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Abstrakt

Hlavnim cilem doktorské prace je ptfiprava novych heterogennich katalyzatort
metateze olefind, jejich charakterizace a testovani jejich aktivity a selektivity v riznych
reakcich metatézi. Tato prace byla provedena v oddéleni Syntézy a katalyzy na Ustavu
fyzikalni chemie J. Heyrovského AV CR.

Katalyzator typu Hoveyda-Grubbs, ZC (Zhan catalyst 1-B), byl imobilizovan na
mezoporéznich molekularnich sitech s riznou architekturou a primérem péra, d
(hexagonalni MCM-41, d = 4.0 nm; kubicky MCM-48, d = 6.0 nm; hexagonalni SBA-15,
d = 6.8 nm; SBA-15 s velkymi pory (LP), d = 11.1 nm) a pro porovnani také na konven¢ni
silice (Merck). Imobilizace byla provedena smichanim roztoku ZC s piisluSnym nosicem
za pokojové teploty. Obsah Ru ¢inil 0.93 vah.% u vSech katalyzatorii. Nosie a
katalyzatory byly analyzovany pomoci rentgenové difrakce a adsorpce dusiku. Dale byla
charakterizace katalyzatord provedena pomoci X-ray fotoelektronové spektroskopie (XPS)
a UV-Vis spektroskopie. Studie ZC imobilizované¢ho na SBA-15 (ZC/SBA-15) s pouzitim
téchto dvou metod naznaCuji, Z2¢ ZC je navazan na povrch mezoporézniho sita
prostfednictvim nekovalentnich interakci, Imobilizované katalyzatory prokazaly vysokou
aktivitu a 100% selektivitu v reakci metateze se zavirdnim kruhu (RCM)
dietyldiallylmalonatu a 1,7-oktadienu, v metatezi methyloleatu a methyl-10-undecenoatu a
v reakci metatezni polymerizace s oteviranim kruhu (ROMP) cyklooktenu. Vymyvéani Ru
do kapalné faze zaviselo na rozpoustédle a na substratu pouzitych v reakci. V nepolarnim
systému vymyvani Ru bylo zanedbatelné (0.04% pocate¢niho mnozstvi Ru v RCM 1,7-
oktadienu v cyklohexanu), kdeZzto nejvétsi vymyvani Ru bylo pozorovano v polarnim
systtmu (14% v RCM dietyldiallylmalonatu v dichlormethanu). Filtra¢ni experiment,
provedeny v pfipad¢ metateze se zaviranim kruhu 1,7-oktadienu a citronellenu, prokézal,
ze katalyticka aktivita v nepolarnim rozpoustédle byla zcela spojené s pevnou fazi.

Pozitivni vliv velikosti pora nosice na katalytickou aktivitu byl pozorovan v RCM
(-)-B-citronellenu, v metatezi 1-decenu, v metatezni polymerizaci 1,9-dekadienu a v ROMP
cyklooktenu. Ve vSech ptipadech pocatecni rychlost reakce se zvySovala s rostoucim
primérem port nosice, kdezto architektura nosi¢e neméla zadny vyznamny vliv.

Aktivity nového heterogenniho katalyzatoru typu Grubbs druhé generace,
imobilizovaného na SBA-15 prostfednictvim fosfinového linkeru, G.II/SBA-15, a
Z.C/SBA-15 byly testovany v reakcich metateze a cross-metateze kardanolu (hlavni slozky
vytazku ze skotapek ofechii kesu). Oba heterogenni katalyzatory se ukézaly jako vysoce
aktivni a selektivni v reakcich metateze a cross-metateze kardanolu s ethenem a cis-1,4-
diacetoxy-2-butenem. Snadné oddéleni obou katalyzatort od produktl a malé vymyvani
Ru (0.5% v ptipad¢ G.II/SBA-15 a 2.5% v ptipad¢ ZC/SBA-15) zajistuji piipravu
produktli s minimalnim obsahem Ru.



1. Uvod

vV

objeveny b&hem poslednich padesati let. Od jejiho objeveni, byla tato reakce podrobné
zkoumana a nasla vyuziti v petrochemii, syntéze polymeri a také pti syntéze velkého poctu
1é¢iv a prirodnich latek [']. Slovo metateze pochdzi zfedtiny, meta (zmé&na) tithemi
(misto). Zde se to vztahuje na vyménu alkylidenovych fragmenti mezi dvéma molekulami
olefinii. Reakce metateze olefina jsou katalyzované karbenovymi komplexy ptechodovych
kovii, obsahujicimi Mo, W, Re, Ti a Ru [*]. Katalytické systémy lze rozdélit do dvou
hlavnich skupin, nazyvanych ,,dobie definované* a ,, Spatn¢ definované* systémy. Dvou-
nebo tfislozkové systémy, ve kterych karbeny kovu vznikaji reakci jednotlivych
Stabilni alkylidenové komplexy (katalyzatory Schrocka a Grubbse) jsou ozna¢ovany jako
dobfe definované metatezni katalyzatory. Hlavni vyhodou dobie definovanych,
jednoslozkovych katalyzétord, oproti katalyzatorim Spatn€ definovanym definovanym, je
to, ze umoziuji kontrolovat iniciaci metatezni reakce. Kompatibilita klatalyzatoru a
funkénich skupin substratu zavisi na prechodovém kovu a nartsta smérem od W k Ru (W
< Mo < Ru). Alkylidenové komplexy molybdenu a wolframu vyvinuté Schrockem a spol. a
alkylidenové komplexy ruthenia vyvinut¢é Grubbsem a spol. jsou nejpopularnéjSimi
katalyzatory reakci metateze [*]. Tyto komplexy jsou rozpustné v reakénim médiu, coZ
komplikuje odd€lovani produkti od katalyzatoru. Nicméné, tento problém mulze byt
vyfeden imobilizaci na pevném nosiéi [*°]. Vznikly heterogenni katalyzator ma i dalsi
vyhody ve srovnani s homogennim katalyzatorem: Ize ho vyuZivat vicekrat (kromé
polymeriza¢nich reakci) a také mize byt soucasti pritokového reaktoru [°].

