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Abstrakt

Hlavnim cilem této prace bylo ukazat univerzalni pouziti ktemicitych mezoporéznich
materiali s pravidelnou strukturou, zejména Vv adsorpci a katalyze. Z téchto duvodu byla
zvolena cCtyii mezoporézni molekulova sita (SBA-15, SBA-16, MCM-41 a MCM-48) s
riznou strukturou a texturnimi vlastnostmi.

Abychom dokézali, Ze molekulova sita jsou vhodna pro adsorbci CO», oxid hotfecnaty
a uhli¢itan draselny byly vcélenovany (inkorporovany) do rGznych druht silikatovych
materiali: SBA-15, SBA-16 a MCM-48. K zamezeni destrukce mezoporézniho materidlu byl
vyvinut novy proces piipravy zalozeny na srdZeni octanu hofec¢natého na silikatovém povrchu
pouzivanych molekulovych sit. Chemicka konverze (in situ) octanu hofecnatého poskytla
Stavelan hotfecnaty. Po kalcinaci takto modifikovanych materialii bylo dosazeno vzniku oxidu
hofe¢natého na jejich povrchu. Silika obsahujici MgO byla impregnovana Stavelanem
draselnym, ktery byl nésledné¢ pfeménén (konvertovan) na uhli¢itan draselny. VSechny
syntetizované adsorbenty si zachovaly charakteristické vlastnosti mezoporéznich
molekulovych sit (velky objem a uzka distribuce velikosti pori). Porovnanim adsorpénich
izoterem CO; ziskanych na pfipravenych materialech vyplyva, ze adsorp¢ni vlastnosti téchto
materiali jsou zavislé na typu mezoporézni struktury. Silika SBA-15 obsahujici MgO
s uhli¢itanem draselnym vykazovala nejstrméjs$i adsorpéni izotermu. Adsorpcni kapacita pro
CO, tohoto vzorku byla vétsi nez obdobné pfipravené vzorky z SBA-16 a MCM-48.
Adsorbované mnozstvi CO, pfi tlaku 100 kPa a teploté 20 °C vzrostlo v potfadi: Mg/K-SBA-
16 (10,3 cm*/g) < Mg/K-MCM-48 (12,7 cm®/g) < Mg/K-SBA-15 (18,8 cm*/g).

Mezoporézni molekulova sita byla pouZita jako nosice pro nové heterogenni metatezni
katalyzatory, které byly pfipraveny imobilizaci homogennich Ru alkylidenil (jenz jsou velmi
aktivni a odolné¢ vzhledem k velkému mnozstvi organickych funkénich skupin). Nové
heterogenni metatezni katalyzatory byly pfipraveny pomoci imobilizace pres fosfinovy linker
nebo cestou piimé nekovalentni interakce. Nové€ piipravené katalyzatory byly pfipraveny
imobilizaci Ru alkylidenu Grubbs-Hoveyda prvni generace (RC-304) a Grubbs druhé
generace (G-11) na povrchu mezoporeznich molekulovych sit obsahujicich funkéni skupiny
dicyklohexylfosfinu (PCy,). Alkyliden typu Grubbs-Hoveyda druhé generace majici polarni
kvartérni amoniovou skupinu v NHC ligandu byl také imobilizovan na povrchu molekulovych
sit pfimou cestou nekovalentni interakce (pravdépodobné se jedna o adsorpci s participaci
povrchovych OH skupin pouzitych nosniki).

K urceni struktury heterogennich katalyzatora byly pouzity tyto fyzikaln€¢ chemické
metody: UV-Vis spektroskopie, NMR spektroskopie pevné faze, rentgenova difrakce a
elementarni analyza. Stanoveni texturnich vlastnosti heterogennich katalyzatori bylo
provedenono pomoci adsorpce dusiku. Ve vSech ptipadech nové pfipravenych heterogennich
katalyzatorii byla zachovana struktura a morfologie pouzitych mezoporeznich sit. Piipravené
katalyzatory byly testovany v n¢kolika metateznich reakcich. Byly vysoce aktivni v RCM 1,7-
oktadienu, diethyl diallylmalonatu, N,N-diallyl-2,2,2-trifluoroacetamidu, tert-butyl N,N-



diallylcarbamatu, (-)-g-citronellenu a allyletheru; v self-metatezi 5-hexenylacetatu, metyl-10-
undecenoatu, 1-decenu, metyloleatu, v cross-metatezi (CM) allylbenzenu s cis-1,4-diacetoxy-
2-butene; a v ROMP cyklooktenu. V mnoha piipadech bylo dosazeno TON az 16 000
s prakticky 100 % selektivitou na zadané produkty. V zavislosti na pouzitém nosici,
katalyticka aktivita stoupala se zvétSujici se velikosti porG pouzitych mezoporéznich
molekulovych sit. VSechny katalyzatory bylo mozno snadno odseparovat z reakéni smési.
V nékterych piipadech vykazovaly velmi nizky stupen vymyvani Ru do reak¢éni smési, ¢imz
umoznovaly snadnou pfipravu metatéznich produktti s obsahem Ru niz§im nez 10 ppm (coz je
akceptovatelnd urovenl pro farmaceuticky primysl). Ve vétSiné piipadi byly katalyzatory
uspé$né vicenasobné pouzivany. Tyto katalyzatory vykazovaly nasledujici vlastnosti: (i)
vysoka aktivita a selektivita; (i) jednoducha separace katalyzatorti z reakcéni smési; (iii)
nékolikanasobné pouziti katalyzatord; (iv) nizky obsah Ru v metateznich produktech.

1. Uvod

Mezoporézni molekulovd sita jsou materidly sregulérni strukturou, velkym
adsorpénim povrchem (Sger) (vEtSi nez 1000 m%/g), velkym objemem porti (do 1 cm’/g) a
pramérem port V rozmezi od 2 do 50 nm s tzkou distribuci velikosti port [1]. Objev téchto
mezoporéznich molekulovych sit poskytl nové moznosti aplikaci, zejména v adsorpci a
katalyze [2]. Mezoporézni molekulova sita (SBA-15, MCM-48) reprezentuji progresivni
podlozi pro nové heterogenni katalyzatory metateze [3]. Mezoporézni molekulova sita byla
testovana jako: (i) adsorbenty pro odstranovani neéistot z kapalné fazi; (ii) adsorbenty pro
separaci a CiSténi plynd; (iii) nosniky pro imobilizaci homogennich katalyzatorti; a (iv)
katalyzatory a nosniky pro bifunkéni Kkatalyzatory [4]. Ctyfi typy mezoporéznich
molekulovych sit byly pouzity v této praci, a to MCM-41, MCM-48, SBA-15 a SBA-16. Tyto
materialy mohou byt modifikovany pro zvyseni jejich adsorpcni kapacity viaci CO,, anebo na
jejich povrchu mohou byt imobilizovany homogenni metatézni katalyzatory.

