiS u trans m3omepe HEpOIHI0NA
BPIIICHO je y XJIopoopMy Kao pacTBapady y ojJHoCy Ha TeTpamerwicwiad (TMS) kao cranmaps,
ontumuzanuja je ypahena na B3LYP/6-311+G(d,p) nHuBOy Teopuje ymorpebom CPCM
COJIBaTallMOHOT Mojiena. V3pauyHaTe BpeJHOCTH XEMH)CKUX IOMepama 3a 00a u3oMepa ojy3ere
CY Ol U3payyHaTHX BPETHOCTH XEMH]CKHX IIOMEpama YrJbeHUKOBUX atoMa y TMS-y (184,6057).

OBaxko 00MjeHa XeMujcKa roMepama cy ckaiaupana gaxkropom 0,93.

Koncrante Op3uHe peaknyje LUKIM3alMje M3 M3JIA3HUX MoJaTaka Jd00MjeHuX
ONTUMU3AIM]OM padyHaTe Cy MOMOhy ApEHH]yCcOBE jeIHAYWHE Yy OJHOCY Ha CTaHIApPAHY

KoHUeHTpauujy (1 M):
I = kT _46Gg 3
=-exp|—— ©)
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rae K, kp, h, R, T u AG, MPEJCTaBIbajy KOHCTAHTY Op3uMHE XEMHUjCKEe peakidje, boamanoBy
KOHCTaHTy, [[1aHKOBY KOHCTaHTy, FraCHy KOHCTAaHTY, TEPMOAMHAMHYKY Temieparypy (298 K) u

CII000IHY €HEPTHjy aKTHBAIIH]C.

CnobonHa eHepruja M eHTannuja consarammje 3a PhSe” u PhSeCl pauynare cy mo

jemHaunHama 4 u 5:
AGsoly. = AGTHF — AGgas (4)
AHsoly. = AHTHE — AHgas (%)

Csu n3nazuu nogaim oopahusanu cy y Microsoft Office Excel 2007 u GaussView 5.0.
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3ak/pyuak

Ha ocHoBy cBera HaBeZieHOT MOTJIO Ou ce pehu Ja mako je MOJIeKyJ TeTpaxuapodypana
nmo3Hat Beh BuIle 011 jeTHOT BEKa, METOJIC 32 HETrOBO J00H]jalke Cy joIll yBEK akTyenHe. Pasior
OBOME IIpe CBera JIe)KH y OMOJIOUIKO] MPUMEHHU TeTpaxuaodypaHCKUX JAepuBara, OWio jaa ce
IPUMEY]Y CaMOCTAIIHO MJIM Kao CyOjeTMHHIIE MaKpOLMKINYHAX MOJIeKysa. Benuka maxma je
nocBeheHa poHaIaKehy ONTUMATHUX METO/Ia 33 CEJIEKTUBHO JOOHjambe TeTpaxuapoPpypaHCKuX
JepuBaTa, MTO je W TPUKa3aHO y OBOM pany. Tpeba HarjgacuTd Ja HUCY CBH OOJHIIH
TeTpaxuapodypana OMOJIOIIKY aKTUBHH, T1a j€ C TOra BeOMa BaKHO MPOHAIA3UTH MeToIe Koje he

IIUJbAHO JIATH JKeJbeHU M30Mep y HajBehem Mmoryhem mpuHocCy.

PesynrarumMa oOBe JOKTOpPCKE JucepTaldje TOCTUTHYTa je CcuHepruja usmely
EKINEPUMEHTATHUX M TEOPUJCKUX pe3ynTara (QeHMJICeTCHOSTepHU(PHUKAIMje TEPIEeHCKUX
anmkoxoja. Hanme, MHCTpyMEHTallHe TEXHUKE jOII HHCY Y MOTYhHOCTH Ja mpare MeXaHu3Mme
XEMHJCKHX peaklja y IHJby HICHTU(UKANWje MOTCHINjAIHUX MPETa3HuX CTama, Ia Ce 3aTo
(bap 3a caga) HajOOJpE TOKA3asla y MpOHAIAXKEHY UCTHX padyHapcka xemuja. [lomro je jako
MOXKEJPHO Jla C€ PE3YNTaTH KBAHTO-XEMHJCKMX TpOpadyHa YIOpelne ca eKCIepUMEHTATHHM
pesyaTtatuma, NpBO je (eHmceneHoerepuduKanrja TEPIEHCKUX alKkoXoJla y MPUCYCTBY
amutuBa (Lewis-oBux ©0a3a W KHCENMHA) HCIUTAHA MpPEMapaTHBHO. 3aTHM Cy H3Be/eHA
KHHETHYKa MEpema, M Ha Kpajy Cy CBH OBH EKCIIEPUMEHTH MOTKPEIUbEHH KBAHTO-XEMHjCKUM

IpopadyyHUMa.

Ha ocHOBY ekcnepuMeHTaTHUX U TEOPHJCKUX pe3yiTaTa MOTy Ce€ H3BeCTH clienehu

3aKJbyUllH:

IIPUCYCTBO aAuTHBAa noBehaBa MpUHOC PEHUIICETEHO-eTapa 10 CKOPO KBAHTUTATUBHUX,

peakiyje muKIn3almje JnHanoia u neponunona ca PhSeCl cy 6psxe nero ca PhSeBr,

KWHETUYKHM MepelhUMa NOTBpheHa je KaTaluTHUKa yliora mpuMemeHnx Lewis-oBux 6asa,

Op3uHa TUpEKTHE peaknuje (MUKIN3anuja) je oapehena 6asznomhy ynmorped/peHOT auTUBa U

BCTOBYUM CTCPHUM KapaKTCPHUCTHKaMa,

npucycTBO Oa3HOr aJuTHUBAa Yy peakiuju (QeHuIcereHoeTepupHuKanje CBOAM YTHIIQ]

KOHKYPEHTHE peaKifje aauirje Ha MUHUMYM, K1~ 0,

yTHIIa] KOHTPA JOHA Ha MeXaHu3aM (QeHuIceneHoeTeprdukalirje je Beoma u3pakeH,
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YKOJIMKO C€ KOHTpa JOH U30CTaBH M3 KBAHTHO-XEMH]CKHX M3padyHaBama (a Tako je paheHo cre
JI0 OBE JIOKTOPCKE JMCEpTaIrje) 1o0Hja ce JIaKHa CIIMKa 0 MEXaHM3MY peakIuje, Tj. aa je Syn
IyT MOBOJBHU]U O anti myra

OBa TpeIlKa je TOCJIeIuIla MOTPEIIHO M3padyHaTe CHepruje coJiBaraluje, Koja y clydajy
MO3UTHUBHO HACIIEKTPUCAHUX MPEPEAKIIMOHUX KOMIUIEKCAa UMa HEPEAITHO BEITUKE BPEAHOCTH,
KaJa ce KOHTpa jOH YKJbYYM y KBaHTHO-XEMHjCKa W3padyHaBama (IMITO je MO NPBU MYT
YYUELEHO Y OBOj JIOKTOPCKO] JMCEPTAIlMjU) MIPOU3UIIa3H Jia je TPBU KOopak peakuuje (amuiuja
(eHMIICeNIeHUI TPYIIe Ha TBOCTPYKY Be3y TEPICHCKOT AJIKOXO0Ja) SHICPrOHH MPOIEC KOjU Ce
0JIBHja MPEKO MPEeJIa3Hor CTama,

HACTaJIM KOHTPA JOHHM BpIIE YTHIIA] HA IMO3UTHBHO HACIEKTPUCAHH JICO PEAKIMOHOT CHUCTEMa
TaKo IIITO MOJMKY CHEPTHje aKTHBAIIH]E Y IPYTOM PEAKIIMOHOM KOpaKy (IIUKIN3aIuja),
3aKJbydyje Ce Ja je y IPUCYCTBY KOHTpa joHa anti mukimm3anuoHu myT (aBOPU30BaH, jep
3axTeBa HUXKY CHEPrujy akTHBallMje 3a KOpak Koju ofpehyje Op3uHy peakuuje, Tj. 3a

HMUKIIN3alIUOHH KOpaK.
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H3Boa

Cyncruryucanu TeTpaxuapodypaHu Hajla3ze ce Kao CTPYKTYPHHU (pparMeHTH y IIMPOKOM
CIIEKTPY NPHUPOTHHX NPOM3BOAA W JPYrHMX OWOJONIKM AaKTHBHHX Mosekyna. Ha mpuwmep,
alleTOreHUHHU Cy BEJMKAa MOPOJHIA MPUPOJHHMX IPOU3BOAA KOjU HMMAjy y CBOjOj CTPYKTYpHU
TeTpaxuApoPypaHCcKu mpcTeH. 300r 3Hauaja OBUX MOJICKYJa, 3Ha4ajaH HAIop je YCMEpeH Ka
pa3BOjy HOBHX METOJa 3a CHHTE3y TeTpaxuiapodypaHa. Beoma BakHa Meronma 3a jpoOujame

TeTpaxuapodypaHCKUX JIepuBaTa je peakiuja dheHunceneHoerepudukaiyje oneduHa.

Huknopynkuuonanuzanuja onedruHa KOjU CaApkKe U HYKICOPHUIHM KHCEOHUK ca
CEeJICHCKMM peareHcuMa Io3Hata je kao (eHuiceneHoerepudukanuja. OBo je cBe BHILE
npoy4yaBaHa LUKIM3AIMOHA peaklyja Koja je Halula MPUMEHY Yy Pa3HHM rpaHama Xemuje, a
HApOYUTO C€ KOPUCTH y TOTAIHUM CHHTE3aMa. Benmka mpemHocT OBe peakiyje je Ta IITO Ce
W3BOJU IIpU OJIarUM peaknuoHUM ycioBuMa. OBO HAc je HaBeJO Jia BPIIMMO E€KCIIEPHUMEHTAIHO
U TEOPUjCKO HCHHUTHBamE (eHHIceIeHOeTepupHKalnrje TEPIeHCKUX anKkoxosa (JIMHAIOI,

HEPOJIUJION U O-TEPITHHEO).

Pesynraru mobujeHu y neTaJbHOM HCIIHTHBAKBY MEXaHu3Ma QeHmIceIeHoeTepuduKarmje
TEPICHCKUX alIKOXOJIa y TPHCYCTBY KHCEIMX W 0a3HUX Karaimusaropa Ouhe mpeacTraBibeHU

CJ'IGI[ehI/IM peaocicaom:

1. IaTpaMoriekysicka HIUKIN3alja TEePIIEHCKUX alKoXoJla ca OPTaHOCEICHCKHM peareHcuMa
(PhSeCl u PhSeBr) ucnutrBaHa je y mpuCyCTBY €KBUMOJIAPHUX KonmmuynHa Lewis-oBux 0aza u
KucenuHa Kao anutuBa. llpucyctBo amgutuBa 00e36ehyje Op3y U eduKacHy peakuujy
mukam3anuje. Takohe, cmpeyaBa W T0jaBy CHOpeAHHMX Tpom3Boja. LlukiamuHum —erap
TeTpaxuApoPypaHCKOTr THIa TOOUjEH je Y KBAHTUTATUBHUM IPUHOCUMA Y PEaKlUju JUHAJIONA U
Heponuaona. TeTpaxuaponupaHCKU NMPOU3BOJ JOOHMjeH je y KBAaHTHUTAaTUBHUM IPUHOCHMA Yy
peakiuju o-TepruHeoa.

2. Kunernka ¢enuncenenoerepudukaimje auaagona u Hepoiumoia ca PhSeCl u PhSeBr y
npucyctBy Lewis-oBux 6a3a npahiena je UV-Vis ciekTpogoTOMETpHjCKH Y TETpaxuapodypany.
Cge peakuuje cy npahene kao peakuuje pseudo-npBor pena. BpeqHoctn 3a koHCTaHTe Op3HHE

LUKJIM3alKje M0Ka3yjy JMHeapHy 3aBUCHOCT y (YHKIMjHU 0] 0a3HOCTH YINOTPEOJHEHOT aIuTHBA.
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Hajopska peakmuja je y mpucTBY MUIICPUAMHA KOjH je ¥ HajOasuuju aguTtuB. Peaknuje ca PhSeCl
cy opske Hero one ca PhSeBr.