2. Cile prace
Hlavni cile této doktorské praci lze shrnout takto:

e Piiprava novych heterogennich katalyzatori metateze pomoci imobilizace dobie
definovanych alkylidenovych komplext ruthenia na riiznych typech mezoporéznich
molekularnich sit, jako SBA-15, velkopdrezni SBA-15 (SBA-LP), MCM-48, MCM-41
a konvencni silika pro porovnani.

e Charakterizace katalyzatori pomoci rozmanitych technik, jako sorpce dusiku, praskova
rentgenova difrakce, spektroskopie UV-Vis, X-ray fotoelektronova spektroskopie
(XPS) a spektroskopie NMR.

e Prozkoumani aktivity a selektivity imobilizovanych katalyzatori v nésledujicich
reakcich: metatezni polymerizace s otevirdnim kruhu (ROMP), cross-metateze, self-
metateze, metateze se zaviranim kruhu (RCM), metatezni polymerizace acyklickych

dient, enyn metateze a ethenolyza.



e Nalezeni optimalnich reakénich podminek, zjiSténi stability katalyzatoru, miry
uvoliiovani Ru do kapalné faze v pibchu reakce a moznosti opakovaného pouziti
katalyzatoru. Urceni vlivu architektury a velikosti port nosice na aktivitu a selektivitu
v metateznich reakcich.

e Prozkoumdni metateze a ethenolyzy kardanolu s pouzitim alkylidenovych
homogennich a heterogennich katalyzatort na bazi Ru.

3. Material a metodika

Katalyzatory ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41,
Z.C/SiO; byly piipraveny piimou imobilizaci komplexu ZC (viz. Fig. 3.1.) na povrchu
riznych mezoporéznich molekuldrnich sit (SBA-15 LP, SBA-15, MCM-41, MCM-48),
liSicich se velikosti porti a wvnitini architekturou. Konvenéni SiO, bylo pouzito pro
porovnani. Obsah Ru v katalyzatorech byl 0,93 hm.%.

O ofS
7C G.II

Obr.3.1: Struktura pouZitych komplext.

V dalsi fazi, mezoporézni molekuldrni sito SBA-15 bylo modifikovano fosfinovym
linkerem, obsahujicim triethoxysilanovou skupinu a nasledné byl imobilizovan katalyzator
Grubbse druhé generace (G.II - Obr.3.1) za vzniku G.II/SBA-15 [']. Katalytické aktivita
tohoto katalyzatoru byla méfena v metatezi kardanolu a také v cross-metatezi kardanolu
s ethenem a cis-1,4-diacetoxy-2-butenem.

Charakterizace mezoporéznich molekularnich sit a imobilizovanych katalyzatort
byla provedena pomoci rentgenové difrakce, adsorpce dusiku, spektroskopie UV-Vis, X-
ray fotoelektronové spektroskopie (XPS) a NMR spektroskopie.

Pro méfeni rentgenové difrakce byl vyuzit praskovy difraktometr Bruker AXS D8
Advance diffractometer s grafitovym monochromatorem a detektorem Vantec-1, v
uspotadani na odraz (Bragg-Brentano geometrie), s rentgenovym zafenim Cu-Kao. Texturni
parametry nosiCli a katalyzatorti byly urCeny na zéklad¢ izotermy adsorpce dusiku pfii
bodu varu tohoto plynu (-196 °C, Micrometrics ASAP 2020). Data byla analyzovana
s pouzitim metody Brunauer-Emmett-Teller (BET) pro ureni mérného povrchu a s
pouzitim metody Barrett-Joyner-Halenda (BJH) pro urceni velikosti a objemu p6rti. UV-
Vis spektra homogennich a heterogennich katalyzatord byla ziskdna pomoci spektrometru
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Perkin-Elmer Lambda 950. Pro méteni difuznich spekter praskovych vzorkl byl pfistroj
vybaven integraéni sférou Spectralon. Spectralon byl pouzit také jako reference.
Fotoelektronova spektra vzorkd byla méfena na spektrometru ESCA 310 (Scienta,
Sweden), vybaveném hemisférickym analyzatorem elektronti, v transmisnim moédu. Pro
excitaci elektronti bylo pouZzito monochromatické zafeni Al-Ko. Spektra byla ziskéna
za pokojové teploty. Byly méfeny nésledujici fotoelektrony: Si 2p, O 1s, CI 2p, Br 3d, P
2p, P 2s, N 1s, C Is and Ru 3d. NMR spektra 'H a ">C byla ziskana na spektrometrech
Varian Unity Inova 400 MHz nebo na Varian Unity 300 MHz pii 293 K.

Veskeré metatezni reakce a manipulace s katalyzatorem byly provadény v ochranné
atmosféte argonu s pouzitim standartni techniky Schlenka. Reakce ROMP cyklooktenu
(COE) byla provedena s vyuzitim homogennich (ZC) a heterogennich katalyzatort
(ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41 a ZC/Si0,). Konverze COE
byla stanovena pomoci GC s ethylvinyletherem jako wvnitfnim standardem. Pro
charakterizaci polycyklooktenu byly pouzity infraervend spektroskopie a SEC.
V nékterych ptipadech byl polymer izolovan v metanolu. Reakce DEDAM, 1,7-oktadienu
a (-)-B-citronellenu (cyklohexan, substrat/Ru = 600, C°ypsirat = 0.2 mol/L, T = 30 °C) byly
provedeny s pouzitim homogennich a heterogennich katalyzatort. V urenych ¢asovych
intervalech byly odebirany 0.1 mL vzorky, ve kterych byla reakce ukoncena pridavkem
ethylvinyletheru. Vzorky byly nasledné¢ analyzovany na GC a produkty byly
identifikovany s vyuzitim GC-MS. Reakce metatezi methyloledtu a methyl-10-
undecenoatu s katalyzatorem ZC/SBA-15 (molarni pomér substrat/Ru = 500, Cgypsat =
0.15 mol/L, T = 30 °C ,cyklohexan) byly provedené podobnym zpiisobem. Metateze 1,9-
dekadienu (C° 9.gekadien = 0.6 mol/L, molarni pomér 1,9-dekadien/Ru = 600, T = 60 °C) a
metateze 1-decenu (molarni pomér 1-decen/Ru = 500, C°_gecen = 0.6 mol/L, T = 60 °C)
byly provedeny v cyklohexanu s pouZitim homogennich a heterogennich katalyzatort.
Vzorky byly analyzovany pomoci GC. Produkty acyklické metateze 1,9-dekadienu byly
identifikovany pomoci GC-MS a nizkomolekuldrni oligomery byly stanoveny pomoci
SEC.