Metateze olefint

vvvvvv

uhlik-uhlik, jenz ma $iroké pouziti v organické chemii, polymerni chemii i materialové chemii
[5]. Slovo metateze pochazi z feckych slov meta (zména) a tithemi (misto). Toto spojeni
reflektuje mechanizmus metatezni reakce (zména alkylidenovych fragmenti mezi dvéma
molekulami olefini). Metateze alkentit ma vysokou aktivac¢ni energii, a proto tato reakce
probiha pouze v pritomnosti kovového katalyzatora [6]. Jako katalyzatory mohou byt
pouzivany jak homogenni, tak i heterogenni katalyzatory. Nejaktivn€jsimi katalyzatory jsou
komplexy wolframu, molybdenu, rhenia a ruthenia [7, 8]. Nejcastéji je reakce katalyzovana
komplexy ruthenia (tzv. Grubbsovy katalyzatory) a komplexy wolframu a molybdenu (tzv.
Schrockovy katalyzatory) [9].



2. Cile disertacni prace

1. Ptiprava mezoporéznich molekulovych sit SBA-15, SBA-16, MCM-41 a MCM-48.

2. Posyntézni modifikace pfipravenych sit pro pouziti v adsorbci COs.

3. Priprava vysoce aktivnich a selektivnich Ru heterogennich metateznich katalyzatort
pomoci imobilizace na mezoporézni sita s riznou architekturou a velikosti pord.

4. Fyzikélné-chemicka charakterizace nove ptripravenych Ru heterogennich katalyzatora.

5. Testovani aktivity a selektivity nové piipravenych heterogennich katalyzatora
Vv metateznim zamykani kruhu (RCM), self-metateze a cross-metateze (CM).

6. UrCeni ,leachingu” ruthenia béhem metateze. Testovani opakované¢ho pouziti
heterogennich katalyzatord s moznou aplikaci v prutokovych reakcich.

3. Priprava materiali a metody charakterizace

Syntéza mezoporéznich molekulovych sit

Mezoporézni sita byla pfipravena pomoci hydrotermalni syntézy. Reakéni roztoky byly
ptipraveny v jednolitrovych lahvich Nalgane. Po syntéze byly produkty syntézy zfiltrovany,
promyty vodou a suSeny ptes noc. Templaty byly odstranény kalcinaci (540 °C po dobu 8 h's
teplotnim narastem 1 °C/min).

Modifikace mezoporéznich molekulovych sit pro imobilizaci metatéznich katalyzatori

Mezoporézni  molekulova sita  byla modifikovana linkrem  obsahujicim
dicyklohexylphosphinovou skupinu. Typicka modifikace SBA-15: 15 ml toluenu bylo
smichano s 900 mg SBA-15 (SBA-15 bylo ptedsuseno pii 300 °C po dobu 3 h) v Schlenkové
nadobé&. Poté bylo pfidano 650 pl 2-(dicyclohexylphosphine)ethyltriethoxysilanu. Smés byla
michana po dobu 23 h pti 60 °C. Po ukonéeni reakce byl odfiltrovan toluen a modifikované
sita SBA-15 (M1) byly étyfikrat promyty 10 ml toluenu a jedenkrat dichlormetanem. Promyté
sito M1 bylo susSeno ve vakuu pfii laboratorni teploté.

Modifikace mezoporéznich molekulovych sit pro adsorbci CO;

Materialy obsahujici MgO byly pfipraveny z SBA-15, MCM-41 a MCM-48. V syntéze
byly 2 g molekulového sita rozpustény v roztoku 5 ml etanolu, 5 ml vody a 2 g tetrahydratu
octanu hofecnatého. Po 5 min byla smé&s zfiltrovana a suSena po dobu 1 h pfi teplotach od 60
do 90 °C. Nasledné byl vzorek dosusen pii 115 °C po dobu 8 min. Suchy vzorek byl viozen
do 10 ml roztoku kyseliny stavelové (30 g kyseliny stavelové ve 100 ml etanolu) na 10 min.
Poté byl vzorek zfiltrovan, ususen pii 75 °C a kalcinovan pii 300 °C po dobu 10 h (teplotni
nartst 1 °C/min). Material obsahujici MgO byl impregnovan $tavelanem draselnym: 0,5 g
MgO-SBA-15 bylo pfes noc namoceno ve 3 ml 0,5 M roztoku §tavelanu draselného (4,5 g
kyseliny $tavelové, 5,02 g KOH v 100 ml destilované vody). Vzorek byl suSen ve vakuu pfi
laboratorni teploté. Kalcinace byla provedena pii 300 °C po dobu 6 h (teplotni nartist 1
°C/min).



Piiprava heterogennich metateznich katalyzatori

Typicka ptiprava heterogenniho katalyzatoru: 1,2 g modifikovaného sita SBA-15 (M1)
bylo rozpusténo v 13 ml toluenu. Poté bylo piidano 109,2 mg RC-304. Nasledné¢ byla
suspense michana pii laboratorni teplot¢ po dobu 24 hodin. Produkt CO1 byl né&kolikrat
promyvan toluenem a CH,Cl,, a vysusen ve vakuu.
Charakterizacni techniky

Adsorpéni izotermy dusiku (pii -196 °C) byly zméfeny na piistroji Micromeritics ASAP
2020. Rentgenova praskovou difrakce byla provedena na difraktometru Bruker AXS D8 Advance
vybavenym grafitovym monochromatorem a Vantec-1 detektorem s CuKo zdrojem zafeni a
Bragg—Brentano geometrii. Morfologie mezoporéznich molekulovych sit byla analyzovéana
pomoci skenovaciho elektronového mikroskopu JEOL, JSM-5500LV. UV-VIS spektra
homogennich katalyzatori byla zméfena na spektrometru Perkin-Elmer Lambda 950. FTIR
spektra byla ziskana s pouzitim FTIR spektrometru Nicolet Avatar 320. Koncentrace Mg, Ru
a P byla stanovena pomoci hmotnostni spektrometrie s induk¢né vazanou plazmou Elan DRC-
e (Perkin Elmer, Concord, Kanada). K analyze produkti byla pouzita plynova chromatografie
s velkym rozlisenim Agilent 6890 s kolonou DB-5 (délka: 50 m, vnitini pramér: 320 um).

4. Vysledky a diskuze

Modifikace mezoporéznich molekulovych sit pro adsorbci CO,

V této casti prace byly vzorky mezoporézni siliky (SBA-15, SBA-16 a MCM-48)
obsahujici MgO modifikovany uhli¢itanem draselnym. K tomu, aby se adsorp¢ni kapacita
vici CO; zvysila, byla vyvinuta nova metoda pro modifikaci Mg-SBA-15, Mg-SBA-16 a Mg-
MCM-48 draselnymi kationty. Adsorp¢ni izotermy CO, pii 20 °C (Obrazek 4.1.) ukazovaly
rozdily v adsorpénich vlastnostech ¢istého materialu SBA-15, vzorku MgO-SBA-15 a vzorku
K/Mg-SBA-15. Izotermy, jenz byly zméfené na vzorcich SBA-15 a Mg-SBA-15 naznacovaly,
ze v oblasti nizkych tlaki tyto materialy neinteragovaly silné s CO,, jelikoz povrchové OH
skupiny nebyly schopné silné interagovat s CO; a skute¢na adsorp¢ni mista chybéla. Rovnéz
byla zaznamenana slaba interakce CO, s povrchem AI-SBA-15 [10]. Také velikost poru byla
velka, a proto nemohla ovlivnit adsorpci tzv. efektem ‘‘from the top’’ nedavno popsano
Nachtigallem et al. [11, 12]. Tento efekt je dulezity pti adsorpci CO, u mikroporéznich
zeoliti. lzoterma CO; na vzorku K/Mg-SBA-15 vykazovala nelinearni konkavni tvar
s klesajici tendenci, coz je typické pro adsorpci CO; na anorganickych materialech (zeolity,
mezoporézni absorbenty).
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Obrazek 4.1. Adsorbéni isotermy CO, pii 20 °C na SBA-15 (o), Mg-SBA-15 (4A),
K/Mg-SBA-15 (V).