3. Mexanmzam  (enunceneHoerepuduKanmje JUHAIOIA ¥ HEPOIUAOTA je UCIHUTaH Ha
MOJIEKyJICKOM HHBOYy. IlpumeheHo je nma je yrumaj KOHTpa joHa Ha MeXaHH3aM
benmceneHoeTepupUKaIije BeoMa H3pakeH. YKOJIMKO ¢e KOHTPA jOH M30CTaBH W3 KBAHTHO-
XEMHUJCKMX HM3padyHaBama (a Tako je paleHO CBe /10 OBE JOKTOPCKE AUCEpTalHje) noouja ce
JIaKHA CJIMKA O MEXaHU3MY peakiidje, Tj. J1a je Syn myT moBoJbHUjU ox anti myra. OBa rperika je
nocjenuia MOTPEHIHO H3padyHaTe eHepruje cojBarandje, Koja y Cllydajy TO3UTHUBHO
HaCJIEKTPUCAHUX NPEPEaKIMOHUX KOMIUIEKCa NMa HepeallHo BelrKe BpeaHocTr. Kaja ce KoHTpa
JOH YKJbYYHM Y KBAHTHO-XEMH]CKa H3padyHaBama (IITO je MO MPBU NYT YYHEHEHO Y OBO]j
JOKTOPCKOj IHCEPTalWji) MPOM3MIA3M Jla je NMPBU KOpaK peaknuje (aaunuja (eHUIICETCHHIT
rpyrnie Ha JBOCTPYKY Be3y TEPIICHCKOI aJKOXO0Jia) CHICPrOHM IPOIEC KOjH C€ OJBHja MPEKO
npea3Hor crama. Hacranmu KOHTpa jOHM BpIIE€ YTHIQ] HAa MO3UTHBHO HACJICKTPUCAHH [IEO
PEaKIMOHOT CUCTEMa TaKO IITO MOJAWXKY CHEPrHje aKTHUBAIHMjEe Y IPYrOM PEaKIMOHOM KOpaKy
(uMkmu3anuja). 3akbydyje ce Ja je y NPHCYCTBY KOHTpa joHa anti IUKIM3alMOHUA ITyT
(daBopHu30BaH, jep 3aXTeBa HIDKY EHEPIH]jy aKTHBAIM]je 3a KOpak Koju oapehyje Op3uny peaknmje,

Tj. 3a HUKIIM3allHOHH KOpPaK.
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Summary

The substituted tetranydrofurans are as structural fragments in a wide range of natural
products and other biologically active molecules. For example, acetogenins are a large family of
natural products that have tetrahydrofuran ring in their structure. Because of the importance of
these molecules, significant effort has been directed toward the development of new methods for
the synthesis of tetrahydrofuran. A very important method for obtaining tetrahydrofurans

derivatives is a reaction of olefins by phenylselenoetherification.

Cyclofunctionalization of the olefins that have nucleophilic oxygen with a selenium
reagents is known as reaction of phenylselenoetherification. A reaction of cyclization is
increasingly studied which has been found application in various branches of chemistry,
especially used in a total synthesis. This reaction is performed under mild reaction conditions
and this is a great advantage. This leads us to perform an experimental and theoretical
investigations of phenylselenoetherification of terpenic alcohols (linalool, nerolidol and

a-terpineol).

The results obtained in a detailed examination of the mechanism of
phenylselenoetherification of terpenic alcohols in the presence of acid and base catalysts will be

presented in the following order:

1. The intramolecular cyclization of the terpenic alcohol with organoselenium reagents (PhSeCl
and PhSeBr) was investigated in the presence of equimolar amounts of a Lewis bases and the
acids as an additives. The presence of additives provides quick and efficient cyclization reaction.
Also, it prevents the occurrence of side products. Cyclic ether of the tetrahydrofuran type was
prepared in quantitative yields in the reaction of linalool and nerolidol. Product of

tetrahydropyran was obtained in quantitative yields by reaction of a-terpineol.

2. Kinetics of phenylselenoetherification of linalool and nerolidol with PhSeCl and PhSeBr in the
presence of a Lewis bases is monitored by UV-Vis spectrophotometry in tetrahydrofuran. All
reactions were monitored as a pseudo-first order reaction. The values of the rate constants of

cyclization show a linear dependence as a function of the alkalinity of used additives.
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The reaction in the presence of piperidine, which is the most alkaline additive is the fastest.
Reactions with PhSeCl are faster than PhSeBr.

3. Mechanism of phenylselenoetherification of linalool and nerolidol was examined at the
molecular level. It was noted that the impact of counter-ions on the mechanism of
phenylselenoetherification is very pronounced. If the counter ion is omitted from quantum-
chemical calculations (this is done until the end of this doctoral thesis) gives a false picture of the
reaction mechanism, ie. a syn way is more favorable way than a anti. This error is due to
incorrectly calculate the solvatation energy, which in the case of positively charged in reacation
complex has unrealistically high values. When the counter ion involved in the quantum-chemical
calculations (which was first done in this doctoral thesis) leads that the first step of the reaction
(addition phenylselenyl groups on the double bond of the terpene alcohol) is endergonic process
that takes place over a transitional state. The resulting counter-ions influence the positively
charged part of the reaction system by raising the activation energy in the second reaction step
(cyclization). It is concluded that the presence of counter-ions favored anti cyclization patway,
because it requires a lower activation energy for the rate determining step of the reaction, ie. for

a cyclization step.
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Ta6ena I11. M3pauyHaTe BpeIHOCTH XEMHUJCKUX MTOMEpama y Ppm y xiopodopmy 3a trans (1a) u

cis (1b) (Bumetm Cmuky 4.1.) wusomepe 5-Erenmn-5-mernn-2-[6-merni-2-(henunceneHo)]

terpaxunpodypana (2a, Bunern ExcriepuMeHTaIIHH JI€0)

C arom la 1b

CH3CSe 17,42 17,28
(CHs),C= 18,43 17,97
(CHs),C= 27,14 26,98
CH,CH= 27,90 27,76
CH5CO 28,35 24,13
CH,CHO 29,95 30,97
CH,CO 40,19 41,60
CH,CSe 41,32 41,26
CSe 69,93 69,93
CO 84,95 83,32
CHO 89,54 89,48
CH,= 105,03 106,72
CH=C(CH3); 123,46 124,10
CHar 125,61 125,59
CHar 126,06 126,08
=C(CHj3); 133,88 133,52
CHar 135,70 135,94
=CSe 139,08 138,98
CH=CH, 145,58 143,93
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I'padux I11. PenatuBHe eHepruje: cnodoHa eHepruja (J€BO) U SHTANIH]a (IECHO), 32 PEaKIujy

Hepomupona ca PhSe’ y mpucycTBy mupuamHa, IiaBa M 3ejeHa JIMHHMjA TpHKasyjy anti

UKJIM3AIIMOHE TyTeBe y KOjuM HacTajy uzomepu la u 1b, a upna u upBena nunuja npukasyjy

SYN HUKIU3AIMOHE ITyTeBE Yy KOjUM HacTajy u3omepu 1¢ u 1d

0 1% R+Py R+ Py
TS

_50 p
S
E -100 -
= TS
L RC
= -150 - PC
o]
5 P+ PyH*
(&}
E -200 - :
=
5 RC
A« =250 - P+ PyH*

PC
-300
PeaKI_II/IOHa KOOpauHaTa
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I'padux I12. PenatuBHe eHepruje: ciodoHa eHepruja (JIeBo) U eHTalMHja (JIECHO), 3a peakinjy

Hepoiugoia ca PhSeCl y mnpucycTBy mnupuanHa; IiaBa M 3elicHa JIMHMja MpUKasyjy anti

[UKJIM3AMOHE MyTeBE y KOjUM Hacrajy m3omepu la u 1b, a mnpHa nuHHja mpukasyje Syn

[UKIIU3AIMOHY YT Y KOJUM HacTaje uzomep 1c

Penarusne enepruje (kJ mol?)

200

150

100

50

TS2

Peakumona koopaunara
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I'papux II3. Eneprerckm mpodma 3a anti mukmusamuonu mnyt (Hacraje trans usomep) 3a

peakiujy suHanona ca PhSeCl y mpucyctBy aamtuBa amoHujaka nobujen Ha B3LYP/6-

311+G(d,p) HuBOY Teopwuje; TuIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

CHTAJIIH]Y
150 + TS2
=~
<
= 100 -
O -
s E 13
T -
N 0 -
gz
5 E
50 -
= % -100 -
2
-150

Peaknimona koopaunara
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I'pa¢ux I14. Eneprercku npodui 3a anti nuKIu3anuoHu myT (HacTaje CiS u30Mep) 3a peakiinjy
nmunanona ca PhSeCly mpucycTBy aautuBa amonujaka nooujed Ha B3LYP/6-311+G(d,p) HuBoy

Teopuje; MIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY €HEPTUjy U CHTAIIH]Y PEaKIIje

150 - TS2
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S 100 - TS1 12
o 11
%?
=5 50 -
° g 13
o}
=2 i
es 91 R ;
S =
5 % 50 -
:E
= 0O
= ©-100 -
3

-150

Peaknmona koopauHara
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I'padux IIS. Eneprercku mpodmn 3a Syn IMKIM3AIMOHU TyT (HacTaje trans umsomep) 3a

peakiujy suHanona ca PhSeCl y mpucyctBy aamtuBa amoHujaka nobujen Ha B3LYP/6-

311+G(d,p) HuBOY Teopwuje; TIIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

SHTAJINH]Y peaKiyje
200 - TS2
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=
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5 g
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S E
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I'pagux I16. Exeprercku mpodu 3a SYN MUKIM3aUOHK TyT (HacTaje CiS H30Mep) 3a Peakiinjy

nmunanona ca PhSeCly mpucycTBy aautuBa amonujaka nooujed Ha B3LYP/6-311+G(d,p) HuBoy

Teopuje; MIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY €HEPTUjy U CHTAIIH]Y PEaKIIje

PenatuBHa c110001HA CHEPTHja U

erranmuja (kJ mol)

200
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-100
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Peaknunona koopaunara
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I'papux I17. Eneprercku mpodma 3a anti mukmusanuonu nyT (Hacraje trans msomep) 3a
peakiujy suHanona ca PhSeCl y mpucyctBy amutuBa amoHujaka nobujen Ha MO062X/6-

311+G(d,p) HuBOY Teopwuje; TIIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

CHTAJIIH]Y
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I'padux I18. Eneprercku nmpodui 3a anti ukimn3ainonu myT (HacTaje CiS H30Mep) 3a peakiujy

nunanona ca PhSeCl y npucycTBy aantrBa amoHujaka nooujer Ha M062X/6-311+G(d,p) HuBoy

Teopuje; MIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY €HEPTUjy U CHTAIIH]Y PEaKIIje

PenaTuBHa cioboiHA eHEpruja u

enrannuja (kJ mol?)
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Peakiimona koopinHaTa
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I'padux I19. Eneprercku mpodmn 3a Syn IHUKIM3AIMOHU TyT (HacTaje trans umsomep) 3a

peakiujy swmHanona ca PhSeCl y mpucyctBy amutuBa amoHujaka nobujeH Ha MO062X/6-

311+G(d,p) HuBOY Teopwuje; TIIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

SHTAJINH]Y peaKiyje
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I'pagux I110. Eneprercku mpoduit 3a SyN MUKIN3aIMOHN YT (HacTaje CiS u30Mep) 3a peakiinjy

nunanona ca PhSeCly npucycrBy agutuBa amonujaka nooujer na M062X/6-311+G(d,p) HuBoy

Teopuje; MIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY €HEPTUjy U CHTAIIH]Y PEaKIIje

PenatuBHa cii0001Ha eHEprHja U

enrannuja (kJ mol?)
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100
50

TS2

Peakuunona koopanHara
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I'pagux II11. Eneprercku mpoduma 3a anti mukiamsanuonu nyTt (HacTtaje trans wmsomep) 3a
peakiujy sumHanona ca PhSeBr y mpucyctBy aautmBa amonujaka gobujeH Ha MO062X/6-
311+G(d,p) HuBOY Teopwuje; TIIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

CHTAJIIH]Y
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I'pagux I112. Eneprercku npodui 3a anti nukau3anuoHu myT (HacTaje CiS u30Mep) 3a peakiiujy
nuHanona ca PhSeBry npucycrBy anurtuBa amonujaka gooujen Ha M062X/6-311+G(d,p) HuBoy