Self-metateze kardanolu s katalyzatorem ZC/SBA-15 (molarni pomér kardanol/Ru
= 50, C®ardanol = 0.6 mol/L) probéhla analogickym zplsobem jako metateze methyloleatu,
pfi 30 °C. Ethylvinylether (terminacni ¢inidlo) nebyl pouzit, nebot’ bylo zji§téno, Ze
reaguje s hydroxylovou skupinou kardanolu za vzniku etherovy produkt (C;2H;30,).
Cross-metateze kardanolu s ethenem (ethenolyza), byla provadéna za konstantniho tlaku
ethenu (300 kPa) a za teploty 60 °C, v 250 mL sklenéném autoklavu (Buchi) s dvojitou
sténou a magnetickym michadlem (800 rpm). Vyhtaty autoklav byl dvakrat evakuovan a
naplnén argonem, nasledné byl naplnén toluenem a roztokem kardanolu (0.025 mol/L). Po
15 minutach michani za ptislusného tlaku ethenu a ptislusné teploty byl reaktor otevien a
reakce byla iniciovana pfidavkem pozadovaného mnozstvi katalyzatoru (toluenova

suspenze imobilizovaného katalyzatoru). Ihned poté byl reaktor zase natlakovan na 300
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kPa. Konecny reakéni objem Cinil 50 mL. Po 2 hodindch byl reaktor odvétran, reakéni
smés byla oddélena od katalyzatoru a analyzovéna pomoci GC, GC-MS a HPLC-MS.
Cross-metateze kardanolu s DAB prob¢hla v atmosféfe argonu, technikou Schlenka.
V typickém experimentu cross-metateze, (ZC, ZC/SBA-15, G.II/SBA-15, CCurdanol =
0.025 mol/L, kardanol/Ru = 50 nebo 500, molarni pomér DAB:kardanol = 5:1) kardanol a
DAB byly pridany soucasné do toluenu s katalyzatorem, za michani pfi 60 °C. Vzorky
reak¢éni smési byly odebirany v urcitych Casovych intervalech a dale analyzovany pomoci
GC, GC-MS a HPLC-MS.

Pro analyzu produkti reakci byla pouzita kolona DB-5 (délka: 50 m, wvnitini
pramér: 320 um, tloustka staciondrni faze: 1 pm) a chromatograf s vysokym rozliSenim
Agilent 6890. n-Nonan byl pouzit jako wvnitini standard. Jednotlivé produkty byly
identifikovany pomoci GC-MS. Metoda HPLC-MS byla pouzita pouze pro analyzu
produktli metateze kardanolu. Méteni GC-MS bylo provadéno na Thermo Finnigan, Focus
DSQ 1II single quadrupole, s vyuzitim kapildrni kolony Thermo TR-5MS (15 m x 0.25 mm
ID x 0.25 mm). Analyzy HPLC-MS probéhly na Waters 1525 pum, s binarni HPLC
pumpou napojenou na Waters 2487 dual A absorbance UV detektor a hmotnostni
spektrometr Quattro Premiere XE tandem quadrupole (Waters). Byla pouzita kolona
Hypersil BDS C18 (130 x 3 mm, 3 um). Infracervené spektra polymernich produkti byla
meéfena technikou KBr tablet na spektrofotometru Nicolet Avatar 320 s detektorem DTGS-
KBr. Pro gelovou chromatografii (SEC) byl vyuzit chromatograf Watrex, vybaveny
diferencidlnim refraktometrem Shodex RI 101. Bylo pouzito série dvou kolon PL-gel
(mixed-B a mixed-C, Polymer Laboratories Bristol, UK), a jako eluent poslouzil THF (0.7
mL/min). Primérné molekulova hmotnosti, vahovy primér M,, a ¢iselny primér My, byly
stanoveny na zéklad€ polystyrenovych standard. Méteni prob&hlo na katedie fyzikalni a
makromolekularni chemie, Karlovy univerzity v Praze. Obsah Ru v supernatantech byl
stanoven metodou ICP-MS na VSCHT v Praze .

4. Vysledky a diskuze

Mezoporézni molekuldrni sita dvou riiznych architektur byla pouzita jako nosice:
hexagonalni, MCM-41, SBA- 15, SBA-15 LP a kubicky MCM-48. Sorp¢ni izotermy
ukédzaly pravidelnou strukturu s mezopory uniformni velikosti. Adsorpcné-desorpéni
izotermy dusiku byly charakteristické pro typ IV s hysterezi odpovidajici mezoporéznim
materialim. Konvenéni silika (d = 4.5 nm) s Sirokou distribuci velikosti port, véetné
mikropord, poslouzila pro porovnani. Texturni vlastnosti jednotlivych nosi¢i jsou uvedené
v tabulce 4.1.



Tabulka 4.1: Texturni vlastnosti nosi¢u

Vzorek Mérny povreh, Objem pori, V | Primérna velikost péri, d,
Seet (em’/g) (nm)
(m’/g)

SBA-15LP 609 1.58 1.1

SBA-15 933 0.96 6.9

MCM-48 756 0.91 6.0

MCM-41 972 1.14 4.0
Silicagel 40

(Merclo 559 0.47 45

Byly pfipraveny nové, hybridni katalyzatory: i) pfimou imobilizaci ZC na
mezoporéznich molekularnich sitech (SBA-15 LP, SBA-15, MCM-41, MCM-48), ii)
imobilizaci G.II na SBA-15 pies 2-(dicyklohexylfosfino)ethyltriethoxysilanovy linker.
Bylo zjisténo, ze pravidelnd mezoporézni struktura nosi¢l byla zachovana u vSech
ptipravenych heterogennich katalyzatort. Struktury komplexti Ru byly charakterizovany
pted a po imobilizaci pomoci UV-Vis spektroskopie a X-ray fotoelektronové spektroskopie
(XPS). Tyto studieindikovaly, Zze ZC byl navazany na povrch sita prostfednictvim
nekovalentnich interakci, kdezto katalyzator G.II byl navazan prostfednictvim fosfinového
linkeru. NMR spektroskopie ukazala, Ze ptiblizné¢ 76% Ru bylo uvolnéno pfivymyvani
vzorku ZC/SBA-15 tetrahydrofuranem pii pokojové teploté jako pivodni ZC.