Isosterické adsorpéni teplo Qs bylo uréeno ze sklonu adsorpénich isoster pomoci
Clausius—Clapeyronovy rovnice. Adsorpéni isostery byly v koordinatach log p vs. /T
linearni, a proto isosterické adsorp¢ni teplo nebylo zavislé na teploté, ale pouze na
adsorbovaném mnozstvi. Malé hodnoty Qs pro SBA-15 a Mg-SBA-15 (maximalni hodnoty
pro oba vzorky byly 27 klJ/mol) naznacovaly slabou interakci CO, s materidlem bez
draselnych kationtl. Vzorek Mg-SBA-15, ktery byl modifikovan draselnymi kationty,
vykazoval hodnoty Qs az 46.5 kJ/mol pro malé mnozstvi adsorbovaného CO,. Tato hodnota
byla porovnatelna s hodnotami Qs pro rizné nizkosilikatové zeolity obsahujici alkalické
ionty, kde Qs je v rozmezi 40 az 50 kJ/mol [13].

Hoveyda-Grubbsuv typ katalyzatoru imobilizovany pomoci vymény L ligandu

Byl piipraven novy typ heterogenniho katalyzatoru pomoci imobilizace Hoveyda-
Grubbs katalyzatoru prvni generace (RC-304) na rizné mezoporézni sita: SBA-15, SBA-16,
MCM-41 a MCM-48. Sita pouzita pro imobilizaci byla modifikovana linkrem obsahujicim
dicyklohexylphosphinovou skupinu (M1 - M4). Ptipravené katalyzatory byly testovany
v riznych metatetickych reakcich. Také byl zkouman ,,leaching™ ruthenia, opakované pouziti
katalyzatord a vliv nosice na katalytickou aktivitu.
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Schéma 4.1. Imobilizace RC-304 na SBA-15 (M1), SBA-16 (M2), MCM-48 (M3) a MCM-
41 (M4), jenz byly modifikovany s PCy, linkrem.
Metatéze zamykani kruhu (RCM)
Na obrazku 4.2. jsou zobrazeny konverzni ktivky v reakci 1,7-oktadienu s RC-304 a
heterogennimi katalyzatory CO1 (SBA-15), C02 (SBA-16), C03 (MCM-48) a C04 (MCM-




41) pii 0 °C. Po&atetni reakéni rychlost pro RC-304 vyjadiena pomoci TOFs byla 0,143 s™.
Celkova konverze substratu byla dokon¢ena po 2 h. V ptipadé heterogennich katalyzatort,
pocatecni reakéni rychlost vyjadiena pomoci TOF3p rostla v tomto potadi: C04 (TOFsz=
0,002 s!) < C02 (TOF3= 0,004 s) < C03 (TOF3= 0,010 s!) < CO1 (TOFs= 0,012 s™).
Konverze substratu po 5 h rostla ve stejném poradi.
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Obrazek 4.2. RCM 1,7-oktadienu s RC-304 (H), CO1 (@), C02 (V¥), C03 (A)aC04 (#).0
°C, Ru/1,7-oktadien = 1:100, toluen, c® (1,7-oktadien) = 0,15 mol/I.

Chovani heterogennich katalyzatorti se odviji od typu podloZi. Ukazalo se, ze
katalyticka aktivita vzrista se vzrustajici velikosti poru v reakci s (-)-p-citronellene [14] a
methyl oleatem [15]. Z literatury je znamo, ze 3D systémy (MCM-48 a SBA-16) maji vyhodu
v molekularni diftzi nez systémy, které maji 1D kanalovou strukturu (MCM-41 a SBA-15)
[16]. Také bylo zjisténo, ze Ru katalyzatory lokalizované v uzavieném prostoru 3D materialt
byly stabilngjsi [17]. V nasem piipadé se ukazalo, ze nejdulezitéjsi je velikost poru, jelikoz
katalyticka aktivita vzrustala se vzristajici velikosti pord. Efekt velikosti poru na konverzi byl
rovnéz sledovan v reakcich s N,N-diallyl-2,2,2-trifluoroacetamidem a tert-butyl N,N-
diallylkarbamatem. Konverze po 5 h vzrustala v nasledujicim potfadi: C04 < C02 < C03 <
C01 < RC-304 pro N,N-diallyl-2,2,2-trifluoroacetamid a pro tert-butyl N,N-diallylkarbamat
nasledovné C04 < C02 = C03 < C01 < RC-304. Toto poradi prakticky kopiruje vzristajici
velikost poru tak jako pfi reakci s 1,7-oktadienem pti 0 °C.

Filtracni test, leaching a opakované pouziti katalyzatoria

K posouzeni heterogenity katalyzatoru se Casto pouziva filtraéni test [18]. Z testu
(Obrazek 4.3.) vyplivd, Ze ya katalytickou aktivitu je zodpov&dny pouze heterogenni
katalyzator. Leaching katalyzatoru CO1 v reakci s 1,7-oktadienem (toluen, 40 °C, 5 h) byl
pouze 0,1 % z pocatetniho mnozstvi Ru v reakci (Obrazek 4.3.). Kontaminace produktu
rutheniem byla pouze 5,6 ppm.

Opakované pouziti katalyzatoru CO1 bylo studovano v reakci s 1,7-oktadienem 5 h od
pocatku reakce (Tabulka 4.1.). Katalyzator byl zfiltrovan, promyt toluenem, a poté byla
piidana nova davka toluenu a substratu. Katalyzator byl uspéSné Skrat pouzit (pokles
konverze byl pouze 6 %), nicméné¢ mensi ztraty katalyzatoru pfi filtraci a deaktivace urcitého
mnozstvi katalyzatoru mély za nasledek pokles konverze na 54 % v posledni reakci.
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Obrazek 4.3. Filtrac¢ni test katalyzatoru CO1 v reakci s 1,7-oktadienem. Kapalna faze
v kontaktu s heterogennim katalyzatorem (kruh), kapalna faze po filtraci (¢tverec), toluen,
40 °C, molarni pomé&r Ru/1,7-oktadien = 1:250, c® (1,7-oktadien) = 0,15 mol/l.
Tabulka 4.1. Opakované pouziti katalyzatoru CO1 v reakci s 1,7-oktadienem.