Teopuje; TIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY EHEPTUjy ¥ CHTAJIIH]y PEeaKIlije
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I'padux I113. Eneprercku mpodun 3a Syn mukiu3amvoHn myT (Hacraje trans mszomep) 3a
peakiujy sumHanona ca PhSeBr y mpucyctBy aautmBa amonujaka gobujeH Ha MO062X/6-

311+G(d,p) HuBOY Teopwuje; TIIaBa U OpaoH JIMHKjA MPHUKA3Y]y PENATUBHY CIO00IHY CHEPIUjy U

SHTAJINH]Y peaKiyje
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I'padux I114. Eneprercku mpodut 3a SyN MUKIN3aIMOHN TyT (HacTaje CiS u30Mep) 3a peakiinjy
nuHanona ca PhSeBr y npucyctBy anutuBa amonujaka nooujen Ha M062X/6-311+G(d,p) HuBoy

Teopuje; MIaBa U OpaoH JIMHU]a IPUKa3y]y PeTaTUBHY CI000IHY €HEPTUjy U CHTAIIH]Y PEaKIIje
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Abstract Highly substituted tetrahydrofuran (THF)- and
tetrahydropyran (THP)-type rings are formed through an
acid- or base-catalyzed 5-exo and/or 6-endo cyclization of
some natural terpenic alcohols (e.g., linalool, nerolidol, and
a-terpineol) by an electrophile-mediated cyclization with
PhSeCl and PhSeBr. The side chains of these cyclic ether
products can be further transformed easily into a wide
range of substrates owing to the versatile functionality of
the double bond. Certain regioselectivity was noticed in
these reactions. Nerolidol behaves like linalool in the
reaction with PhSeX and affords predominantly THF
derivatives, whereas o-terpineol affords THPs. Some
Lewis bases (triethylamine, pyridine, 2,2’-bipyridine, and
quinoline) and Lewis acids (SnCl, and CoCl,) were used as
additives, the presence of which increases the yields from
5-40 % to almost quantitative.

Keywords
Lewis bases

Alcohol - Cyclization - Lewis acids -

Introduction

Applications of selenium reagents in organic chemistry
have developed rapidly over the past few decades. Perhaps
the most important usage of -electrophilic selenium
reagents is in selenocyclization reactions. Selenocycliza-
tions constitute a subset of the class of reactions termed
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cyclofunctionalizations [1], in which electrophilic addition
to a double bond triggers capture of the resulting inter-
mediate by a pendant nucleophilic group to generate a
cyclic product. The first example of a selenocyclization
was reported in 1960 [2] and involved the formation of a
selenolactone from an unsaturated carboxylic acid. These
reactions were extensively developed in the 1970s [3-6]
and became useful tools in organic synthesis because of
the further elaboration of the resulting selenides to alkenes
(via oxidation and elimination) or to addition products (via
radical chemistry) [7, 8]. The versatility of these reactions
is enhanced by the wide range of pendant nucleophiles that
can be utilized in these reactions. For example, carboxylic
acids, alcohols, amines, amides, enol ethers, and vinylst-
annanes have all been employed as nucleophiles in
selenocyclization reactions [9-11]. This represented the
first useful application of selenium derivatives in organic
synthesis and led to the development of new methods and
reagents that are now used routinely in synthetic organic
chemistry. Not surprisingly, these reactions have also
found widespread use in natural product synthesis [12]. In
particular, selenoetherification reactions have been used in
the preparation of prostaglandin analogues [13, 14].
Substituted tetrahydrofuran (THF) and tetrahydropyran
(THP) ring systems are common structural units found in
many bioactive natural products [15]. Consequently, the
development of strategies for the stereocontrolled synthesis
of substituted THFs and THPs is an area of considerable
ongoing interest [16]. For some time we have been
involved in the development and exploration of new
methods for cyclofunctionalization of unsaturated alcohols
[17-19]. Herein, we report the cyclization of linalool (1),
nerolidol (2), and a-terpineol (3) by the action of phe-
nylselenenyl chloride and bromide in dichloromethane.
These alcohols are naturally occurring terpenic alcohols

@ Springer
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found in the volatile oils obtained from various flowers,
fruits, grasses, leaves, roots, seeds, and woods. Some
research has been published on their antiviral, antibacte-
rial, antimicrobial, and potential antitumor and anticancer
effects [20-23]. On the other hand, some cyclization
products of these alcohols (like cineol which is made from
a-terpineol) also have some effects on human health.

Results and discussion

The starting point for this investigation was to prepare the
selenoether products derived from some terpenic alcohols
and to establish the proper reaction conditions required for
their preparation using benzeneselenenyl chloride and
benzeneselenenyl bromide as a reagent. The side chains of
these cyclic ether products can be further transformed
easily into a wide range of substrates owing to the versatile
functionality of the double bond. As a part of our contin-
uing interest to develop new concepts of catalysis for
cyclization reactions of unsaturated alcohols we investi-
gated the use of Lewis acids and bases. Some aliphatic and
aromatic amines were used as Lewis base additives [tri-
ethylamine (Et3N), pyridine (Py), 2,2’-bipyridine (BiPy),
and quinoline (Qui)] and some salts as Lewis acid additives
(CoCl,, SnCl,). The presence of additives increases the
yields from 5-40 % to almost quantitative. Also, the
additive caused a dramatic increase in the reaction rate. All
reactions were finished within a few minutes (without
additives the reaction time 0.5 h to several hours).

The results of our investigation are summarized in
Tables 1 and 2 and Schemes 1 and 2. All reactions pro-
ceeded in high yields with the formation of an oxygen
heterocycle bearing the phenylseleno moiety. The presence
of additives increases the yields of cyclic ether products to
almost quantitative in the case of all three alkenols,
whereas the side reaction, addition of PhSeX to the double
bond of the starting material, is reduced to a minimum. In
the absence of additive, this direct addition of the reagent
to the double bond is the main reaction.

The results in Tables 1 and 2 indicate certain regiose-
lectivity in these reactions. In the reaction with PhSeX
(X = Cl, Br) nerolidol behaves like linalool and affords
predominantly THF derivatives, whereas a-terpineol
affords only THPs. The cyclization of a-terpineol is reg-
iospecific and produces only six-membered ring systems.
Nerolidol gives only five-membered ring systems in all
reactions except with 2,2'-bipyridine as an additive with
both reagents and quinoline with PhSeBr as a reagent. The
lowest regioselectivity was in the cyclization of linalool. In
all cases the THF-type ring forms in high excess, but there
is also a six-membered ring present. The lowest selectivity
was with triethylamine/PhSeCl and quinoline/PhSeBr

@ Springer

systems, whereas the pyridine/PhSeBr system gives only
one THF-type ring.

The distribution of cyclic ethers depends on the specific
additive used. The role of Lewis acids in these reactions is
to increase the electrophilicity of the reagent (PhSeX) and
to decrease the possibility of addition of halides by
removing the anion from the reagent and in that way
improving yields of the desired products. The possible role
of Lewis bases is to enhance the nucleophilicity of the
oxygen in the hydroxyl group of the alkenol by formation
of a hydrogen bond, and to remove the proton facilitating
the formation of the final product.

On the basis of the results from this research it can be
concluded that the cyclizations of linalool and nerolidol are
under kinetic control, whereas the cyclization of o-terpin-
eol is under thermodynamic control, probably because of
the rigidness of its cyclic system.

Although the cyclizations of linalool and nerolidol show
very high regioselectivity, this is not the case with stere-
oselectivity. The distributions of cis and trans isomers of
the THF products 1a and 2a are shown in Table 3. With
linalool the ratio of cis/trans products in 1a varies with the
additive used regardless of which Lewis acid or base
additive is used. The cis/trans ratio in the nerolidol-derived
product 2a is shifted in favor of the cis isomer.

These developments in base- and acid-catalyzed cyclo-
selenoetherification clearly demonstrate that these
strategies can be used to facilitate the functionalization of
different substrates for construction of O-heterocycles.
Accompanied by other merits, such as the mildness of the
reaction conditions and the simplicity of the experimental
procedure, our procedure is the most attractive one for the
conversion of alkenols into oxacyclic compounds. More-
over, we are confident that this procedure will be of general
use for the facile synthesis of various heterocycles.

Experimental

GC analysis were obtained with an Agilent Technologies
instrument (model 6890 N) with HP-5NS columns (5 %
phenyl-, 95 % methylpolysiloxane). 'H and '*C NMR
spectra were run in CDCl; on a Varian Gemini 200 MHz
NMR spectrometer. IR spectra were obtained with Perkin-
Elmer model 137B and Nicolet 7000 FT spectrophotome-
ters. Microanalyses were performed by Dornis & Kolbe
and found to be in good agreement with the calculated
values [24]. Thin-layer chromatography (TLC) was carried
out on 0.25 mm E. Merck precoated silica gel plates (60F-
254) using UV light for visualization. For column chro-
matography E. Merck silica gel (60, particle size
0.063-0.200 mm) was used. Terpenic alcohols used as
starting materials are commercially available. Reagents
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Table 1 Phenylselenoetherification of some A*-terpenic alkenols with PhSeCl in the presence of equimolar amounts of Lewis acids and bases

Substrate Products Yields and ratio (a:b) of cyclic products/%
Et;N Py Qui Bipy SnCl, CoCl,
1a, 1b 100 (81:19) 93 (93:7) 96 (97:3) 94 (96:4) 86 (94:6) 75 (95:5)
2a, 2b 100 (100:0) 100 (100:0) 99 (100:0) 98 (94:6) 100 (100:0) 100 (100:0)
3a, 3b 100 (0:100) 99 (0:100) 100 (0:100) 100 (0:100) 100 (0:100) 91 (0:100)

Table 2 Phenylselenoetherification of some A*-terpenic alkenols with PhSeBr in the presence of equimolar amounts of Lewis acids and bases

Substrate Products Yields and ratio (a:b) of cyclic products/%
EtN Py Qui Bipy SnCl, CoCl,
1a, 1b 67 (94:6) 87 (100:0) 81 (63:37) 96 (95:5) 92 (96:4) 72 (95:5)
2a, 2b 98 (100:0) 100 (100:0) 100 (97:3) 99 (92:8) 100 (100:0) 100 (100:0)
3a, 3b 100 (0:100) 100 (0:100) 95 (0:100) 100 (0:100) 100 (0:100) 100 (0:100)
Scheme 1
PhSe
OH PhSeX (X=Cl, Br) S
RN " paditve (EtN, Py, Bipy, PhSe o) * R o
Qui, CoCly, SnCly) R O
Major Minor
R =CHs Linalool (1) 1a 1b
R=~ Nerolidol (2) 2a 2b
Scheme 2
SePh SePh
PhSeX (X=Cl, Br) e) 0]
Additive (EtsN, Py, Bipy, +
OH Qui, COC|2, SnCI2)
Minor Major
o - Terpineol (3) 3a 3b
Table 3 Ratio of cis and trans isomers in products 1a and 2a
Ether Reagent Ratio (cis:trans) of cyclic products/%
Et;N Py Qui BiPy SnCl, CoCl,
la PhSeCl 26:74 51:49 39:61 52:48 36:64 60:40
PhSeBr 36:64 59:41 61:39 54:46 40:60 13:87
2a PhSeCl 80:20 65:35 73:27 88:12 70:30 88:12
PhSeBr 77:23 85:15 68:32 71:29 78:22 81:19
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(PhSeCl and PhSeBr) were used as supplied by Aldrich.
Dichloromethane was distilled from calcium hydride.