Katalytickd aktivita ZC/SBA-15 a ZC/MCM-41 byla testovana v reakci
RCM 1,7-oktadienu a dietyldiallylmalonatu (DEDAM), dale v metatezi methyloleatu a
methyl-10-undecenoatu a také v reakci ROMP cyklooktenu. Ve vSech téchto reakcich
katalyzator projevil velmi vysokou aktivitu (napf. vreakci RCM DEDAM, hodnota
TOF 1 gmin dosahla pfiblizng 2500 h™"). Filtraéni experimenty, provedené u vzorku ZC/SBA-
15 prokazaly, Ze veSkera katalyticka aktivita byly spojena s pevnou fazi (reakce RCM 1,7-
oktadienu v cyklohexanu). Vymyvani Ru zavisi na polarité rozpoustédla a na substratu
pouzitych v reakci. Nejvyssi vymyvani bylo zjist€éno béhem reakce RCM DEDAMu v
CHCl, (14%), kdezto v reakci RCM 1,7-oktadienu v cyklohexanu vymyvani Ru bylo
naprosto zanedbatelné (0.04%). Hlavni pfednosti téchto katalyzatorii je jejich jednoducha
pfiprava, bez nutnosti modifikaci nosice specialnim linkerem.

Vliv velikosti pérGi na aktivitu katalyzatoru byl studovan v reakcich rtznych
substratii s objemnéj$imi molekulami, jako citronellen, 1,9-dekadien, 1-decen a COE, s
pouzitim ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-41, ZC/MCM-48 a Z.C/SiO,.
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Obr. 4.1: Konverzni kiivky pro RCM (-)-B-citronellenu s ZC ([J), ZC/SBA-15 LP (#),
ZC/SBA-15 (@), ZC/MCM-48 (A), ZC/MCM-41 (W), ZC/SiO, (*). Podminky reakce:

cyklohexan, T = 30 °C, molarni pomér citronellen/Ru = 600, C°jonelien = 0.2 mol/L.

V reakci RCM u citronellenu (viz obr. 4.1) katalyticka aktivita (vyjadiend jako
pocateni TOF) nartiistd s rostoucim priméerem pori katalyzatoru, ve sméru: ZC/SiO; (3.1
min") < ZC/MCM-41 (6.4 min") < ZC/SBA-15 (12.0 min™) ~ ZC/MCM-48 (13.2 min™")
< ZC/SBA-15 LP (20.4 min") [*]. Pravdépodobn& to je zptisobeno rychlejsi difuzi
substratu vétSimi pory. Podobna zavislost byla pozorovana v pfipadé¢ metateze 1,9-
dekadienu a v metatezi 1-decenu. V reakci ROMP cyklooktenu s pouzitim katalyzatoru na
bazi mezoporézniho nosice byl, ziskan polymer s vysokou molekulovou hmotnosti (My =
300,000),ve vysokém vytézku (70-80%), Oproti tomu, pouze 40-ti procentni vytézek byl
dosazen v ptipad¢ ZC/SiO,. Aktivita ZC/SiO;. byla ve vSech piipadech nizsi nez aktivita
katalyzatori na bazimesoporéznich sit, coz pravdépodobné souviselo s Sirsi distribuci
velikosti pori, s vyznamnym poctem mikroporti. Moznost opétovného pouziti katalyzatoru
byla zkoumana v reakci RCM (-)-B-citronellenu s katalyzatorem ZC/SBA-15 (cyklohexan,
T =30 °C, ¢as = 2.5 h, citronellen/Ru = 600, C°gtoneien = 0.2 mol/L). Katalyzator byl
uspesné pouzit ctyrikrat, nicméné byl pozorovan postupny pokles jeho aktivity. Mohlo to
byt zplisobeno deaktivaci katalyticky aktivnich Ru center. V poslednim kole experimentu
dosazena konverze byla 48% po case 12.5 h.

Kardanol je hlavni slozkou vytazku ze skotfdpek ofechd kesu (CNSL). Jedna se o

smés Ctyt latek zndzornénych na obrazku. 4.2.
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Obr. 4.2: Slozky vytazku ze skofapek otfechii keSu

Kardanol byl studovan ze dvou divodii. Za prvé, CNSL se vyrabi ve velkém
mnozstvi, ale jeho chemické transformace nejsou piili§ zndmé. Za druhé, jako piirodni
produkt, mohl by slouzit jako obnovitelny zdroj fenolickych latek. Piipravené katalyzatory
se ukazaly jako aktivni v metatezi kardanolu, dokonce bez chranéni OH skupin. Vysoky
stupent konverze (78%) byl dosazen s ZC/SBA-15. ZC/SBA-15 (0.93 hm.% Ru) a s
G.II/SBA-15 (0.3 hm.% Ru) se ukazaly jako aktivni (TON = 650 a 330) a vysoce
selektivni (témét 100% a 85%) v reakci ethenolyzy kardanolu. Nizké vymyvani ruthenia
poskytuje moznost ziskavat produkty beze zbytkl katalyzatoru. V reakcich ethenolyze a
cross-metatezi kardanolu s diacetoxybutenem, byl G.II/SBA-15 méné aktivni nez
ZC/SBA-15, avSak vymyvani Ru bylo u ZC/SBA-15, vyznamné mensi (0.8% oproti 2.5%
ptvodniho obsahu ruthenia).