Reakce 1 2 3 4 5 6

Konverze (%) 98,0 97,9 97,9 97,7 92,0 54,1

RCM 1,7-oktadienu, 40 °C, 5 h, toluen, Ru/l,7-oktadien = 1:100, ¢’ (1,7-oktadien) = 0,15
mol/l.
Imobilizace Ru komplext pomoci nekovalentnich interakci

Dalsi mozny zpisob imobilizace Ru alkylidenu na povrch mezoporéznich
molekulovych sit je s pouzitim nekovalentnich interakci Ru alkylidenu s povrchovymi OH
skupinami. Jako nosiée byly zvoleny SBA-15, MCM-41 a konven¢ni Silikagel 40. Pro tento
zpusob imobilizace byl vybran komeréné dostupny Ru alkyliden CI-HG-II obsahujici
kvartérni amoniové skupiny umisténé na NHC ligandu. Imobilizace CI-HG-11 na SBA-15
(katalyzator C05) a MCM-41 (katalyzator C06) prob¢hla témét kvantitativng, 99 % pouzitého
mnozstvi CI-HG-I1 se naneslo na povrch pouzitého nosniku (obsah Ru v katalyzatoru byl
1,17 %). V ptipad¢ amorfniho Silikagelu 40 (katalyzator CO7) se naneslo na povrch pouze 75
% pouzitého mnozstvi CI-HG-I1 (obsah Ru v katalyzatoru byl 0,92 %). V tomto ptipadé bylo
imobilizovano mensi mnozstvi Ru v disledku nizsi dostupnosti povrchu amorfniho Silikagelu
40.
Katalyticka aktivita - vliv pouZitych nosici

V reakci s 1,7-oktadienem (Obrazek 4.4.) vzrustala pocate¢ni rychlost reakce v

nasledujicim poradi: CO7 = C06 < CO05 < CI-HG-II. Rozdily v konverzi 1,7-oktadienu
vyplyvaji z razné velikosti port. Nejlepsim nosnikem byl material SBA-15, jelikoz ma
regulérni mezoporézni strukturu, a také nejvetsi pramér pord nami testovanych podlozi.
Pozitivni efekt velikosti port byl dale pozorovan v reakci s (-)-f-citronellenem a methyl
oleatem. | v této reakci pocatecni reakcni rychlost Kklesala v zavislosti na pouzitém
katalyzatoru v totozném poradi: CI-HG-11 > C05 > C06 > CO07. Katalyzator C05 byl



nejaktivnéjsi z heterogennich katalyzatort s pocatecni rychlosti reakce blizici se pocatecni
rychlosti homogennimu katalyzatoru CI-HG-I1. V reakci s (-)-f-citronellenem byl TOF;, pro
CI-HG-11 3,06 s a pro C05 byl 3 s, v reakci s methyl oleatem TOFy pro CI-HG-11 0,188 s
! a pro CO5 byl 0,154 s™. U vsech katalyzatorti reakce probihaly selektivng, jedinymi
produkty reakci byly methylcyklopenten a dimethyl oktadecenyldioat. Snizeni pocatec¢ni
reak¢ni rychlosti heterogenniho katalyzatoru viéi homogennimu katalyzatoru je z duvodu
diftize reaktantt ke katalyticky aktivnim ¢astim uvnitf pori nosice.
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Obrazek 4.4. RCM 1,7-oktadienu s CI-HGI1 (H), CO05 (@), C06 (A) a C07 (V). 0 °C,
molarni pomér Ru/1,7-oktadien = 1:250 , toluen, c® (1,7-oktadien) = 0,15 mol/I.

Pro potvrzeni heterogenity katalyzatoru CO05 byl proveden standardni filtra¢ni test
(RCM s 1,7-oktadienem pii 40 °C). Leaching ruthenia byl v této reakci pouze 2,6 % z
poc¢ate¢niho mnozstvi Ru v reakci, tzn. 17 ppm Ru bylo v produktu. Hodnoty konverze se ve
filtratu neménily, coz svéd¢i o tom, ze Ru vymyvané do kapalné faze bylo metateticky
neaktivni.

Katalyticka aktivita — vliv reakénich podminek
Katalyzator CO05 se ukazal jako nejlepSi heterogenni katalyzator z testovanych

katalyzatord. Pro hlubsi porozuméni piipraveného katalyzatoru C05 byly testovany vlivy
reakéniho prostiedi na tento katalyzator. Jako modelovy substrat byl vybran (-)-g-citronellen.

Ukazalo se, ze katalyzator CO5 je mozné pouzit opakované v reakci s (-)-f-
citronellenem nejen pii vysoké koncentraci katalyzatoru (1:250), ale také i pifi snizené
koncentraci katalyzatoru na 1:1000. V prvnim piipadé byly uspésné dokonceny 4 reakce s
konverzi pres 90 %. V druhém ptipadé bylo dosaZzena konverze ptes 90 % pouze v prvni
reakci.

Poté byl zkouman vliv koncentrace substratu v reakci s (-)-f-citronellenem pti 60 °C s
molarnim pomérem Ru/substrat = 1:2000. Zvysujici se koncentrace substratu od 0,15 mol/l do
reakce pouze se substratem méla za nasledek zvyseni TONu a TOFu. Pii koncentraci
0,15 mol/I byl maximalni TON 1623 a TOF1 0,93 s™. Zvy3eni koncentrace na 1 mol/I zvysilo
TON na 2000 a TOFy na 3.1 5%, V reakci bez rozpoustadla bylo dosazeno nejvyssich TON a
TOF, ale selektivita klesla na 70 % z davodu tvorby oligomert pfi vyssich koncentracich
RCM substratt [19].

Ukazalo se, ze pii koncentraci substratu 1 mol/l (Obrazek 4.5.) je mozné dosahnout
maximalniho TONu s vysokou selektivitou. V reakcich s molarnim pomérem Ru/substrat od



1:2000 do 1:12000 bylo dosazeno podobnych konverzi. Pocate¢ni reakéni rychlost (TOF3p)
vzristala v nasledujicim pofadi: 1:2000 (TOFg= 1.05 s') < 1:4000 (TOFs= 2.04 s*) <
1:8000 (TOF30= 3.86 5') < 1:12000 (TOF30= 4.8 ™). Konverze substratu v reakci s molarnim
pomérem 1:12000 dosahovala hodnoty 94 % (TON = 11300). Snizeni koncentrace
katalyzatoru (1:16000) zpusobilo snizeni konverze substratu (kone¢na konverze byla 32 %).
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Obrazek 4.5. Vliv koncentrace katalyzatoru C05 v RCM (-)-B-citronellenu. Toluen, c° ((-)-p-
citronellene) = 1 mol/l, 60 °C, molarni pomér Ru/(-)-B-citronellene = 1:2000 (M), 1:4000
(@), 1:8000 (A), 1:12000 ('¥), 1:16000 (#), 1:24000 (*).

Katalyticka aktivita — vliv rozpoustédla
Katalyzator C05 byl testovan v RCM s (-)-f-citronellenu, 1,7-oktadienu a self-

metatéze methyl oleatu v rtznych rozpoustédlech (toluen, CHyCl,, ethylacetat a THF).
Pocate¢ni reakéni rychlost a konverze po 5 h ve vSech testovanych systémech vzristala v
nasledujicim potadi: THF < CH,Cl, < ethylacetat < toluene. Jedinou vyjimkou byla reakce
1,7-oktadienu v ethylacetatu, kde pocatecni reakcni rychlost byla vys$si nez v toluenu
(Tabulka 4.2.). Tyto experimenty ukazaly, ze toluen je mozné nahradit za méné zdravotné
nebezpecny ethylacetat.

Tabulka 4.2. TOFy a TONy CO05 katalyzatoru v reakcich s toluenem a ethylacetatem.