General experimental procedure

All reactions were carried out on a 1-mmol scale. To a
magnetically stirred solution of 1 mmol of alkenol (0.154 g
of a-terpineol and linalool or 0.222 g of nerolidol) and
0.101 g EtzNor0.19 g SnCl, or 0.156 g BiPy or 0.079 g Py
or 0.129 g quinoline or 0.065 g CoCl, (0.5 mmol) in 5 cm?
dry dichlomethane was added 0.212 g solid PhSeCl
(1.1 mmol) or 0.260 g PhSeBr (1.1 mmol) at room tem-
perature until the solid dissolved. The reaction went to
completion virtually instantaneously. The resulting pale
yellow solution was washed with 2 M HCIl (only in the case
with bases as additives), then saturated NaHCOj3; aqueous
solution, and brine. The organic layer was dried (Na,SQO,),
concentrated, and chromatographed. TLC and GC analysis
as well as NMR spectra showed complete conversion of
starting alkenol to cyclic ether product. The product was
obtained after the elution of the traces of diphenyl disele-
nide on a silica gel column with dichloromethane.

cis- and trans-5-Ethenyl-5-methyl-2-[2-(phenylseleno)-
prop-2-ylJtetrahydrofuran (1a, C;sH,,0Se)

'"H NMR (200 MHz, CDCl5): 6 = 1.31 (s, 3H, CH3-6),
1.33 and 1.36 (2 s, 2 x 3H, C(CH3),), 1.55-2.12 (m, 4H,
H-3 and H-4), 3.94 (m, 1H, H-2), 4.98 (dd, 1H, Ju,sn~7
~ 9 Hz, Ju,snes = 1 Hz, H,-8), 5.18 (dd, 1H, Jye s 17
~ 12.6 Hz, Jyesn,s & 1 Hz, H.-8), 5.86 (dd, 1H, Jy,
Hes & 12.6 Hz, Jy7u,8 & 9 Hz, H-7), 7.25 (m, 3H,
Hpy), 7.67 (m, 2H, Hp,) ppm; >C NMR (50.32 MHz,
CDCls,): 0 = 25.61 (CHs, C-6), 25.8 and 26.31 (CHs,
C-10), 26.53 and 26.67 (CH3, C-9), 27.71 and 27.84 (CH,,
C-3), 37.13 and 37.76 (CH,, C-4), 49.49 and 49.68 (C,
C-11), 82.72 and 83.01 (C, C-5), 85.26 and 85.55 (CH,
C-2), 111.12 and 111.15 (CH,, C-8), 127.23 and 127.26 (C,
C-12), 128.25 and 128.29 (CH, C-14), 128.35 and 128.41
(CH, C-15), 138.37 (CH, C-13), 143.59 and 144.01 (CH,
C-7) ppm.

cis- and trans-5-Ethenyl-5-methyl-2-[6-methyl-2-
(phenylseleno)hept-5-en-2-yl Jtetrahydrofuran

(23, C21H3OOSe)

cis-2a: "H NMR (200 MHz, CDCl5): & = 1.23 (s, CH;Se),
1.28 (s, CH3CO), 1.62 and 1.68 (2 s, (CH3),C=), 1.65-1.71
(m, CH,CO), 1.71-2.05 (m, CH,CSe, CH,CHO),
2.08-2.33 (m, CH,CH=), 3.99 (t, J = 7.3 Hz, CHO),
498 (dd, J = 1.5 Hz, 10.8 Hz, CH=CH), 5.08 (tq, J =
1.4 Hz, 7.1 Hz, CH=C(CH3),), 5.22 (dd, J = 1.5 Hz,
17.4 Hz, CH=CH), 6.0 (dd, J = 6.7 Hz, 10.8 Hz, CH=
CH,), 7.18-7.32 (m, o-, p-CH), 7.6-7.71 (m, m-CH) ppm;
3C NMR (50.32 MHz, CDCl;): 6 = 17.71 and 22.95
((CH3),C=), 24.02 (CH,CHO), 25.68 (CH3CSe), 26.82
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(CH;CO), 27.74 (CH,CH=), 37.87 (CH,CO), 38.71
(CH,CSe), 54.75 (CSe), 82.54 (CO), 84.31 (CHO),
111.32 (CH,=), 124.35 (CH=C(CH;),), 127.68 (=CSe),
128.41 (p-CH), 129.13 (m-CH), 131.45 (=C(CHj),), 138.49
(0-CH), 144.15 (CH=CH,) ppm.

trans-2a: "H NMR (200 MHz, CDCls): 6 = 1.21 (s,
CH,Se), 1.33 (s, CH;CO), 1.62 and 1.68 (2 s (CH;3),C=),
1.65-1.71 (m, CH,CO), 1.71-2.05 (m, CH,CSe,
CH,CHO), 2.08-2.33 (m, CH,CH=), 3.97 (t, J = 109
Hz, CHO), 4.97 (dd, J = 1.5 Hz, 10.8 Hz, CH=CH), 5.08
(tq J=14Hz, 7.1Hz, CH=C(CHs3),), 5.13 (dd,
J=15Hz, 174 Hz, CH=CH), 5.86 (dd, J = 6.7 Hz,
10.8 Hz, CH=CH,), 7.18-7.32 (m, o-, p-CH), 7.6-7.71
(m, m-CH) ppm; "*C NMR (50.32 MHz, CDCls):
d=17.71 and 22.95 ((CH5),C=), 24.02 (CH,CHO),
25.58 (CH;CSe), 27.74 (CH,CH=), 28.02 (CH;CO),
37.09 (CH,CO), 38.98 (CH,CSe), 55.02 (CSe), 82.99
(CO), 84.50 (CHO), 111.14 (CH,=), 12435 (CH=
C(CH,),), 127.55 (=CSe), 12821 (p-CH), 128.26 (m-
CH), 13145 (=C(CHj),), 138.43 (o-CH), 143.80
(CH=CH,) ppm.

6-(Phenylseleno)-1,3,3-trimethyl-2-oxabicyclo
[2.2.2]octane (3b, C;cH,,0Se)

IR (KBr): v = 2,967, 2,927, 1,633, 1,577, 1,475, 1,378,
982 cm™'; '"H NMR (200 MHz, CDCl3): 6 = 1.11 (s, 3H,
CH;CO), 1.23 and 125 (25, 2 x 3H, (CH;),CO),
1.42-1.80 (m, 4H, H-5, H-8), 1.90-2.14 (m, 2H, H-7),
2.62 (tt, 1H, J = 3.3 Hz 7.7 Hz, H-4), 3.52 (dd, 1H,
J=26Hz, 59Hz, H-6), 7.20-729 (m, 3H, Hpp),
7.51-7.59 (m, 2H, Hp,) ppm; “C NMR (50.32 MHz,
CDCl;): 6 = 22.21 (CH,CHC), 26.84 (CH;CO), 27.73
(CH,CHSe), 28.48 and 28.90 ((CH3),CO), 33.98 (CH,CO),
34.38 (CHC), 45.61 (CHSe), 73.74 (CCH;CO), 73.91
(C(CH;),CO), 127.12 (p-CH), 128.96 (m-CH), 130.59
(=CSe), 133.78 (0-CH) ppm; MS (70 eV): m/z = 310
M1, 184, 153, 109, 77, 43.
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Abstract A systematic study of the mechanism of phe-
nylselenoetherification of a naturally occurring alcohol
linalool with PhSe™ was performed at the B3LYP/6-
311+G(d,p) level of theory, in conjunction with the CPCM
solvation model. The syn and anti reaction pathways were
examined in the absence and presence of some Lewis bases
(quinoline, piperidine, pyridine, and triethylamine) as cata-
lysts. It was found that the reaction occurs via the
phenylseleniranium intermediate, which further suffers a
nucleophilic attack of the oxygen to two olefinic carbon
atoms. This intramolecular cyclization yields 5-ethenyl-5-
methyl-2-[2-(phenylseleno)-prop-2-yl]tetrahydrofuran as the
major product and 6-ethenyl-2,2,6-trimethyl-3-phenylsele-
notetrahydropyran as the minor product. Lewis bases facilitate
the reaction by strong hydrogen bonds between the alcoholic
hydrogen and nitrogen of an additive moiety, and they stabi-
lize the product complexes. Since the formation of the
tetrahydrofuran derivative requires higher activation energy,
but is thermodynamically more stable than the tetrahydropy-
ran, it was concluded that the phenylselenoetherification
reaction of linalool is thermodynamically controlled.
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Introduction

Substituted tetrahydrofuran and tetrahydropyran rings are
common in many natural products and play an important
role as building blocks for the synthesis of various biolog-
ically active organic target molecules [1]. Stereoselective
synthesis of substituted cyclic ethers [2, 3] is important and
requires considerable attention since cyclic ether units are
frequently found in polyether antibiotics [4—-6], C-glyco-
sides [7-10], and polyene mycotoxins [11-15].

Cyclization of unsaturated alcohols leading to cyclic
ethers is well documented in the literature as a convenient
pathway in the synthesis of natural products and related
compounds [16]. Different electrophilic selenium reagents
and a variety of reaction conditions have been employed,
and recent reviews highlight the broad scope of this
general procedure [17-20]. In recent years, we have
studied intramolecular cyclizations of some A*- and A’-
alkenols by means of phenylselenyl halides [21-29]. The
outcome of these reactions is influenced by the nature of
the selenium reagent used. The use of phenylselenyl
halides in these reactions can lead to some side reactions,
such as the addition of PhSeX to the double bond of the
alkenol.

Although procedures for these cyclizations have been
well established, the interactions between the selenium
electrophile, counterion, solvent, and substrate have not
been fully understood. In a recent article [29], density
functional theory was used to simulate phenylselenoether-
ification of pent-4-en-1-ol. It was shown that the
cyclization occurs via an Sy2-like transition state, leading
to the generation of a THF-type phenylseleno ether. When
an additive is not present in the reaction system, the pro-
cess is endothermic, whereas in the presence of pyridine
the reaction is exothermic. In addition, quantum-chemical
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calculations showed that the cyclization of (Z)-hex-4-en-
1-o0l leading to a tetrahydrofuranoid five-membered ring
is kinetically controlled, while the cyclization of (E)-hex-
4-en-1-o0l yielding the tetrahydropyranoid six-membered
ring is thermodynamically controlled [28]. In refer-
ence [28], the influence of different bases was estimated
by including a molecule of ammonia into the reaction
system.

As an extension of our investigations of the mechanism
of phenylselenoetherification, we initiated a study of the
cyclization reaction of linalool. This compound is a natu-
rally occurring terpenic alcohol found in the volatile oils
obtained from various flowers, fruits, grasses, leaves, roots,
seeds, and woods. Its antiviral, antibacterial, antimicrobial,
and potential antitumor and anticancer effects have been
reported [30-33]. In a recent work, some amines were used
as Lewis base additives [quinoline (Qui), piperidine (Pip),
pyridine (Py), and triethylamine (Et;N)] in the phenylse-
lenoeterification reactions of linalool with PhSeX (X = Cl,
Br) [34]. Since linalool is a A*- alkenol, it can undergo
5-exo-trig and 6-endo-trig processes yielding 5-ethenyl-
5-methyl-2-[2-(phenylseleno)-prop-2-yl]tetrahydrofuran
(1) and 6-ethenyl-2,2,6-trimethyl-3-phenylselenotetrahy-
dropyran (2) (Scheme 1). It was shown that the addition of
Lewis bases in the reaction mixture leads to a very high
regio-selectivity with anti-Markovnikov orientation (only
five-membered rings are formed), while the yields of cyclic
ethers are almost quantitative [34]. The rate constant val-
ues, determined by using a conventional kinetic method,
showed that the Lewis bases increase the nucleophilicity of
oxygen from the hydroxyl group and facilitate the forma-
tion of the final products. In addition, the side reaction,
addition of PhSeX to the double bond of linalool, is
reduced to a minimum [35].

The goal of the present work is to elucidate the
mechanism of cyclization of linalool with the phenylsel-
enyl cation (PhSet) in the absence and presence of
different Lewis bases. Our ultimate aim is to explain the
predominant formation of 1 and the role of Lewis bases in
acceleration of the phenylselenoetherification reactions.
For this purpose, we applied density functional theory in
conjunction with the solvation model and examined the
mechanism at the molecular level.