5. Zavéry

Katalyzator typu Hoveyda-Grubbs, ZC (Zhan catalyst 1-B), byl imobilizovan na
mezoporéznich molekularnich sitech s rdznou architekturou a primérem pord, d
(hexagonalni MCM-41, d=4.0nm; kubicky MCM-48, d=6.0nm; hexagonalni SBA-15,
d=6.8nm; SBA-15 s velkymi pory (LP), d=11.1nm) a pro porovnani také na konvencni
silice (Merck). Imobilizace byla provedena smichanim suchého nosie s roztokem
katalyzatoru. Prob¢hla témét kvantitativné a obsah Ru €inil 0.93hm.%. Vyhodou téchto
imobilizovanych katalyzatori je jejch jednoduché pfiprava, bez nutnosti modifikace nosice
specidlnim linkerem. VSechny hybridni katalyzéatory, pfipravené metodou imobilizace na
mesoporéznich sitech, vykdzaly vysokou aktivitu a 100% selektivitu v reakci metateze se
zavirdnim kruhu dietyldiallylmalonatu a 1,7-oktadienu, v metatezi methyloleatu a methyl-
10-undecenodtu a v reakci metatezni polymerizace s otevirdnim kruhu cyklooktenu.
vymyvani bylo zji§téno bcéhem metateze se zavirdnim kruhu u 1,7-oktadienu
v cyklohexanu (0.04%), kdezto nejvétsi vymyvani Ru bylo pozorovano v metatezi se
zaviranim kruhu u dietyldiallylmalondtu v dichloromethanu (vymyvéani dosahlo 14%
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puvodniho obsahu Ru v katalyzatorech). Filtracni experiment provedeny v piipad¢ reakce
RCM 1,7-oktadienu v cyklohexanu prokazal, Ze katalyticky aktivni centra byla pevné

spojena s pevnou fazi.

Studie UV-Vis a XPS na ZC imobilizovaném na SBA-15 (ZC/SBA-15) a G.II
imobilizovaném na SBA-15 pfes fosfinovy linker (G.II/SBA-15) ukézaly, ze ZC a G.II
byly navézané na povrch zeolitu prostfednictvim nekovalentnich interakci v prvém piipadé
a kovalentni vazby v piipad¢ druhém. Vliv velikosti porii nosice na aktivitu katalyzatoru
byl zkouman v metatezi se zaviranim kruhu (-)-B-citronellenu, metatezi 1-decenu,
acyklické metateze 1,9-dekadienu a v reakci polymerizace s oteviranim kruhu cyklooktenu.
Ve vSech ptipadech pocateéni hodnoty TOF nartstaly se zvétSujicim se prumérem pori
nosice, pti¢emz architektura nosi¢e nemela vyznamny vliv. Mesoporézni katalyzatory vzdy
projevovaly vyssi aktivitu nez katalyzatory na bazi konvencni siliky. V reakei polymerizaci
s oteviranim kruhu cyklooktenu, byl s pouzitim mesoporéznich hybridnich katalyzatort
pfipraven polymer s vysokou molekulovou hmotnosti (My, cca. 300,000)ve vysokém
vytézku (70-80%).

Pouzitelnost v praxi hybridnich katalyzatori ZC/SBA-15 a G.II/SBA-15 byla
ovéfena v metatezi a v ethenolyze kardanolu. V metatezi kardanolu se ZC/SBA-15 ukazal
jako aktivngjsi (TON=2075) nez G.II/SBA-15 (TON=1125), nicmén¢ ztrata Ru
vymyvanim byla u ZC/SBA-15 vétsi (2.5%) nez u G.II/SBA-15 (0.5%).S obéma
katalyzatory, ethenolyza kardanolu a cross-metateze kardanolu s diacetoxy-2-butenem
probéhly v mirnych podminkach, s vysokou selektivitou a vzniklé produkty maji pouziti
jako prekurzory detergentli a také jako sloZky pfichuti a parfémi. Snadné oddéleni obou
katalyzatorii od produktii a malé vymyvani Ru do reakéni smési zajistuji ptipravu produktii

s minimalnim obsahem Ru.
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Abstract

The main emphasis of the dissertation focuses on the preparation of new
heterogeneous metathesis catalysts, their characterization, and testing their activity and
selectivity in different metathesis reactions. This work has been completed at the
Department of Synthesis and Catalysis, J. Heyrovsky Institute of Physical Chemistry, AS
CR.

Hoveyda-Grubbs type catalyst ZC (Zhan catalyst 1-B) was immobilized on
mesoporous molecular sieves of different architecture and pore diameter, d, (hexagonal:
MCM-41, d = 4.0 nm; SBA-15, d = 6.8 nm; SBA-15 large pore (LP), d = 11.1 nm and
cubic: MCM-48, d = 6.0 nm) and conventional silica (Merck) for comparison. The
immobilization was done by simple mixing of ZC solution with appropriate support at
room temperature. Ru loading in all immobilized catalyst was 0.93 wt%. The catalysts and
supports were characterized by X-ray diffraction and nitrogen adsorption measurement.
XPS and UV-Vis spectroscopic studies of ZC immobilized on SBA-15 (ZC/SBA-15)
indicated the attachment of ZC on mesoporous sieve surface by non-covalent interactions.
The immobilized catalysts exhibited high activity and 100% selectivity in ring-closing
metathesis of diethyl diallylmalonate and 1,7-octadiene, in metathesis of methyl oleate and
methyl 10-undecenoate, and in the ring-opening metathesis polymerization of cyclooctene.
Ru leaching was dependent on the solvent and substrate used for the reaction. In non-polar
system Ru leaching was negligible (0.04% of starting Ru amount for ring-closing
metathesis of 1,7-octadiene in cyclohexane), however, the highest Ru leaching was
observed in polar system (14% for ring-closing metathesis of diethyl diallylmalonate in
dichloromethane). The filtration experiment carried out for ring-closing metathesis of 1,7-
octadiene and citronellene proved that the catalytic active species were completely bound
to the solid phase in non-polar solvent. A positive effect of the pore size of the supports on
catalyst activity was observed for ring-closing metathesis of -(B)-citronellene, metathesis
of 1-decene, acyclic metathesis polymerization of 1,9-decadiene, and ring-opening
metathesis polymerization (ROMP) of cyclooctene. In all cases, the initial reaction rate
increased with increasing pore size of the catalyst support; however, support architecture
did not play any important role.