Substrat Rozpoustédlo TON TOF3
(-)-p-citronellen Toluen 1080 0,16 s™
Ethylacetdit 960 0,11s*
1,7-oktadien Toluen 207 0,025s™
Ethylacetat 185 0,041 s*

methyl oleat Toluen 137 0,036 s'i

Ethylacetat 125 0,033 s

5. Z.aveér

Byla vyvinuta nova metoda modifikace mezoporéznich sit SBA-15, SBA-16 a MCM-48
S MgO a uhli¢itanem draselnym. B&hem modifikace nedochazelo ke kolapsu struktury
mezoporéznich sit. Tato procedura byla zaloZzena na precipitaci octanu hore¢natého na
povrchu mezoporézniho sita a nasledné chemické konverzi na stavelan hofeénaty, ktery se
rozlozi na MgO. Bylo zjisténo, Ze adsorb¢ni vlastnosti modifikovanych vzorkil zavisi na typu
mezoporézni struktury. Sito SBA-15 modifikované s MgO a uhli¢itanem draselnym
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vykazovalo nejstrméjsi adsorbéni izotermu. Adsorb¢ni kapacita vici CO, byla vyssi nez pro
analogické materialy pfipravené z SBA-16 a MCM-48.

Hlavni c¢ast prace byla vénovana piipravé novych heterogennich metateznich
katalyzatorti za pouziti mezoporéznich molekulovych sit, jenz reprezentuji vhodny material
pro imobilizaci. Jako nosi¢e byly testovany: Silikagel 40, mezoporézni sita SBA-15, SBA-16,
MCM-41 a MCM-48. Testované Ru alkylidény byly imobilizované pomoci linkri nebo
piimou nekovalentni interakci s povrchem pouzitych materidlii. Piipravené heterogenni
katalyzatory byly vysoce aktivni a selektivni v riiznych typech metatéznich reakci (RCM,
CM, self-metateze) s riznymi typy substratd. I pfes pomalejsi pocateéni rychlost reakce v
porovnani s homogennimi Katalyzatory, ptipravené heterogenni katalyzatory vykazovaly
vSechny dulezité charakteristické vlastnosti pro dobré heterogenni katalyzatory, tzn. maly
leaching ruthenia a opakované pouziti katalyzatoru. Bylo zji$téno, ze aktivita ptipravenych
heterogennich katalyzatorti zavisi na pouZzitém nosniku. Nezavisle na pouzitém Ru alkylidénu
¢i modu imobilizace, mezoporézni sito SBA-15 bylo vzdy nejlep§im nosnikem pro nové
ptipravené heterogenni katalyzatory.
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Abstract

The main objective of this work was to evidence versatile applications of ordered
siliceous mesoporous materials, especially in adsorption and catalysis. For these reasons four
mesoporous molecular sieves (SBA-15, SBA-16, MCM-41, and MCM-48) with different
structures and textural properties have been chosen.

To show the possible application of mesoporous molecular sieves as a CO, adsorbent,
magnesium oxide, and potassium carbonate were incorporated into SBA-15, SBA-16, and
MCM-48 silicas. In order to avoid destruction of silica supports, a novel procedure based on
the precipitation of magnesium acetate on the silica surface was developed. Subsequent in situ
chemical conversion of magnesium acetate provided magnesium oxalate, while magnesium
oxide was formed by calcination. To introduce potassium carbonate, silica modified with
MgO was impregnated with potassium oxalate followed by its conversion to carbonate. All
prepared mesoporous adsorbents preserved characteristic features of mesoporous molecular
sieve (large surface areas, narrow pore size distributions). The comparison of carbon dioxide
isotherms obtained on prepared samples revealed that their adsorption properties are
decisively influenced by the type of mesoporous structure. The SBA-15 silica containing
magnesium oxide and promoted by potassium carbonate exhibited the steepest adsorption
isotherm. The CO, adsorption capacity of this sample was higher than those of analogous
samples prepared from SBA-16, and MCM-48. The amount adsorbed at 100 kPa and 20 °C
increased in the order Mg/K-SBA-16 (10.3 cm®/g) < Mg/K-MCM-48 (12.7 cm®/g) < Mg/K-
SBA-15 (18.8 cm®/g).

Mesoporous molecular sieves were used as supports for the preparation of new
heterogeneous metathesis catalysts by immobilization of Ru alkylidenes (homogeneous
catalysts highly active and tolerant towards a variety of functional groups in substrates). New
heterogeneous catalysts for metathesis reactions were prepared either by immobilization via
phosphine linkers or via non-covalent interactions. New catalysts were prepared by
immobilization of the Hoveyda-Grubbs 1% generation-type catalyst (RC-304), and the Grubbs
2" generation catalyst (G-11) onto the surface of mesoporous molecular sieves bearing
dicyclohexylphosphine groups (PCy,). The Hoveyda-Grubbs 2" generation-type catalysts
bearing a polar quaternary ammonium group in N-heterocyclic ligand were immobilized via
non-covalent interaction onto the surface of mesoporous molecular sieves. The catalysts are
bound to the silica surface by adsorption probably with a participation of surface silanol
bonds.

UV-Vis spectroscopy, solid state NMR, X-ray powder diffraction and elemental
analysis were used to determine structures of prepared heterogeneous catalysts. For textural
characterization of the catalysts, nitrogen adsorption measurement was used. In all cases, the
mesoporous structure and morphology of the support remained unaffected by the
immobilization process.
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The activity of prepared catalysts was tested in various metathesis reactions. They were
highly active in ring-closing metathesis (RCM) of 1,7-octadiene, diethyl diallylmalonate,
N,N-diallyl-2,2,2-trifluoroacetamide, tert-butyl N,N-diallylcarbamate, (-)-B-citronellene, and
allyl ether, self-metathesis and cross-metathesis (CM) of 5-hexenyl acetate, methyl 10-
undecenoate, 1-decene, methyl oleate; allylbenzene with cis-1,4-diacetoxy-2-butene, and in
ring-opening metathesis polymerization (ROMP) of cyclooctene. In many cases, high TONs
(up to 16 000) at nearly 100 % selectivity were achieved. Depending on the support used, the
catalyst activity was found to increase with increasing pore size of mesoporous molecular
sieves.

All catalysts were easily separable from reaction mixtures, and in some cases they
exhibited very low Ru leaching, enabling easy preparation of products with Ru content bellow
10 ppm (which is an acceptable level for pharmaceutical use). Successful catalyst reusing was
achieved in most cases. These catalysts proved to have those properties: (i) preservation of
high activity and selectivity of the parent homogeneous catalysts; (ii) easy catalyst separation;
(iii) (multiple) catalyst reusing; and (iv) catalyst residue-free products.

1. Introduction

Siliceous mesoporous molecular sieves are materials with regular structures, large
BET areas (Sger) (often higher than 1000 m?/g), high void volumes (up to 1 cm®/g), and pores
in mesoporous region (diameter from 2 nm to 50 nm) with narrow pore size distribution [1].
The discovery of mesoporous molecular sieves opened new possibilities in many areas of
chemistry and material science (adsorption, catalysis, drug delivery) [2]. Siliceous
mesoporous molecular sieves (SBA-15, MCM-48) represent progressive supports for new
heterogeneous catalysts for olefin metathesis and metathesis polymerization [3]. The
mesoporous molecular sieves were investigated as: (i) adsorbents for removal of pollutants
from liquid phase; (ii) adsorbents for gas separation, and purification; (iii) drug delivery
systems; (iv) supports for the heterogenization of homogenous catalysts; and (v) catalysts or
supports for bifunctional catalysts [4]. Four types of mesoporous molecular sieves were used
in this work, namely MCM-41, MCM-48, SBA-15, and SBA-16, which can be modified in
order to enhance their adsorption capacity for carbon dioxide and as support materials for
highly active homogeneous metathesis catalysts.