Scheme 1

PhSeX (X=Cl, Br)

Results and discussion

The proposed two-step mechanism for the reaction of lin-
alool with the phenylselenyl cation, catalyzed with some
Lewis bases, is presented in Scheme 2. This mechanism is
supported by our previous experimental [21-29] and the-
oretical [28, 29] findings, as well as by the results of our
current investigation. The first step involves an electro-
philic attack of PhSe™ to the double bond of linalool and
leads to the formation of the phenylseleniranium interme-
diate. This minimum on the potential energy surface is
actually a reactant complex (RClg or RC2g) for further
intramolecular cyclization. This reaction step proceeds via
the Sn2-like transition states TS1g or TS2p to yield the
product complexes PClg or PC2g. Finally, elimination of
the protonated base liberates the reaction products 1
(major) and 2 (minor). Theoretically, each cyclization
pathway can proceed through the anti and syn attacks of the
nucleophilic oxygen. In addition, each attack can yield both
trans and cis isomers of the respective product. The cor-
responding mechanism for a hypothetical uncatalyzed
reaction of linalool with the phenylselenyl cation is
depicted in Scheme S1 (Supplementary Material). A sig-
nificant difference from the mechanism of the catalyzed
reaction (Scheme 2) is that the product complexes (pro-
tonated ethers) do not release the proton, implying that the
final products 1 and 2 are not built in the uncatalyzed
reaction.

To elucidate the predominant formation of 1, different
cyclization reactions of the phenylseleniranium interme-
diate were investigated: syn and anti pathways for the
formation of cis/trans 1 and cis/trans 2. To explain the role
of Lewis bases in acceleration of the reactions, the mech-
anism that is obeyed in the presence of the additives (Qui,
Pip, Py, and Et;N, Scheme 1) was compared to that of the
hypothetical reaction in the absence of any additive
(Scheme S2). All reaction paths for the formation of 1 and
anti pathways for the formation of 2 were revealed,
implying that in total 30 cyclization reactions were
examined. Our numerous attempts to model the syn reac-
tion paths for the formation of 2 were unsuccessful, which
can be ascribed to the pronounced steric hindrance in the
hypothetical transition states. It turns out that the examined

/k/\/?
~ OH

Additive

(Qui, Pip, Py and Et3N)
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cyclization reactions can yield the following products: two
conformers of trans 1, two conformers of cis 1, trans 2, and
cis 2 (Fig. 1).

Our investigations showed that the energy profiles for
the pathways leading to the cis and trans isomers of each
product are mutually very similar. This result is not sur-
prising because the routes that give the cis and trans
products only differ in the orientation of the small methyl
and vinyl groups. As an illustration, the energy profiles for
the syn cyclization yielding frans 1 (Table 1) and cis 1
(Table S1) are given for comparison. Since the trans iso-
mer is more stable, in the text that follows, only the
cyclization reactions yielding the frans isomers will be
presented. The results of our investigations will be con-
sidered through the cyclization reactions of the
phenylseleniranium ion without any additives and in the
presence of Qui (Figs. 2, 3, 4; S1). The results for the
reactions catalyzed with other bases are given in the Sup-
plementary Material (Fig. S2-S4).

Our investigations showed that the addition of the
PhSe™ cation to the double bond of linalool, i.e. the for-
mation of the reactant complexes, is a highly exothermic
process independently of the presence or absence of a base
(Table 1). Figures 2, 3, 4 and S2-S4 show that there are
strong hydrogen bonds between the alcoholic hydrogen and
nitrogen of the additive moiety. Se builds weak chemical

bonds with both C5 and C6 in all reactant complexes. The
NBO analysis revealed that the occupancies in both o Se-C
molecular orbitals are relatively low (around 1.9) due to
donation of density from each ¢ bonding Se—C orbital to
the adjacent ¢* antibonding Se—C orbital. Since three-
membered rings are susceptible to ring-opening reactions,
it is reasonable to expect that a nucleophilic attack of the
alcoholic oxygen at either C5 or C6 will occur. Reaction
pathways for the syn and anti attacks at C5 and for the anti
attack at C6 were revealed. In the following text the pre-
fixes syn and anti will be used only when necessary.
These intramolecular cyclizations occur via the transi-
tion states TS1, (TS1g) and TS2, (TS2p) (Figs. 2, 3, 4; S2—
S4). In TS1( and TS1g the O—C5 bond is being formed; the
Se—C5 and O-H bonds are being cleaved, whereas the Se—
C6 bond is becoming shorter. Similarly, in TS2, and TS2g
the simultaneous formation of the O—C6 bond, cleavage of
the Se—-C6 and O-H bonds, and shortening of the Se—-C5
bond occur. In TS1gz and TS2g, the formation of the N-H
bond also takes place. The product complexes are charac-
terized by completely formed O—C5 and Se-C6 bonds in
PC1, and PClg, respectively O—C6 and Se—C5 in PC2, and
PC2g. PC1, and PC2 are unstable protonated ethers. In the
absence of Lewis bases, they do not release the proton,
implying that the final products are not yielded. This
finding is in accord with our experiments [34], which
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trans 1

trans 1

syn cyclization

0.0

anti cyclization

cis 1
6.1

trans 2

9.6

cis 2
14.3

Fig. 1 Optimized geometries of possible reaction products in the syn and anti cyclization pathways of the phenylseleniranium ion. The free
energy values (kJ mol™') were calculated relative to that of frans 1 obtained in the syn pathway

Table 1 Left: relative free energies for the overall reactions where two conformers of trans 1 are yielded in the syn and anti pathways; right:
AG,;, AG3;, and k., denote reaction energies, activation energies, and calculated rate constants, respectively, for the cyclization reaction steps

B RClg TSlg PCly 1+ BH' AG, AGH keate Kexp
PhSeCl PhSeBr

Syn cyclization

0 —125.9 —433 —104.9 - 21.0 82.6 0.02 (1.8 x 1079 - -

Qui —104.0 —249 —162.7 —186.1 —58.7 79.1 0.09 (1.8 x 107 0.64 0.19

Pip —102.9 —26.9 —195.0 —211.0 —92.1 76.1 0.29 (2.6 x 107 1.76 0.69

Py —104.0 —29.9 —-167.3 —181.9 —63.3 74.1 0.65 (5.4 x 107°) 0.96 0.32

Et;N —86.7 -33 —182.6 —218.1 —95.9 83.4 0.02 (1.9 x 107 1.40 0.56
Anti cyclization

0 —125.1 —81.3 —86.1 - 39.0 438 1.3 x 10° (7.6 x 10%

Qui —104.3 -715 —151.2 —180.4 —46.8 26.9 12 x 10% (7.6 x 10%)

Pip —-107.0 —80.2 —169.7 —205.3 —62.8 26.7 1.3 x 10% (8.9 x 10%

Py —110.9 —81.9 —157.0 —176.3 —46.2 29.0 5.1 x 107 (1.3 x 10%)

Et;N —95.7 —54.0 —159.2 —212.5 —63.5 41.7 3.1 x 10° (8.5 x 107)

The rate constants calculated at the MP2(fc)/6-3114+G(d,p)/B3LYP/6-311+G(d,p) level of theory are given in brackets. k.., stands for the
experimental rate constants [35]. The energies and rate constants are given in kJ mol™' and M~ ™!

showed that the phenylselenoetherification reaction does
not take place in the absence of additives. On the other
hand, in PClg and PC2g, the O-H bond is entirely broken,
the hydrogen is bonded to the nitrogen of the additive
moiety, and the N-H:--O hydrogen bond is formed.

@ Springer

Elimination of the protonated bases from PCs leads to the
facile liberation of the products, followed by energetic
stabilization.

The energetics of the examined reactions are presented
in Tables 1 and 2 and illustrated in Fig. 5. The left-hand
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synTS1

Fig. 2 Syn pathway for the formation of the five-membered ring in
the absence of any additive (top) and in the presence of Qui (bottom).
The crucial bond distances are given in A. RC1 and RC2, TS1 and
TS2, and PC1 and PC2 stand for the reactant complexes, transition

sides of the tables refer to the overall reactions, implying
that they present the free energy values calculated relative
to the sums of free energies of the corresponding separate
reactants [PhSet + linalool + base (if any)]. The data in
the right-hand sides of the tables refer to the major ele-
mentary step, i.e. cyclization of the reactant complexes.
The crucial partial charges in the reaction participants are
presented in Tables 3 and S2.

The rate constants for all examined pathways were
calculated at the B3LYP/6-311+G(d,p) and MP2(fc)/6-
3114+G(d,p)//B3LYP/6-3114+G(d,p) levels of theory
(Tables 1, 2). Apparently, the rate constants calculated at
the two levels of theory exhibit similar trends: the values
for the syn cyclization leading to 1 are significantly lower
than those for the anti cyclizations leading to 1 and 2.
The two approaches yielded mutually very different val-
ues, which is a consequence of the single point energy
calculations. This finding is not surprising, because simi-
lar differences in activation energies resulting from
the B3LYP/6-3114G(d,p) and MP2(fc)/6-311+G(d,p)//
B3LYP/6-311+G(d,p) + ZPE(B3LYP/6-311+G(d,p) cal-
culations were obtained in the investigation of the anti
cyclization of pent-4-en-1-ol in the gas-phase [29].
The present MP2(fc)/6-3114+G(d,p)//B3LYP/6-311+G(d,p)
rate constants significantly deviate from the experimental
values. On the other hand, there is satisfactory agreement

Qui

states, and product complexes for the formation of 1 and 2,
respectively. The prefixes syn and anti refer to the structures that
occur in the syn and anti pathways. The index denotes the applied
base (0: absence of base)

between the experimental rate constants and those calcu-
lated for the syn cyclization using the B3LYP/6-
3114+G(d,p) model. This finding indicates the predominant
reaction pathway and proves the applicability of the
B3LYP/6-3114+G(d,p) calculations in THF to the present
problem. For this reason, all further discussion will be
based on the B3LYP/6-311+G(d,p) calculations in THF.
The rate constants for the syn cyclization are slightly
underestimated, particularly in the case of the reaction with
Et;N. In this case, the pronounced steric hindrance between
the voluminous PhSe and Et;N groups results in the large
AG? value.

Although two corresponding anti paths lead to different
products, their activation energies are mutually similar.
This coincidence is a consequence of two opposite effects.
Due to the positive inductive effect of the methyl groups,
C6 is more electrophilic than C5 in all RCs (Tables 3; S2).
On the other hand, these methyl groups hinder the approach
of the nucleophilic oxygen, and the C6-O distance is
longer than that of C5-O in the structures along the anti
pathways (Figs. 2, 4; S2-S4). In addition, the formation of
the syn transition states requires higher activation energies
in comparison to the formation of the anti transition states.
In the syn transition states there is steric hindrance induced
by the unfavorable position of the PhSe group, which is
reflected in the longer C5-O distances (Fig. 2; S2-S4). In
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9

fj 2.108

antiRC1

Qui

antiTS1

;’ 2.918
9

9
Qui antiPCl1

Qui

Fig. 3 Anti pathway for the formation of the five-membered ring in the absence of any additive (fop) and in the presence of Qui (bottom). The

crucial bond distances are given in A

all anti transition states the PhSe group takes a more
favorable position, implying that the corresponding C-O
distances are shorter (Figs. 2, 3; S2—S4). On the other hand,
synPCl, and synPClp are thermodynamically more stable
than other corresponding PCs. The same holds for the final
products: due to the negligible repulsion among the
hydrogens of the methyl and methylene groups, the pro-
ducts of the syn pathway are significantly more stable than
all other possible products (Fig. 1).

Tables 1, 2, and S1 show that the activation energies of
the reactions in the absence of any additive are higher than
those in the presence of the Lewis bases. One can observe,
by inspecting partial charges of the oxygen and hydrogen
in Tables 3 and S2, that the Lewis bases enhance the
nucleophilicity of the oxygen and acidity of the hydrogen.
As a consequence, the removal of the proton is facilitated,
which is reflected through lower activation energies. If only
the major reaction step is considered, the reactions without
any additive are endothermic, whereas all other reactions
are exothermic (Tables 1, 2; S1; Fig. 5). This fact points
out another important role of the Lewis bases—they sta-
bilize the intermediate product complexes.

@ Springer

Further inspection of Tables 1, 2, and S1 and Fig. 5
shows that the free energy of each transition state lies
below that of the respective separate reactants. On the
basis of this fact one can conclude that the product
distribution is not affected by the energy barrier heights.
The cyclization reactions predominantly occur via the
syn pathway, yielding the most stable products—trans 1
and cis 1 (Fig. 1). In other words, the examined cycli-
zations of linalool are thermodynamically controlled. In
accord with this conclusion is our experimental finding
that both geometrical isomers of 1 were identified as
reaction products, where the frans form prevails [34].