The activity of Grubbs second generation catalyst immobilized on SBA-15 via
phosphine linker (G.II/SBA-15), and ZC/SBA-15 was tested in metathesis and cross-
metathesis of cardanol (the main component of Cashew Nut Shell Liquid). Both
heterogeneous catalysts proved to be highly active and selective in cardanol metathesis and
cross-metathesis with ethene and cis-1,4-diacetoxy-2-butene. Easy separation of both
catalysts from products and low Ru leaching (0.5% for G.II/SBA-15 and 2.5% for
Z.C/SBA-15) ensure the delivery of products of low contents of Ru residues.
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1. Introduction

Olefin metathesis has become an increasingly useful synthetic organic reaction
discovered in the last 50 years. Since its discovery, olefin metathesis has been widely
investigated and found applications in petrochemistry, polymer synthesis and synthesis of
numerous drugs as well as natural products [']. The word metathesis comes from the
Greek, meta (change) and tithemi (place). In chemistry it refers to the exchange of
alkylidene fragments between two olefin molecules. The olefin metathesis reactions are
catalyzed by transition metals carbene complexes containing Mo, W, Re, Ti and Ru [*].
The catalysts system could be divided into two main parts called ill-defined catalyst system
and well-defined catalyst system. The two or three component systems where metal
carbenes are formed by a mutual reaction of components in an initiation step were labelled
as ill-defined catalyst. Well-defined metathesis catalysts are stable alkylidene complexes
(Schrock and Grubbs catalysts). The main important advantage of well-defined, single-
component catalysts over ill-defined catalysts is that they provide control over reaction
initiation. Functional group compatibility depends on transition metals and it increases
from W to Ru (W < Mo < Ru). Molybdenum and tungsten alkylidene complexes
developed by Schrock et al. and Ru alkylidene complexes developed by Grubbs et al. are
the most popular catalysts for metathesis reactions [*]. These complexes are soluble in
reaction medium and this fact complicates the separation of product from the catalyst
residue.. However, this problem can be overcome by immobilizing these soluble transition
metal catalysts on a solid support [*°]. Heterogeneous catalyst has some additionally
important advantages in comparison with homogeneous catalyst: easy catalyst reusability
(except ROMP), and possibility to be used in flow system [°].

2. Aims of the study
The main objectives of this PhD thesis have been summarized as follows.

e Preparation of new heterogeneous metathesis catalysts by immobilization of well-
defined Ru alkylidene complexes on different types of mesoporous molecular
sieves as SBA-15 large pore, SBA-15, MCM-48, MCM-41 and conventional silica
for comparison.

e To characterize the catalysts by different techniques as nitrogen adsorption
measurement, X-ray powder diffraction, UV-Visible spectroscopy, X-ray
photoelectron spectroscopy and nuclear magnetic resonance.

e To test the activity and selectivity of immobilized catalysts in olefin metathesis
reactions including ring-opening metathesis polymerization (ROMP), cross-
metathesis, self-metathesis, ring-closing metathesis (RCM), acyclic diene
metathesis polymerization, enyne metathesis, and ethenolysis reactions.
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e To find the optimum reaction conditions, catalyst reusability, durability and Ru
leaching in metathesis reactions.

e To determine the influence of support architecture and pore size on the catalyst
activity and selectivity in metathesis reactions.

e To study the metathesis and ethenolysis of bulky cardanol molecule using Ru

alkylidene homogeneous and heterogeneous catalysts.

3. Material and methods

The catalysts ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41,
7.C/SiO, were prepared by direct immobilization of ZC complex on the surface of
different mesoporous molecular sieves (SBA-15 LP, SBA-15, MCM-41, MCM-48)
differing in pore size and architecture. The conventional SiO, was used for comparison.

The Ru content in catalysts was 0.93 wt.%

Gy ek
iiSas Spxe
7C G.I1

Figure 3.1: Structure of Zhan and Grubbs second generation catalysts.

In addition to this, Mesoporous molecular sieve SBA-15 was modified by
phosphine linker containing triethoxysilane group ['] and Grubbs second generation
catalyst was immobilized on SBA-15 modified by phosphine linker (G.II/SBA-15). The
catalytic activity of this catalyst was tested in cardanol metathesis and cross-metathesis of
cardanol with ethene and cis-1,4-diacetoxy-2-butene.

The characterization of mesoporous molecular sieves and immobilized catalysts
were done using X-ray diffraction technique (power diffraction), nitrogen adsorption
measurement, UV-Visible spectroscopy, X-ray photoelectron spectroscopy, and nuclear

magnetic resonance.

XRD data were obtained from Bruker AXS D8 Advance diffractometer with
graphite monochromator and a position sensitive detector Vantec-1 using Cu-Ka radiation
in Braggs-Brentano geometry. Textural parameters of supports and catalysts were studied
from nitrogen adsorption isotherm at the boiling point of the liquid nitrogen (-196 °C) with
a Micrometrics ASAP 2020 instrument. The adsorption data were analyzed using
Brunauer-Emmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH)
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pore size and volume analysis. UV-Vis spectra of homogeneous and heterogeneous
catalysts were recorded using a Perkin-Elmer Lambda 950 spectrometer. Spectralon
integration sphere was applied to collect diffuse reflectance spectra of powder samples.
Spectralon served also as a reference. Photoelectron spectra of the samples were measured
using an ESCA 310 (Scienta, Sweden) spectrometer equipped with a hemispherical
electron analyzer operated in a fixed transmission mode. Monochromatic Al-Ka radiation
was used for electron excitation. The spectra were recorded at room temperature. The Si
2p, O 1s, Cl 2p, Br 3d, P 2p, P 2s, N 1s, C 1s and Ru 3d photoelectrons were measured. "H
and >C NMR spectra of homogeneous catalyst were recorded on a Varian Unity Inova 400
MHz or a Varian Unity 300 MHz spectrometer at 293 K.

All metathesis reactions and manipulations with the catalysts were performed under
argon atmosphere using standard Schlenk tube technique.

ROMP of cyclooctene (COE) was carried out using homogeneous (ZC) and
heterogeneous catalysts (ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41, and
ZC/Si0;). The COE conversion was determined by GC using ethyl vinyl ether as an
internal standard. IR spectroscopy and SEC were used for the characterization of

poly(COE). In some cases, polymer was isolated in methanol.

RCM of DEDAM, 1,7-octadiene and (-)-B-Citronellene (cyclohexane, substrate/Ru
= 600, Cupstrate = 0.2 mol/L, T = 30 °C) were carried out using homogeneous and
heterogeneous catalysts. At given time interval the 0.1 mL samples were collected and
terminated using ethyl vinyl ether. The samples were analyzed by GC and the products
were identified by GC-MS.