Olefin metathesis
Olefin metathesis is considered as one of the most important reactions for the

formation of carbon—carbon bonds having a wide range of applications in organic chemistry,
polymer chemistry, and materials science (adhesives, flame retardants) [5]. Word metathesis
comes from Greek’s meta (change) and tithemi (place), which reflects the general mechanism
of metathesis reaction (exchanging alkylidene fragments between two molecules of olefin).
Metathesis of alkenes has high activation energy and therefore proceeds only in the presence
of transition metal catalysts [6]. Both homogeneous and heterogeneous catalysts can be
employed. The most active ones are based on tungsten, molybdenum, rhenium and ruthenium
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compounds [7, 8]. The reaction is catalysed by compounds of transition metals such as
ruthenium (Grubbs-type alkylidene), tungsten, and molybdenum (Schrock-type alkylidene)

[9].
2. Aims of the thesis

The Ph.D. thesis objectives can be summarized as follows:

1. Synthesis of high quality siliceous mesoporous molecular sieves SBA-15, SBA-16,
MCM-41, and MCM-48.

2. Post-synthesis modification of mesoporous molecular sieves for adsorption of carbon
dioxide.
3. Preparation of new type highly active and selective heterogeneous catalysts for olefin

metathesis based on ruthenium complexes immobilized on mesoporous molecular
sieves of various architecture and pore size.

4. New well-defined Ru metathesis catalysts immobilized on mesoporous molecular
sieves characterization using physicochemical methods.
5. Testing of the activity and selectivity of new well-defined Ru metathesis catalysts

immobilized on mesoporous molecular sieves in ring-closing metathesis (RCM), self-
metathesis, and cross-metathesis (CM).

6. Ru leaching determination during the metathesis reactions, in order to test the
possibility of catalyst reusing and to check the possibility of the catalyst application
under flow conditions.

3. Materials and methods

Synthesis of mesoporous molecular sieves

Mesoporous silicas were prepared via hydrothermal synthesis. Reaction mixtures were
prepared in 1 L autoclavable Nalgene bottles. After the synthesis, the solid product was
recovered by filtration, thoroughly washed with distilled water and dried overnight in air.
Structure-directing agents were removed by calcination in air carried out at 540 °C for 8 h
with a temperature ramp of 1 °C/min.
Modification of mesoporous sieves for immobilization of metathesis catalysts

Mesoporous molecular sieves were modified with phosphine linker containing
triethoxysilane group. Typical modification of SBA-15: 15 mL of toluene was added to 900
mg of SBA-15 (predried under vacuum at 300 °C for 3 h) in a Schlenk tube, then 650 pL of 2-
(dicyclohexylphosphine)ethyltriethoxysilane was added, and the mixture was stirred for 23 h
at 60 °C. Supernatant was filtered off and the modified SBA-15 (M1) was 4 times washed
under the argon atmosphere with 10 ml of toluene and dichloromethane and finally the rest of
solvent was removed by drying of the modified SBA-15 in vacuum at room temperature.
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Modification of mesoporous sieves for adsorption of carbon dioxide

Magnesium oxide-grafted materials were prepared from purely siliceous SBA-15. To
prepare magnesium oxides-grafted material, 2 g of the SBA-15 silica were added to a solution
containing 5 mL of ethanol, 5 mL of distilled water and 2 g of magnesium acetate
tetrahydrate. This mixture was filtered after 5 min and dried at 60-90 °C for 1 h. The sample
was dried at 115 °C for 8 min. The dried composite was soaked in 10 mL of oxalic acid
solution (30 g oxalic acid in 100 mL of ethanol) for 5-10 min. The powder was filtered, dried
at 75 °C, and calcined in air at 300 °C for 10 h (temperature ramp of 1 °C/min). Magnesium
oxides-grafted materials were impregnated with potassium oxalate: 0.5 g of MgO-SBA-15
was soaked in 3 ml of 0.5 M solution of potassium oxalate (4.5 g oxalic acid, and 5.02 g KOH
in 100 mL of distilled water) overnight. Samples were dried by vacuum filtration at room
temperature. Calcination was carried out in air at 300 °C for 6 h (temperature ramp of 1
°C/min).

Preparation of heterogeneous metathesis catalysts
Typical preparation of heterogeneous catalyst: 1.2 g of linker modified SBA-15 (M1) was
suspended in 13 mL of dry toluene and 109.2 mg RC-304 was added. The suspension was
stirred at room temperature for 24 h. The product was several times washed with toluene and
CHCls,. The product C01 was dried in vacuum.
Characterization techniques

Adsorption isotherms of nitrogen at -196 °C (i.e., 77.35 K) on materials under study
were determined using an ASAP 2020 (Micromeritics) instrument. X-ray powder diffraction
(XRD) data were obtained on a Bruker AXS D8 Advance diffractometer with a graphite
monochromator and a position sensitive detector Vantec-1 using Cu Ko radiation (at 40 kV
and 30 mA) in Bragg-Brentano geometry. The morphology of mesoporous molecular sieve
particles was examined by scanning electron microscopy (SEM) on a JEOL, JSM-5500LV
microscope. UV-Vis spectra of homogeneous catalysts were recorded using a Perkin-Elmer
Lambda 950 spectrometer. FTIR spectra were recorded on FTIR spectrometer Nicolet Avatar
320. Concentration of magnesia species, ruthenium, and phosphorus was determined by
inductively coupled plasma mass spectrometry (ICP-MS) using an Elan DRC-e (Perkin
Elmer, Concord, Canada) spectrometer. A high-resolution gas chromatography Agilent 6890
with DB-5 column (length: 50 m, inner diameter: 320 wm) was used for the product analysis.

4. Results and discussion

Modification of mesoporous molecular sieves for CO, adsorption

In this contribution, we have promoted magnesium oxide containing mesoporous
silicas (SBA-15, SBA-16, and MCM-48) with potassium carbonate. For that purpose, a novel
procedure for the preparation of mesoporous Mg-SBA-15, Mg-SBA-15, and Mg-MCM-48
adsorbents with further introduction of potassium cations was developed to enhance the
adsorption capacity over CO,. Adsorption isotherms of carbon dioxide at 20 °C displayed in
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Figure 4.1. show distinct differences in the adsorption properties of parent siliceous SBA-15,
Mg-SBA-15, and K/Mg-SBA-15. Isotherms recorded on SBA-15, and Mg-SBA-15 indicate
that in the low pressure region these materials do not interact very strongly with CO, because
the surface hydroxyl groups are not able to induce sufficiently strong interaction and real
adsorption sites are missing. The weak interaction of CO, with the surface of Al-SBA-15
silica was also reported [10]. In addition, the size of the pores is too large to influence the
adsorption by the effect “‘from the top’’ as recently described by Nachtigall et al. [11, 12],
which is really important in the case of CO, adsorption in microporous zeolites. The CO;
isotherms on modified samples with exhibit nonlinear concave decreasing course typical for
adsorption of CO, on inorganic materials (zeolites, mesoporous adsorbents, hydrotalcite-like
compounds).
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Figure 4.1. Adsorption isotherms of carbon dioxide at 20 °C on SBA-15 (o), Mg-SBA-
15 (A), KIMg-SBA-15 (V).