An option that the cyclization reaction might occur via
an anti transition state, followed by an isomerization
reaction, was also considered. Our experimental investi-
gation showed that the isomerization of 2 into 1 does not
take place in basic environments. In agreement with this
finding is the notably high AG; value (193.4 kJ mol™")
required for the formation of the transition state for the
isomerization of 2 into 1 (TS, in Fig. S5). In TS;,,, major
changes in chemical bonding occur: simultaneous forma-
tion of the O—C5 and Se—C6 bonds and cleavage of the O—
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antiRC2

Qui

antiIS2,

antiPC2,,

Fig. 4 Anti pathway for the formation of the six-membered ring in the absence of any additive (fop) and in the presence of Qui (bottom). The

crucial bond distances are given in A

Table 2 Left: relative free energies for the overall reactions where zrans 2 is yielded in the anti pathways, right: AG,, AGSE, and kgqic (M_l s_l)
denote reaction energies, activation energies, and calculated rate constants, respectively, for the cyclization reaction steps

B RC2; TS2g PC2; 2 + BH" AG, AGE Keae

0 —129.4 —93.0 —95.6 - 33.7 36.4 2.6 x 10° (2.1 x 10%)
Qui —-107.7 —83.8 —-151.2 —176.4 —434 24.0 3.9 x 10% (6.7 x 10%
Pip —107.1 —82.6 —176.7 —201.4 —69.6 24.5 3.2 x 10% (2.9 x 10°%)
Py —111.0 —86.2 —153.5 —172.3 —425 24.8 2.9 x 10° (2.3 x 10%)
Et;N —89.6 —51.1 —152.2 —208.5 —62.5 38.5 1.1 x 10° (3.1 x 10%

The rate constants calculated at the MP2(fc)/6-3114-G(d,p)/B3LYP/6-3114-G(d,p) level of theory are given in brackets. All energies are given in

kJ mol ™!

C6 and Se—C5 bonds. On the other hand, the conforma-
tional interconversion of frans 1 yielded in the anti
pathway into the more the stable trans 1 yielded in the syn
pathway occurs via the transition state TS, (Fig. S5). This
single C5—C6 bond rotation requires the rotational barrier
that is of the order of magnitude of the syn transition states
(33.0 kJ mol_l). One can conclude, on the basis of these
activation barriers, that the anti cyclization leading to 1
also occurs since the favorable conformation of the product

can be smoothly achieved. Thus, the measured rate con-
stants relate to a combination of two pathways: syn
(slower) and anti (faster) cyclizations, both yielding 1. This
finding explains the fact that the rate constants calculated
for the predominant syn cyclizations are smaller than the
experimental values (Table 1). This particularly refers to
the reaction with Etz;N where the steric hindrance between
the voluminous groups in antiTSlgsyN is significantly
reduced in comparison to synTS1ggsN-
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PhSe' + linalool
0.0 5

-20.0

-80.0

-100.0 4

AG/KJ mol

-120.0 4

1400 4 antiRC2,
-160.0 4

-180.0 4

-200.0

Reaction coordinate

Fig. 5 Energy profiles for the overall reactions of linalool with
PhSe* in the absence of any base (leff) and in the presence of Qui
(right). Solid, dashed, and dotted lines represent syn pathway for the

Methods

All calculations were carried out with the Gaussian 09
program package [36] using the B3LYP functional [37, 38]
and 6-311+G(d,p) basis set. This triple split valence basis
set adds the diffuse functions to the heavy atoms and
polarization functions to all atoms. Geometry optimizations
for all investigated species were achieved without any
constraints. The geometries of all investigated species were
optimized in THF, without any constraints. The influence
of the solvent (dielectric constant = 7.4257) was estimated
by the CPCM solvation model (polarizable conductor cal-
culation model) [39].

Transition states (TSs) were revealed for all investi-
gated reactions. The intrinsic reaction coordinates (IRC),
from the transition states down to the two lower energy
structures, were traced using the IRC routine in Gaussian
to verify that each TS is connected with the correspond-
ing minima: the reactant complex (RC) and product
complex (PC). The structure of RC for each reaction was
attained in the following manner: the geometry that first
results from the progression backward along the reaction
coordinate starting from the TS was selected and then
fully optimized without any movement restrictions.
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formation of 1, anti pathway for the formation of 1, and anti pathway
for the formation of 2, respectively

Similarly, the structure of PC for each reaction was
determined by selecting the geometry that first results
from the progression forward along the reaction coordi-
nate and then reoptimizing the selected geometry. The
obtained geometries were verified by vibrational analysis
to be minima (no imaginary frequencies) or maxima on
the potential energy surface (one imaginary frequency).
Natural bond orbital (NBO) [40—42] analysis was per-
formed for all species.

Relative free energies were calculated at 7 = 298 K.
Rate constants were calculated using 1 M standard state as
follows:

i

PN 2% (1)
= ——— X _——_—
n Pl TRT

where kg, h, and R stand for the Boltzman, Planck, and gas
constants, and AGjy is the free activation energy. The rate
constants in THF were also calculated at the MP2(fc)/6-
3114-G(d,p)//B3LYP/6-3114+G(d,p) level of theory, where
the thermal correction to free energy values was taken from
the B3LYP results. A comparable theoretical model
[MP2(fc)/6-311+G(d,p)//B3LYP/6-
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Table 3 Crucial partial charges in the participants in the cyclization reactions of the seleniranium cation in the absence of any additive and in the
presence of Qui

No additive (B = 0) B = Qui
Se Cs c6 0 H Se Cs c6 0 H N
SynRCl, 0.189  0.199 0555 —0871 0307 SynRClg 0.186 0203 0553 —1.111 0632 —0.602
SynTS1, 0.161 1.094 —0238 —0962 0318 SynTSlg 0.136 1143 —0212 —1218 0707 —0.631
SynPCl,  —0.038 0478 0274 —1.162 0575 SynPClg  —0.061 0532 0325 —1204 0647 —0.439
AntiRCl,  0.133 0248 0572 —0.855 0304 AntiRClz  0.116 0285 0562 —1.133 0669 —0.623
AntiTS1, 0.020 1.291 0016 —1257 0324 AntiTSly  —0.022 1286 0069 —1524 0827 —0.676
AntiPC1, 0048  0.809  0.175 —1.149 0375 AntiPCly —0017  0.602 0284 —1.287 0.694 —0.493
AntiRC2,  0.100 0275  0.651 —0872 0305 AmtiRC2z 0068 0318  0.659 —1.135 0.653 —0.614
AntiTS2, 0.115 —0.221 1.547 —1248 0281  AntiTS2g 0.058  —0.199 1512 —1451 0737 —0.656
AntiPC2, 0076  0.036 1.006  —1232 0336 AntiPC25 —0.028  0.160 0728 —1.335 0.681 —0.485

3114+G(d,p) + ZPE(B3LYP/6-311+4G(d,p)] has been used
in some similar investigations of the reactions in the gas
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Abstract The pyridine-mediated reactions of nerolidol
with both PhSe™ and PhSeCl were investigated using two
DFT methods. Comparison of the obtained results provides
a description of the counterion influence for the first time.
As a consequence of very low solvation free energy of the
neutral reactants, addition of the phenylselenyl group to the
double bond of nerolidol is an endergonic process, and
occurs via a transition state to yield an intermediate that
undergoes cyclisation. Due to the influence of the count-
eranion on the positively charged moiety of the reaction
system, the activation free energies in the reaction with
PhSeCl are significantly larger than those in the reaction
with PhSe™. Thus, only the anti pathway is favoured. The
lower activation energy required for the formation of less
stable cis-5-ethenyl-5-methyl-2-[6-methyl-2-(phenylsele-
no)hept-5-en-2-yltetrahydrofuran  confirms that the
examined reaction is kinetically controlled.

Keywords Alcohol - Cyclisation - Reaction mechanism -
Catalyst
Introduction

The substituted tetrahydrofuran (THF) rings are structural
fragments found in numerous biologically active, naturally
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material, which is available to authorized users.
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occurring molecules such as polyether antibiotics [1, 2],
C-glycosides [3-6], and polyene mycotoxins [7, 8]. A
number of different synthetic methods have been devel-
oped to construct this ring. Some synthetic strategies
include carbonyl ylide dipolar cycloaddition [9], Prins
pinacol reaction [10], and Oshima-Utimoto reaction [11,
12]. Also, tetrahydrofuran ring can be constructed via a
catalysed inter- [13] or intramolecular [14—17] cyclisation.
Very important reaction for the THF ring construction is
cyclofunctionalization of unsaturated alcohols. Some al-
kenols can be found in nature in the form of essential oils
which showed different biological activities [18-22]. One
of the components of the essential oils is a natural ses-
quiterpene nerolidol, also known as peruviol.
Phenylselenoetherification is a reaction for the produc-
tion of cyclic ethers with tetrahydrofuran and
tetrahydropyran rings, which has been attracting attention
of our research group for more than a decade [23-33].
Although phenylselenoetherification of unsaturated alco-
hols has been the subject of some theoretical investigations
[29, 30, 33], the reaction mechanism has not been fully
elucidated. It was revealed that the cyclisations of pent-4-
en-1-ol [29], (Z)-hex-4-en-1-0l, (E)-hex-4-en-1-ol [30], and
linalool [33] take place via the Sny2-like transition states.
The reaction major products are the THF-type phenylse-
leno ethers, whereas the ethers containing the
tetrahydropyranoid ring are formed at negligible amounts.
It was demonstrated that Lewis bases lower activation
energies and stabilise reaction products [29, 33]. It was
concluded, by using an ammonia molecule to estimate the
influence of different additives to the cyclisation of (Z)-
hex-4-en-1-ol, that the reaction is kinetically controlled
[30]. The mechanism of phenylselenoetherification of lin-
alool was systematically studied, implying that all syn and
anti routes, catalysed with quinoline, piperidine, pyridine,
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and triethylamine, were investigated [33]. It was put for-
ward that this reaction is thermodynamically controlled. It
is worth pointing out that all these computational works
considered the reactions with the phenylselenyl cation
(PhSe™), but not with phenylselenyl halides.

Some recent experimental works [31, 32] showed that
nerolidol exhibits similar behaviour as linalool in the
reaction with phenylselenyl halides, denoting that the THF-
type ethers are predominantly yielded. A significant dif-
ference between these two alcohols is that in the reaction
with linalool, the trans isomer of the major product pre-
vails; whereas the reaction of nerolidol favours the cis
isomer. A natural extension of our theoretical investiga-
tions of the phenylselenoetherification mechanism is to
model the reaction of nerolidol. In the present paper, we
focus on the formation of the major product 5-ethenyl-5-
methyl-2-[6-methyl-2-(phenylseleno)hept-5-en-2-yl]tetra-
hydrofuran (1) in the presence of pyridine (Py).

Results and discussion

Except when otherwise indicated, it will be regarded that
the results were obtained at the B3LYP/6-3114G(d,p)
level of theory. Bearing in mind similar chemical behav-
iour of linalool and nerolidol [31, 32], we first examined
earlier proposed two-step mechanism [29, 30, 33] pre-
sented in Scheme 1. In this scheme, the notation is similar
to that used in reference 33, meaning that RC, TS, and PC
denote reactant complexes, transition states, and product

Scheme 1
Pathways a and b (anti)

-G

complexes, respectively. The suffixes a, b, ¢, and d refer to
the pathways yielding the isomers 1a, 1b, 1c¢, and 1d. This
mechanism neglects the halide anions, and implies that
nerolidol and PhSe™ spontaneously build reactant com-
plexes. Theoretically, these reactant complexes are suitable
for both anti and syn attacks of the nucleophilic oxygen at
C5 or C6. Since nucleophilic attack at C6 occurs at very
low rate [31, 32], we focused our attention on the formation
of the major product 1. The reaction was modelled in the
presence of Py as an additive. Four pathways were revealed
(Fig. S1): a and b (anti attack), and ¢ and d (syn attack).
Reactant complexes RCa, RCb, RCe¢, and RCd undergo
intramolecular cyclisations via the Sy2-like transition
states TSa-TSd, to yield the corresponding product com-
plexes PCa-PCd. The protonated Py is further eliminated,
and the final product 1 is liberated. Figure 1 shows that the
forms obtained in the syn cyclisation are less stable than
those obtained in the anti cyclisation (due to unfavourable
position of the phenylselenyl group), and that the cis iso-
mers are less stable than the corresponding trans isomers
(due to steric repulsion between the vinyl group and methyl
group bonded to the chiral C atom).