Metathesis of methyl oleate and methyl 10-undecenoate with ZC/SBA-15 catalyst
(molar ratio substrate/Ru = 500, C°gpstrate = 0.15 mol/L, T= , solvent ) were performed
similarly. Acyclic diene metathesis of 1,9-decadiene (C° 9_gecadiene = 0.6 mol/L, molar ratio
of 1,9-decadiene/Ru = 600, T = 60 °C ) and metathesis of 1-decene (molar ratio 1-
decene/Ru = 500, C°|_gecene = 0.6 mol/L, T = 60 °C ) were performed in cyclohexane using
homogeneous and heterogeneous catalysts. The samples were analyzed by GC. The
products of acyclic diene metathesis of 1,9-decadiene were identified by GC-MS and low
molecular weight oligomers were determined by SEC.

The self-metathesis of cardanol with ZC/SBA-15 catalyst (molar ratio cardanol/Ru
= 50, C®ardanol = 0.6 mol/L) was performed in the similar way as metathesis of methyl
oleate at 30 °C. However, ethyl vinyl ether (terminating agent) was not used because it
reacts with hydroxyl group of cardanol and forms ether product (C;,H;50,).

Cross-metathesis of cardanol with ethene (ethenolysis) was carried out at constant
ethene pressure (300 kPa) and temperature (60 °C) in a 250 mL Buchi glass double-
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jacketed autoclave equipped with a magnetic stirrer (at 800 rpm). The hot autoclave was
two times evacuated and filled with argon, charged with toluene and the solution of
cardanol (cardanol concentration = 0.025 mol/L). After 15 min stirring at the appropriate
pressure of ethene and temperature the reactor was vented and the reaction was started by
injecting a desired amount of catalyst (suspension of the supported catalyst in toluene)
under a stream of ethene and immediately pressurized to 300 kPa. Final volume of
ethenolysis solution was 50 mL. After 2 h the reactor was vented and the reaction mixture
was separated from the catalyst and analyzed by GC, GC-MS and HPLC-MS. Cardanol
cross-metathesis with DAB was carried out under argon atmosphere using Schlenk tube
technique. In a typical cross-metathesis experiment, cardanol and DAB (using ZC,
ZC/SBA-15, G.II/SBA-15, C°.danor = 0.025 mol/L, cardanol/Ru = 50 or 500,
DAB:cardanol molar ratio = 5:1) was added simultaneously to the catalyst in toluene at 60
°C under stirring. The samples of the reaction mixtures were collected after given reaction
time and analyzed by GC, GC-MS and HPLC-MS.

A high-resolution gas chromatography Agilent 6890 with DB-5 column (length: 50
m, inner diameter: 320 um, stationary phase thickness: 1 um) was used for the reaction
product analysis. n-Nonane was used as an internal standard, if required. Individual
products were identified by GC-MS. HPLC-MS was used only for the cardanol metathesis
products. GC-MS measurements were performed on a Thermo Finnigan, Focus DSQ II
single quadrupole using the capillary column Thermo TR-5MS (15 m x 0.25 mm ID X 0.25
mm). HPLC-MS analyses were performed using a Waters 1525 pum binary HPLC pump
connected to a Waters 2487 dual A absorbance UV detector and a Quattro Premiere XE
tandem quadrupole mass spectrometer (Waters). A Hypersil BDS C18 column (130 x 3

mm, 3 um particle size) was used.

IR spectra of polymer products were recorded using KBr pellets on a FTIR
spectrometer Nicolet Avatar 320 with DTGS-KBr detector. Size-exclusion
chromatography (SEC) measurements were carried out mainly on: Watrex Chromatograph
fitted with a differential refractometer Shodex RI 101. A series of two PL-gel columns
(mixed-B and mixed-C, Polymer Laboratories Bristol, UK) were used, THF (HPLC grade)
was used as an eluent (0.7 mL/min). The weight average molecular weight, My, and
number average molecular weight, M, relative to polystyrene standards are reported. The
measurements were performed at the Department of Physical and Macromolecular
Chemistry, Faculty of Science, Charles University in Prague.

Content of Ru in supernatants was determined by Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) at the Institute of Chemical Technology, Prague (ICT).

15



4. Results and discussion

Mesoporous molecular sieves of two different architectures were used as supports:
hexagonal, MCM-41, SBA- 15, SBA-15 LP and cubic MCM-48. The adsorption isotherms
showed regular architecture with mesoporous character and uniform pore size of these
supports. The N, adsorption-desorption isotherms of all mesoporous sieves are typically of
type IV with hysteresis loop characteristic for mesoporous materials. In addition,
conventional silica (d = 4.5 nm) with broad pore size distribution (including micropores
fraction) was used for comparison. Textural properties of support used are given in Table
4.1.

Table 4.2: Texture parameters of supports.

Sample Surface area, Sggr | Pore volume, V | Average pore diameter, d,
(m’/g) (cm*/g) (nm)

SBA-15LP 609 1.58 1.1

SBA-15 933 0.96 6.9

MEM-48 756 0.91 6.0

MCEM-41 972 1.14 4.0
Silicagel 40

(Merck) 559 0.47 4.5

New hybrid heterogeneous catalysts have been prepared: 1) by direct
immobilization of ZC on mesoporous molecular sieves (SBA-15 LP, SBA-15, MCM-41,
MCM-48) and conventional silica and ii) by immobilization of G.II on SBA-15
mesoporous molecular sieve via 2-(dicyclohexylphosphino)ethyltriethoxysilane linker. It
was found that regular mesoporous structure of supports was preserved in all
heterogeneous catalysts prepared. The structures of the Ru complexes before and after
immobilization were determined using UV-Visible spectroscopy (UV-Vis) and X-ray
photoelectron spectroscopy (XPS). The studies indicated that, ZC was attached to the
molecular sieve surface by non covalent interaction and G.II catalyst was attached to the
sieve surface via phosphine linker. NMR spectroscopy study of ZC/SBA-1S5 revealed that
approximately 76% of ZC was recovered by washing the catalyst with THF at room
temperature.