Isosteric adsorption heats Qs were then determined from the slopes of adsorption
isosteres using Clausius—Clapeyron equation. The adsorption isosteres in coordinates log p vs.
1/T were linear, isosteric adsorption heats did not depend on temperature; it depends only on
the amount adsorbed. Low values of Qg for SBA-15 and Mg-SBA-15 (maximal values about
27 kd/mol for both samples) indicate a weak interaction of CO, molecule with the materials
without potassium cations. Mg-SBA-15 sample promoted with potassium cations showed
maximal values of Qs of 46.5 kJ/mol for the small amount adsorbed. It is comparable with
isosteric heats found for different alkali-metal exchanged low-silica zeolites, which is in the
range from 40 to 50 kJ/mol [13].

Hoveyda-Grubbs type catalysts immobilized via exchange of L ligand

A new type of heterogeneous metathesis catalysts was prepared by the immobilization
of the Hoveyda-Grubbs 1% generation-type catalyst (RC-304) on the mesoporous molecular
sieves SBA-15, SBA-16, MCM-41, and MCM-48 modified with molecules bearing
dicyclohexylphosphine groups (PCy,) on the surface (M1 - M4). The prepared catalysts were
tested in various metathesis reactions. Ru leaching, possibility of catalyst reusing and the
influence of the support on the catalyst activity were studied.
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Scheme 4.1. Immobilization of RC-304 on SBA-15 (M1), SBA-16 (M2), MCM-48 (M3), and
MCM-41 (M4) modified with PCy; linker.

Ring closing metathesis

Figure 4.2. shows conversion curves for RCM of 1,7-octadiene with Ru alkylidene
RC-304 and heterogenized catalysts CO1 (SBA-15), C02 (SBA-16), C03 (MCM-48), and
C04 (MCM-41) at the temperature of 0 °C. The initial reaction rate of reaction promoted by
RC-304 expressed in TOFs values was 0.143 s, the full substrate conversion was achieved in
2 h. In the case of the reaction catalysed with C01 — C04 catalysts, the initial reaction rate
expressed in TOF3zo values, increased in the order C04 (TOFz,= 0.002 3'1) < C02 (TOF3p=
0.004 s™) < C03 (TOF3= 0.010 s*) < CO1 (TOF3,= 0.012 s™). Conversions obtained in 5 h
increased in the same order.

100

Conversion (%)

Time (min)
Figure 4.2. RCM of 1,7-octadiene over RC-304 (H), C01 (@), C02 ('¥), C03 (A), and C04
(#). 0 °C, Ru/1,7-octadiene = 1:100, toluene, c° (1,7-octadiene) = 0.15 mol/L.

The different behaviour of immobilized catalysts can be explained by the effect of
supports used. As concerns immobilized Ru alkylidenes, it was found that the activity
increased with the pore size for RCM of (-)-B-citronellene [14] and for the metathesis of
methyl oleate [15]. In addition, three-dimensional pore systems (MCM-48, SBA-16) can be
more advantageous for molecular diffusion than one-dimensional channel-like pore systems
(MCM-41 and SBA-15) [16]. Locating Hoveyda—Grubbs alkylidene into confined space of
cage-like system contributed to catalyst stability and prolonged its life time [17]. In our case,
when the pore size seems to be decisive, catalyst activity increased with the increasing pore
entrance diameter. The effect of increasing pore size on conversion was also observed in
RCM of DAF and DAC. Conversions after 5 h reaction increased in the order C04 < C02 <
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C03 < C01 < RC-304 for DAF, and C04 < C02 = C03 < C01 < RC-304 for DAC. This order
practically followed the increasing pore size similarly as for 1,7-octadiene at 0 °C.

Filtration test, catalyst leaching and reusing

Filtration tests are often used for the examination of heterogeneity in transition metal
catalysed reactions [18]. It is shown that solid catalyst is responsible for the catalytic activity
(Figure 4.3.).
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Figure 4.3. Filtration experiment for RCM of 1,7-octadiene with catalyst C01. Liquid phase in
contact with solid catalyst (circles), liquid phase after filtration (squares), toluene, 40 °C,
molar ratio Ru/1,7-octadiene = 1:250, ¢° (1,7-octadiene) = 0.15 mol/L.

For the catalyst CO1, Ru leaching in the course of RCM of 1,7-octadiene in toluene
(40 °C, 5 h, Ru/1,7-octadiene = 1:250, c® (1,7-octadiene) = 0.15 mol/L) was 0.1 % of the
original Ru content in the catalyst, which corresponds to the maximum product contamination
equal to 5.6 ppm of Ru. Reusing of catalyst CO1 was studied in RCM of 1,7-octadiene (Table
4.1.). After 5 h of the reaction, the catalyst was separated by filtration, washed with toluene,
then new portions of toluene, and 1,7-octadiene were added. The catalyst was used 5 times
without practically any decrease in the conversion achieved after 5 h (drop in conversion was
6 %). Nevertheless, certain losses in catalyst amount during its separation as well as the
possible catalyst deactivation caused a gradual decrease in catalyst activity, which was
manifested in the last run.
Table 4.1. Catalyst C01 reusing in RCM of 1,7-octadiene.

Runs 1 2 3 4 5 6

Conversion (%) 98.0 97.9 97.9 97.7 92.0 54.1

RCM of 1,7-octadiene, 40 °C, 5 h, toluene, Ru/1,7-octadiene = 1:100, ¢’ (1,7-octadiene) =
0.15 mol/L.
Immobilization of Ru complexes via non-covalent interaction

Another strategy for immobilization of highly active Ru alkylidenes on the surface of
mesoporous molecular sieves is the immobilization via direct non-covalent interactions of Ru
alkylidenes with surface OH groups of the used supports. For this purpose, we used highly
ordered SBA-15, MCM-41, and conventional Silicagel 40 as support materials. As Ru
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alkylidene, we used commercially available CI-HG-I1 catalyst bearing quaternary ammonium
groups placed in NHC ligand.