The simulated '>C NMR spectra of 1a and 1b match the
experimental spectra satisfactorily (Fig. 2 and Table S1).
The correlation coefficients for 1a and 1b are relatively
high: 0.993 and 0.994. A significant deviation from the
experimental '>*C NMR chemical shifts was observed for
the C atoms bonded to selenium, and that of the neigh-
bouring methyl group (Table S1). This occurrence may be
attributed to a facile rotation of the phenylselenyl group

P PhSe4.,, — PhSe.,, =
LS8l _f Phse; (P (P
OH Py p -PyH 1a,b
C5 . 8_ | H(D y a
~ RCa, PCa,b
7 N |
Pathways c and d (syn) B
Ot -
ARG g prse N P e g -
X X OH Py~ e )ﬂvz—’TSC,d—> H =YL
C5 y 7oV ) FYRT phse T 0
H l 1c,d
RCc,d N
PCc,d
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a2 obtained at the higher yield demonstrates that the phe-
» » nylselenoetherification reaction of nerolidol is kinetically
4 N 2 2 j controlled. However, further insight into the reaction
¢ *J{ P, energetics provided in Table 1 and Fig. S3 contradicts this
Jﬁ\;“;? ) }O” finding.

The results in Table 1, obtained by means of the B3LYP
functional, indicate that the reactants spontaneously build a

s

s 2 . . . S
f reactant complex with significant energetic stabilisation.
1b (7.6) All overall reactions are notably exergonic and exothermic.
Anti attacks require lower activation energies and yield
2
I ' Table 1 Left—relative free energies (AG), enthalpies (AH), and
é‘ entropy terms (—7TAS) for the overall reaction pathways. The energies

were calculated relative to the sum of the corresponding energies of
the separate reactants (neroli%ol + PhSet + Py). Right—activation

parame]&ers: free energies (AG,, ), enthalpies (AH, ), and entropy terms

A 9 (—=TAS) for the cyclisation reaction steps
L J N
2 j ? Pk RC TS PC Products Activation
\" a2 parameters
) j TS
9,
9 Pathway a (anti)
1c (11.8) 1d (12.8) AG/AG; —116.2  —86.5 —156.0 —185.7 29.8
; —-203.1 —177.8 —266.9 —279.1 25.2
Fig. 1 Optimised geometries of possible isomers of the reaction AH/A _ _ _ _
product 5-ethenyl-5-methyl-2-[6-methyl-2-(phenylseleno)hept-5-en- HIAH, 214.3 195.1 2642 —2468 193
2-yl]tetrahydrofuran (1), with relative free energies (kJ/mol) indi- —310.7 —284.3 —377.1 —343.0 264
cated. 1a and 1b denote the frans and cis isomers obtained in the anti —TAS/—TASE 98.1 108.6 108.2 61.1 10.5
route, whereas 1c and 1d stand for the trans and cis isomers yielded in 107.6 106.5 110.2 63.9 —12
h
the syn route Pathway b (anti)
AG/AG; —1152  —85.8 —159.2 —178.1 29.5
160 4 —=200.0 —174.7 —267.6 —275.1 25.3
E qgo  HYTOIME2S AHIAHT —2127 —1954 —267.9 —2437 173
% 1b:y =0.99x + 2.6
5 120 1 —306.7 —2863.0 —379.3 —342.7 23.6
% 100 —TAS/—TAS;£ 97.5 109.7 108.7 65.7 122
» 106.7 1084 111.7 67.6 1.7
[
E 80 1 Pathway ¢ (syn)
g 60 AG/AG; —-99.4  -30.7 —1464 —1739 68.8
9 401 —191.2 —107.5 —272.8 —281.4 83.8
o
:«; 20 | AH/AH;E —201.3 —133.8 —263.0 —241.5 674
0 —-303.1 —219.5 —387.9 —342.6 83.6
Pathway d (syn)
Fig. 2 Correlation between the simulated and experimental '*C AGIAG ~102.1 =247 —1592 —1729 773
NMR spectra [32] for 1a (black circles) and 1b (white squares). In the “
equations for the fitting lines y and x denote experimental and 1 —190.6  —111.0 =282.7 =2754  79.6
calculated chemical shifts AH/AH, —199.6 —132.3 —270.3 —-2389 673
—298.0 —-217.2 —393.5 —340.1 80.8
—TAS/—TASZr 97.5 107.6  111.1 66.0 10.0
around the C-Se bond. Satisfactory agreement between the 1074 1062 110.8  64.7 —1.2

experimental and calculated chemical shifts confirms the
predicted structure of the frans and cis isomers of 1.

It turns out that 1a (frans) is the most stable product
isomer (Fig. 1). The fact that the less stable isomer 1b is

The results obtained at the M062X/6-3114-G(d,p) level of theory are
given in italics. All energies are given in kJ mol™'

Pathways a and ¢ lead to the formation of the trans isomers, whereas
the cys isomers are built in pathways b and d
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more stable isomers $f 1 in comparison to the syn attacks.
The difference in AG, for the formation of 1a and 1b is too
small (can be a result of a computational error). The fact
that the energy barriers are practically the same does not
suggest that the phenylselenoetherification reaction of
nerolidol is kinetically controlled. In addition, the energies
of all transition states are lower than the sum of energies o{
the separate reactants (Fig. S3), implying that the AG,
values do not control the reaction. Thus, one can expect
that the formation of 1a would be favoured, which is not in
accord with the experimental results [31, 32]. To verify the
validity of the B3LYP energies, the same reaction path-
ways were examined using the M062X method, and the
results are listed in Table 1. In comparison to B3LYP, the
MO062X functional predicts that the formation of RC is
even more exergonic and exothermic, so that all relative
free energies and enthalpies are systematically lower,
whereas the B3ALYP and M062X values for the entropy
term (—7TAS) do not show significant deviation from each
other. Generally, the results of the two levels of theory are
consistent, implying that the mechanism presented in
Scheme 1 does not explain the experimental results on the
phenylselenoetherification reaction of nerolidol.

In our further efforts to explain the predominant for-
mation of the cis isomer of 1, we took into account the fact
that the cis/trans product ratio of the phenylselenoether-
ification of nerolidol is highly dependent on the used halide
[32]. Thus, we decided to examine the reaction of nerolidol
with PhSeCl. The proposed mechanism is presented in
Scheme 2, where I1, 12, and I3 denote the intermediates,
TS1 and TS2 stand for the transition states; whereas the
suffixes a, b, and ¢ refer to the pathways yielding the
isomers 1a, 1b, and 1c. A striking feature of Scheme 2 is
that there is no pathway d. Pathways a, b, and ¢ are

Scheme 2
Pathways a and b (anti)

CI

=
el H%;'C'» ~ —»Ts1ab
C5
@ A
Mab

Pathway c (syn)

@

@ Springer

presented in Fig. S4; whereas the structures of the revealed
transition states are delineated in Fig. 3.

Our examination of the structure of PhSeCl in THF
showed that there is a polar Se—Cl covalent bond, which
means that the PhSe™ cations are not spontaneously formed
in the reaction medium. Indeed, when nerolidol, PhSeCl,
and Py were optimised together, they formed the inter-
mediates I1, with the distinguished Se—Cl bond, double C—
C bond, and O-H---N hydrogen bond (Fig. S4). Se bears
large positive charge (around 1.2), and performs an elec-
trophilic attack to the double bond of nerolidol. This
reaction step is realised via transition state TS1 where the
Se—Cl bond is being cleaved, whereas the C5-Se and C6-
Se bonds are being formed (Fig. 3). The electrophilic
attack can be anti (pathways a and b) and syn (pathway c).
It should be emphasised that our numerous attempts to
optimise TS1d were unsuccessful, i.e. pathway d was not
revealed, which can be explained by the fact that vinyl
group is larger than methyl group and prevents an approach
of the voluminous PhSeCl molecule to the double bond.
The finding that 1d is not formed at all leads to an
important conclusion: the prevailing cis 1 is not obtained in
the syn route of the phenylselenoetherification reaction of
nerolidol.

The so-formed intermediate 12 (Scheme 2) is analogous
to RC (Scheme 1), as they both undergo intramolecular
cyclisation. A comparison between I2b and RCb will be
presented as an illustration (Fig. S6 and Table S2). The
negative charge on chlorine and long Se—Cl distance in 12b
prove that chlorine is an anion which, as a counterion,
exerts influence to the positively charged moiety of the
intermediate. As selenium is drawn to Cl1~, the C—Se bonds
are much weaker in comparison to those in RCb, and,
consequently, the C—C bond in I2b is of partial double

PhSe,, W

+A-
/g — antiTS2— | HCI@ -PyH"CI 1a,b

12a,b

Q \

6 —

: PhSe T 0"~ _pyHrCr
—~Tste— "~ %|Se5* _ —~TS2c— H oo “PYHTCL ¢
=) N
H 9]
12¢ Q

13¢c
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Fig. 3 Optimised geometries of
the transition states in the

reaction of nerolidol with e
PhSeCl in the presence of Py.

Crucial interatomic distances 9 f)
are given in A ‘J J/J

character. Due to the negative charge on the counterion, the
partial positive charge on Se is significantly larger in
comparison to RCb, whereas the partial positive charges
on C5 and C6 are smaller (Fig. S6). These results indicate
that these two carbons, and particularly CS5, are less elec-
trophilic than those in RCb. Since the counteranions are
present in the reaction mixture, this fact must be taken into
account.

In the further course of the reaction, the oxygen per-
forms a nucleophilic attack at C5. This intramolecular

AP S

2.653 1.988
TS2a

J

Tt

y
]
)‘{)‘0636 1.964
9

1.028

TS2b

.985

) 1.888
TS1c

cyclisation occurs via TS2. This transition state is char-
acterised with the formation of the O—C5 and N-H bonds,
and cleavage of the Se-C5 and O-H bonds. In addition, the
Se—C6 bond is shortening, whereas the chloride anion is
further moving away from selenium (Fig. 3). These chan-
ges in chemical bonding lead to the formation of the last
intermediate I3, where there is a hydrogen bond between 1
and pyridinium chloride (Fig. S4). Pathway c is suitable for
the chloride ion approaching to the protonated Py. On the
other hand, the optimisations of I3a and I3b also resulted
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in the formation of the pyridinium chloride moiety, but
required an enormous number of iterations. It is reasonable
to suppose that, under experimental conditions, the binding
of ClI- to PyH" is a bimolecular process in the anti
pathways.

The energies related to the reaction of nerolidol with
PhSeCl are presented in Table 2 and Fig. S7. An inspection
of the data in Tables 1 and 2 reveals that the entropy term
takes quite large positive values over the course of both
reactions. This finding demonstrates that, in both cases, the
total entropy of the separate reactants is significantly larger
than the entropy value at any stage of the reaction due to
the decrease in the disorder of the system. On the other
hand, there is an apparent discrepancy between the free
energy and enthalpy values in Tables 1 and 2 (as well as
between Figs S3 and S7). While the formation of RC is
highly exergonic and exothermic, the formation of I1 is
endergonic and slightly exothermic. This occurrence is a
consequence of different behaviour of the neutral (I1) and
charged (RC) species when dissolved in a moderately polar
solvent (THF). While stabilisation of I1 in the solution is
very small, solvation of RC is followed with the release of
a significant amount of energy. In agreement with this
consideration are the free energy and enthalpy of solvation
values (AGy,, and AH,,,) for PhSeCl and PhSe*. The
AG,,, and AH,;, values for PhSeCl (constituent of all I1
intermediates) amount to —12.4 and —12.3 kJ mol ™!,
whereas the corresponding values for PhSe™* (constituent
of all RC intermediates) are equal to —179.2 and
—179.0 kJ mol~". These arguments lead to the following
conclusion: since the halogens have not been included in

Table 2 Left—relative free energies (AG), enthalpies (AH), and
entropy terms (—TAS) for the overall reaction pathways. The
energies were calculated relative to the sum of the corresponding

previous theoretical works on the phenylselenoetherifica-
tion reaction, an erroneous picture of the reaction
mechanism has been created (Scheme 1), particularly
regarding reaction energetics (Fig. S3). The results of this
work show that the free energies of TS1 and TS2 lie far
above the sum of free energies of the reactants (Fig. S7),
thus indicating that the examined reaction is controlled by
the activation energies. Addition of the phenylselenyl
group requires Vfry low activation energies, and is entropy-
controlled (AH, < —TAS;, Table 2), implying that this
reaction step is predominantly governed by the accessi-
bility, orientation, trajectory, etc. Cyclisation is the rate
determining step, and s enthalpy-controlled
(AH; > —TAS?), implying that it is mostly governed by
the bond strengths. An inspection of Tables 1 and 2 reveals
that TS requires lower activation energy than TS2. This is
a consequence of already explained influence of the
counteranion which is neglected when the reaction of
nerolidol with PhSe™ is considered.