Immobilization of the CI-HG-11 on to SBA-15, and MCM-41 proceeded almost
quantitatively, as 99 % of initial amount of CI-HG-11 was immobilized (Ru content in catalyst
= 1.17 wt. % of Ru). In the case of amorphous Silicagel 40, only 75 % of initial CI-HG-I1I
was immobilized due to the lower accessibility of surface of amorphous Silicagel 40, which
resulted in lower Ru alkylidene immobilization (Ru content in catalyst = 0.92 wt. % of Ru).
Catalytic activity — influence of support

In RCM of 1,7-octadiene (Figure 4.4.) the initial reaction rate increased in the order
C07 = C06 < CO05 < CI-HG-II. Differences of substrate conversions depend on the pore size
of supports used and show the advantage of the SBA-15 as a support. It is attributed to the
regular mesoporous structure of SBA-15 with the largest pore diameter among all used
supports. The positive effects of pore size of catalyst was also observed in RCM of (-)--
citronellene and self-metathesis of methyl oleate. Also, in these reactions, the initial reaction
rates decreased with the type of catalysts in the following order: CI-HG-I1 > C05 > C06 >
CO07. The CO5 proved to be the most active heterogeneous catalyst, producing the initial
reaction rate almost as high as that observed for homogeneous CI-HG-I1 (in RCM of (-)-B-
citronellene TOF;, was 3.06 s™* for CI-HG-11 and 3 s™ for C05; in self-metathesis of methyl
oleate TOFo was 0.188 s for CI-HG-I1 and 0.154 s for C05). With all catalysts, reactions
proceeded selectively to methylcyclopentene and dimethyl octadecenyldioate, respectively, as
the only reaction products. The drop of the initial reaction rate of the heterogeneous catalysts
compared to the homogeneous ones is connected with the diffusion of the reactant to the
catalytically active species inside of the pores of support materials.
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Figure 4.4. RCM of 1,7-octadiene with catalysts CI-HGII (), C05 (@), C06 (A), and CO7
(¥). 0 °C, molar ratio Ru/1,7-octadiene = 1:250 , toluene, c® (1,7-octadiene) = 0.15 mol/L.

To confirm the heterogeneity of prepared catalyst C05, the standard filtration test was
carried out (RCM of 1,7-octadiene at 40 °C). Ruthenium leaching in this experiment was only
2.6 % of the initial amount of Ru which corresponds to the maximum 17 ppm of Ru in the
product. The values of substrate conversion in the filtrate suggested that Ru species that were
leached into the liquid phase could not catalyse metathesis reactions.
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Catalytic activity - influence of reaction conditions
Catalyst CO5 proved to be the best heterogeneous catalyst tested. In accordance with

evaluation of good heterogeneous catalyst for particular reaction (activity, stability, and
reusability) we decided to check the influence of reaction conditions in order to increase
maximal TON. RCM of (-)-p-citronellene was taken as a model reaction. The catalyst C05
also turns out to be reusable in RCM of (-)-g-citronellene not only at high catalyst
concentration Ru/(-)-g-citronellene 1:250, but also when lower concentration of catalyst was
applied (Ru/(-)-p-citronellene 1:1000). In the first case, CO5 was able to sufficiently
accomplish four runs in RCM of (-)-S-citronellene with conversion of the substrate over 90 %.
In the second case, conversion over 90 % was accomplished just in the first reaction.

Then, RCM of (-)-f-citronellene at 60 °C with molar ratio Ru/(-)-f-citronellene =
1:2000 at different substrate concentrations was performed. Increased substrate concentration
from 0.15 mol/L to neat substrate resulted in higher TON and especially in higher TOF.
Maximum TON and TOF in reaction carried out at 0.15 mol/L reached 1623 (5 h reaction
time) and 0.93 s (TOF calculated after 10 min), respectively. In contrast, at 1 mol/L
concentration TON 2000 (5 h) and TOFy 3.1 s were found. Reaction performed in neat
substrate exhibited the highest TON and TOF, but with distinctive drop of selectivity over 70
%. The drop of selectivity towards RCM product was due to RCM substrates at high reaction
concentration can form ADMET oligomers [19].

It turned out that substrate concentration of 1 mol/L (Figure 4.5.) is convenient to get
maximal TON with selective formation of ring closing metathesis products. Reactions with
molar ratio Ru/substrate in the range 1:2000 to 1:12000 showed similar final conversions. The
initial reaction rate expressed in TOF3 values increased in the order 1:2000 (TOF3,= 1.05 s™)
< 1:4000 (TOFs= 2.04 s) < 1:8000 (TOFz= 3.86 s?) < 1:12000 (TOFs= 4.8 s™).
Conversion in reaction with Ru/molar ratio 1:12000 reached to 94 %, which corresponds to
excellent TON of 11300. Subsequent decrease in the catalyst concentration to molar ratio
1:16000 caused decrease in substrate conversion (final conversion was 32 %).
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Figure 4.5. RCM of (-)--citronellene over CO5 loading dependence. Toluene, c° ((-)-5-
citronellene) = 1 mol/L, 60 °C, molar ratio Ru/(-)-s-citronellene = 1:2000 (H), 1:4000 (@),
1:8000 (A), 1:12000 ('¥), 1:16000 (#), 1:24000 (*).
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Catalytic activity — influence of solvent
The catalyst C05 was tested in RCM of (-)-g-citronellene, 1,7-octadiene, and self-

metathesis of methyl oleate in different solvents (toluene, CH,Cl,, ethyl acetate, and THF).
The initial reaction rate and conversion after 300 min in all tested systems increased in order
THF < CH,Cl; < ethyl acetate < toluene. The catalyst C05 showed one exception, in RCM of
1,7-octadiene in ethyl acetate, the initial reaction rate was higher than for toluene (Table 4.2.).
The experiments revealed the possibility of replacement of the solvent from toluene to more
environmentally and user friendly ethyl acetate due to TON and TOF not changing
significantly in the reactions carried out in toluene and ethyl acetate (Table 4.3).

Table 4.2. CO5 TOFs and TONSs in reactions with toluene and ethyl acetate.

Substrate Solvent TON TOF3
(-)-p-citronellene Toluene 1080 0.16s™
Ethyl acetate 960 0.11s*
1,7-octadiene Toluene 207 0.025 s
Ethyl acetate 185 0.041s™
methyl oleate Toluene 137 0.036 s
Ethyl acetate 125 0.033s™

5. Conclusions

A special method was developed to introduce magnesium oxide and potassium
carbonate into the different structure types of mesoporous silica (SBA-15, SBA-16, MCM-48)
without causing a collapse of their porous systems. This procedure is based on the
precipitation of magnesium acetate on the silica surface and its subsequent chemical
conversion to magnesium oxalate, which decomposes directly to form magnesium oxide. It
was shown that adsorption properties of prepared materials modified by magnesium oxide and
promoted with potassium carbonate are decisively influenced by the type of mesoporous
structure. The SBA-15 silica containing magnesium oxide and promoted by potassium
carbonate exhibited the steepest adsorption isotherm. The CO, adsorption capacity of this
sample was higher than that of analogous samples prepared from SBA-16, and MCM-48
silicas.

The main part of the thesis was devoted to the preparation of new heterogeneous
metathesis catalysts evidencing that mesoporous molecular sieves represent progressive
supports for new heterogeneous catalysts for olefin metathesis. As supports, conventional
silica (Silicagel 40) and mesoporous molecular sieves (SBA-15, SBA-16, MCM-41, and
MCM-48) were used. Used Ru alkylidenes were immobilized via linker or via direct non-
covalent interaction with the surface of the used solids. The prepared heterogeneous catalysts
exhibited high activity and selectivity in metathesis reactions of different types (RCM, CM,
self-metathesis, and ROMP) with various types of olefinic substrates. Despite lower reaction
rate of the reactions promoted by heterogeneous catalysts in comparison with those promoted
by homogeneous Ru alkylidene catalysts, the most important advantages of the heterogenized
catalysts were confirmed: (i) the prepared catalysts show low Ru leaching; and (ii) can be
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used repeatedly. The activity of prepared catalysts depends on the catalysts support.
Independently on used Ru alkylidenes and methods of their immobilization, the SBA-15
proved to be the best support material for new heterogeneous metathesis catalysts.
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