Syn pathway ¢ is both kinetically and thermodynami-
cally unfavourable, whereas anti pathways a and b are
competitive. While pathway a yields more stable isomer,
pathway b requires lower activation energies (Table 2; Fig.
S7). These findings demonstrate that the base-mediated
reaction of nerolidol with PhSeCl is kinetically controlled,
which is in accordance with the experimental results [32].

Figure S6 shows that C6 in I2b (and other 12 interme-
diates) is much more electrophilic than C5, and imposes an
interesting question: Why is the formation of the tetrahy-
dropyranoid ring only minor reaction pathway? It is
reasonable to suppose that the methyl group attached to C6

Right—activation parameters: free energies (AG‘JE), enthalpies

(AHai), and entropy terms (fTASSE) in elementary steps of the

energies of the separate reactants (nerolidol + PhSeCl + Py). reaction
11 TS1 12 TS2 13 Products Activation parameters
TS1 TS2
Pathway a
AG/AGi 70.7 88.4 88.3 132.7 47.6 —30.8 17.7 44.5
AH/AH;i —11.6 —-7.2 -7.8 29.9 —-57.1 —86.9 4.4 37.7
—TAS/fTASE 82.3 95.6 96.0 102.9 104.7 56.2 13.3 6.8
Pathway b
AG/AG; 75.9 90.2 89.0 130.3 43.8 —-23.1 14.2 41.4
AH/AH} —8.9 —5.8 —6.4 29.3 —62.8 —83.8 3.1 35.7
—TAS/—TASE 84.8 96.0 954 101.0 106.6 60.7 11.1 5.6
Pathway ¢
AG/IAG 63.7 103.4 99.2 193.6 53.6 —19.0 39.7 94.4
AH/AH, —13.2 3.7 1.2 86.8 —-52.5 —81.6 16.9 85.6
fTAS/fTAS[i, 76.9 99.7 98.0 106.7 106.1 62.6 22.8 8.8

All energies are given in kJ mol ™!
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of nerolidol hinders the approach of the oxygen to C6. This
unfavourable position between the C6 and O atoms induces
steric strain in the structures along the possible pathways for
the formation of 6-ethenyl-2,6-dimethyl-2-(4-methyl-3-pen-
ten-1-yl)-3-(phenylseleno)tetrahydropyran. This assumption
was confirmed by examining the rate determining step in
anti pathway (Fig. S8). Due to the steric hindrance, the C6-O
distance in the revealed transition state is longer than the C5-
O distance in the corresponding transition states TS2a and
TS2b (Fig. S4). This transition state requires activation free
energy of 49.8 kJ mol ™', which is by 5.3 and 8.4 kJ mol '
larger than the corresponding AG; values in pathways a and
b (Table 2). One can expect that steric hindrance will be
even more pronounced in syn pathway, and thus, activation
energy larger. These facts explain very low yield of the
THP-type ether in the kinetically controlled phenylsele-
noetherification reaction of nerolidol.

In conclusion, we wish to emphasise that this paper is
the first report on the influence of the chloride anion to
the mechanism of the phenylselenoetherification of al-
kenols, nerolidol in this case. A comprehensive study of
the reactions of nerolidol with both PhSe™ and PhSeCl
in the presence of Py was performed. A comparison of
the obtained results revealed a noteworthy role of the
counteranion in the reaction mechanism. Neglecting the
halide ions leads to an incorrect description of the
reaction mechanism, which is a consequence of very
large AG,,y value for positively charged RC. It turns
out that all pathways are plausible and the formation of
the more stable isomer, trans 1, is favoured. This find-
ing is in disagreement with the experimental results (cis
1 prevails), indicating that different approach is neces-
sary to create an explanatory picture of the examined
phenylselenoetherification. Examination of the reaction
with PhSeCl showed that dissolving the reactants is
followed with insignificant energetic stabilisation. Con-
sequently, addition of the phenylselenyl group to the
double bond of nerolidol is an endergonic process that
occurs via transition state. The so-formed counteranions
exert influence to the positively charged moiety of the
reaction system, thus elevating the activation energies
and favouring only the anti pathways. The lower acti-
vation energies in the pathway that leads to the
formation of cis 1 point out that the examined reaction
is kinetically controlled.

Methods

All computations were conducted using the Gaussian 09
programme package [34]. Two Py-mediated reactions of
nerolidol were studied: the one with PhSe™, and the other
with PhSeCl. The latter reaction was investigated using the

B3LYP functional [35, 36], whereas the former was
examined by means of the B3LYP and M062X methods.
MO062X is a hybrid meta functional, designed for applica-
tions “with good accuracy across-the-board for transition
metals, main group thermochemistry, medium-range cor-
relation energy, and barrier heights” [37, 38]. Both
methods were combined with the triple-split valence basis
set 6-3114-G(d,p), implying that the diffuse functions to
the heavy atoms and polarisation functions to all atoms
were added. The structures of all molecules in THF
(dielectric constant = 7.4257) were optimised, and fre-
quency calculations performed, in conjunction with the
CPCM solvation model (polarizable conductor calculation
model) [39]. The results of the frequency calculations
served to determine the nature of the stationary points: zero
imaginary vibrations for equilibrium geometries, and
exactly one imaginary vibration for transition states.
Transition state structures were further confirmed by per-
forming the IRC (intrinsic reaction coordinate)
calculations. It was proved that each transition state con-
nects two putative equilibrium structures. Some results of
the IRC calculations are presented in Supplementary
Material (Figs. S2 and S5).

The enthalpies H and free energies G were calculated at
T = 298.15 K and P = 101,325 Pa using the equations:

H:E+Hcorr (1)
G:E+Gcorr (2)

where E, H.y, and G, stand for the total energy and
thermal corrections to enthalpy and free energy. The
solvation enthalpy and free energy values (AH,,, and
AGg,,) were estimated for PhSeCl molecule and PhSeCl™"
ion. For this purpose, the structures of these species in gas
were determined, including frequency calculations. AH,
(resp. AGg1y) Was calculated as a difference between the
enthalpy (resp. free energy) of a molecule in THF and that
in the gas:

A[{solv = Hryr — Hgas (3)
AGsolv = GTHF - Ggas (4)

To predict the '*C NMR properties of trans and cis 1 (1a
and 1b in Fig. 1), their geometries in chloroform, as well as
that of TMS, were optimised using the B3LYP/6-
3114G(d,p) level of theory in conjunction with the
CPCM model. The gauge-independent atomic orbital
(GIAO) method, which is implemented in Gaussian 09,
was used to calculate the nuclear magnetic shielding
tensors for 1a, 1b, and TMS. The obtained values for all
carbon atoms in 1a and 1b were subtracted from the value
for the carbon atoms in TMS (184.6057). As 1a and 1b
belong to the C; point group, their ortho and meta carbon
atoms show two different chemical shifts. The
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corresponding mean values were taken to represent the
chemical shifts of these carbons. The so-obtained chemical
shifts were scaled by a factor of 0.93 to avoid systematic
overestimation of their values.

APT (atomic polar tensor) charges were used throughout
the work.
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Bpoj ymuca_ SOAS \2oA2

N3jaBbyjem
J1a je TOKTOPCKa JIFCepTalIija Mo HaCTIOBOM

E\’\Uv&wv&,\\”\m\\e@ W RORDULWO  MORNRUIRRE VRO, ShAR Tk

DONMLCENNO_ETaed Wy NORwA TR TN BNGROAA

e  pe3yJTaT COICTBEHOTI HCTPAKMBAYKOT Pasa,

e Jla TIpe/UTOKEHA JMCEpTalMja y LeIMHM HU Y JeJOoBMMa Huje Onia Npe/UIoKeHa 3a
nobujarbe GHUIIO KOje AUIIIOME TIpeMa CTYU]CKUM IIPOrpaMuMa IPYTHX BUCOKOIIKOICKAX
YCTaHOBA,

e J[a Cy pe3yJTaT! KOPEKTHO HABEJCHU H

e A HECAM KPIIHO/JIa ayTOPCKa IIPaBa i KOPUCTHO HHTEIEKTYalHy CBOJUHY APYTHX JIHIA.
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OBPA3AII 2.

M3japa 0 MCTOBETHOCTH MITAMIIAHE H €JIEKTPOHCKE BEP3Uje JOKTOPCKOI paja

Vme u npe3umMe ayTopa \AYG'\)&‘LL 5 D\\c\mm

Bpoj yrmea_ 50AS | 204 2-

Cryaujcku iporpam AORTGPOE  JUhBEHCUWE G SA

HacmoB pamabk ue jur@yTano W TEDDGw WiGuaatie Yornusih, WGKSA JEWINCIEHD TThps WS WMWK TER(ENMINA AAKO¥ORL
Mentop_Deok . a0 ot Suonp@h

[Tornucanu MOJ\M{\\(X\N%

M3jaBJbyjeM Ja je IITaMIlaHa Bep3rja MOT JIOKTOPCKOI pajia MCTOBETHA EJIEKTPOHCKO] BEP3HJH
KOjy caMm npemao/ma 3a oOjaBjpHBame Ha noprany urmraaHor  pemosuropmjyma
Yaugepsurera y Kparyjesuy.

Jlo3BoJbaBaM a ce o0jaBe MOjH JIMYHH MOJAIM BE3aHH 3a H00H]ambe aKaJeMCKOI 3Bama JOKTOP
HayKa, Kao IITO CY UM U IIpe3rMe, TOIMHA U MecTo poljema 1 1aTtym oj0paHe paja.

OBHM JHYHU NOJALM MOIY ce 00jaBUTH HA MPEKHHM CTpaHHIaMa JUTUTaIHe OuOiamorexe, y
eJIEKTPOHCKOM KaTaory u y nybiaukauujama YHusepsutera y Kparyjesuy.
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OBPA3AIL 3.

M3jasa o kopumhemwy
Osnamhyjem YHuBep3uTeTcKy GnOIMOTEKY 1a y JIMTHTAIHK PEno3sHTOPUjyM Y HUBEP3UTETa Y
Kparyjesiy yHece MOjy JOKTOPCKY AMCEPTAIH]Y IO HACIOBOM:
E\f\ic\\w VM TANED W TEORVDOMO  MonBRMpWSE Wk WA Tk,
PENLE - TThel WS WOR TERNER G, MR Y i,

KOja je MOj€ ayTOPCKO JIEJIO.

JlucepTranyjy ca CBMM IMpPUIO3MMA IMPENA0/a caM y eNeKTPOHCKOM (hopMary IOTOTHOM 3a
TPajHO apXUBHpPAILE.

Mojy IOKTOpCKY MMCEpTalujy MOXpameHy y JIMIHTanHu perno3uTopujym YHHBEP3HTETa y -
Kparyjesity MoTy Jia KOpUCTe CBH KOjH TIOIITY]y OApende cajipikate y o1abpaHoM THITY JTHICHIE
Kpearupne 3ajennuie (Creative Commons) 3a K0jy caM €€ OJUTy4no/JIa.

@AyTOpCTBO

2. AyTOpCTBO-HEKOMEPIIH|ATHO
AyTOpCTBO-HEKOMEpIHjaHo-0e3 npepaje

AyTOpCTBO- HEKOMEPIIH]jaJIHO-AEIUTH [0 UCTUM YCJIOBHMA
AyTopcTB0o-0€3 npepaze

AyYTOPCTBO-IEIUTH IO UCTUM YCJIOBUMA
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(MOJTEMO J1a 320KPY’KHTE Camo Je/IHY OJ1 IecT HOHYDEHMX JTHIECHIM, YH]1 j¢ KpaTaK OmHC Jar je
Ha obpaciy Opoj 4.)
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