The catalytic activity of ZC/SBA-15 and ZC/MCM-41 was tested in RCM of 1,7-
octadiene and diethyl diallylmalonate (DEDAM), in metathesis of methyl oleate and
methyl 10-undecenoate, and in ROMP of cyclooctene. In all reactions, catalyst has shown
very good activity (For example, in RCM of DEDAM, TOF ¢ min Was approximately 2500
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h™"). The filtration experiments carried out with ZC/SBA-15 proved that the catalytic
activity was completely bound to the solid phase (RCM of 1,7-octadiene in cyclohexane).
The Ru leaching depends on the polarity of solvent as well as substrate used in the
reaction. The highest leaching was found for RCM of DEDAM in CH,Cl, (14%) and
negligible leaching for RCM of 1,7-octadiene in cyclohexane (0.04%). The main
advantage of these catalysts is their easy preparation avoiding support modification with
special linker molecules.

The effect of pore size on catalyst activity was found in reaction of different bulkier
substrates as citronellene, 1,9 decadiene, 1-decene and COE using ZC/SBA-15 LP,
Z.C/SBA-15, ZC/MCM-41, ZC/MCM-48 and ZC/SiO,,
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Figure 4.1: Conversion curves for RCM of (-)-B-citronellene with ZC (LJ), ZC/SBA-15
LP (®), ZC/SBA-15 (@), ZC/MCM-48 (A ), ZC/MCM-41 (W), ZC/SiO, (%). Reaction
conditions: cyclohexane, T = 30 °C, molar ratio citronellene/Ru = 600, C°itoneliene = 0.2
mol/L.

In RCM of citronellene, (see Figure 4.1) the catalytic activity (expressed as initial
TOF) was found to increase with increasing pore size of the catalyst in the order ZC/SiO,
(3.1 min™") < ZC/MCM-41 (6.4 min™") < ZC/SBA-15 (12.0 min™") = ZC/MCM-48 (13.2
min") < ZC/SBA-15 LP (20.4 min™") [*]. This may be probably due to the faster diffusion
of substrate into larger pores. Similar dependence was observed for acyclic diene
metathesis of 1,9-decadiene and metathesis of 1-decene. In ROMP of cyclooctene, high
molecular weight polymer (Mw = 300,000) in high yield (70-80%) was obtained with
catalysts based on mesoporous supports, however, only 40% polymer yield was obtained
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using ZC/Si0,. The activity of ZC/SiO, was found lower than that of catalysts based on
mesoporous molecular sieves probably because of broad pore size distribution with a
number of micropores.

The catalyst reusing was studied in RCM of (-)-B-citronellene for the catalyst
Z.C/SBA-15 (cyclohexane, T = 30 OC, time = 2.5 h, citronellene/Ru = 600, C citroneliene = 0.2
mol/L). The catalyst was successfully reused 4 times,. however, the gradual decrease in the
conversion was observed. It may be due to the deactivation of catalytically active Ru

species. In the last round, the conversion of 48% was achieved after 12.5 h.

Cardanol is the main constituent of Cashew Nut Shell Liquid (CNSL). It is a
mixture of four components as depicted in the Figure 4.2.

OH R= ;/

Cardanol

Figure 4.2: Constituents of cashew nut shell liquid.

There are two reasons for the study of cardanol. Firstly, CNSL are produced in a
large quantity but chemical transformations of cardanol are not much known. Secondly, as
a natural product it may serve as a renewable source of phenolic compounds. The prepared
catalysts proved to be active in cardanol metathesis even without protecting OH groups. In
metathesis of cardanol high conversion (78%) was obtained using ZC/SBA-15. The both
7Z.C/SBA-15 (0.93 wt% Ru) and G.II/SBA-15 (0.3 wt% Ru) catalysts were found to be
active (TON = 650 and 330, respectively) and highly selective (nearly 100% and 85%,
respectively) in ethenolysis of cardanol. The low Ru leaching gives an opportunity for
obtaining products free of catalyst residues. In both cardanol ethenolysis and cross-
metathesis of cardanol with diacetoxybutene, G.II/SBA-15 was found less active than
ZC/SBA-15, however ruthenium leaching was comparably lower (0.8% in contrast to
2.5% with respect to the original content of Ru).
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5. Conclusions

Hoveyda-Grubbs type catalyst ZC (Zhan catalyst 1-B) was immobilized on mesoporous
molecular sieves of different architecture and pore diameter, d, (hexagonal: MCM-41, d = 4.0 nm;
SBA-15, d = 6.8 nm; SBA-15 large pore (LP), d = 11.1 nm and cubic: MCM-48, d = 6.0 nm) and
conventional silica (Merck) for comparison. The immobilization was carried out by simple mixing
of dried sieve with a solution of catalyst. The immobilization proceeded nearly quantitatively and
Ru loading was 0.93 wt%. The advantage of these immobilized catalysts is their simple preparation
method without support modification with special linker molecules. All hybrid catalysts prepared
by immobilization on mesoporous sieves exhibited high activity and 100% selectivity in ring-
closing metathesis of 1,7-octadiene and diethyl diallylmalonate, in metathesis of methyl oleate and
methyl 10-undecenoate and in ring-opening metathesis polymerization of cyclooctene. Ru leaching
was dependent on solvent as well as substrate used in the reaction. The lowest leaching was found
for ring-closing metathesis of 1,7-octadiene in cyclohexane (0.04%) whereas the highest Ru
leaching was found for ring-closing metathesis of diethyl diallylmalonate in dichloromethane
(leaching reached 14% of initial Ru content in the catalysts). The filtration test carried out for RCM
of 1,7-octadiene in cyclohexane indicated that the catalytic active species were strongly bound to
the solid phase in non-polar solvent. UV—Vis spectroscopic and XPS studies of ZC immobilized on
SBA-15 (ZC/SBA-15)and G.II immobilized on SBA-15 via phosphine linker (G.II/SBA-15)
indicated that ZC and G.II was attached to the molecular sieve surface by non-covalent and
covalent interactions respectively. The support pore size effect on catalyst activity was studied in
ring-closing metathesis of -(f)-citronellene, metathesis of 1-decene, acyclic diene metathesis of
1,9-decadiene, and ring-opening metathesis polymerization of cyclooctene. In all cases, initial TOF
values increased with increasing pore size of the support, however, support architecture did not
play any important role. In all cases, mesoporous molecular sieves based catalysts has shown
higher activity as compared to conventional silica based catalyst. For ring-opening metathesis
polymerization of cyclooctene, high molecular weight polymers (M,, about 300,000) in high yields
(70-80%) were obtained using mesoporous molecular sieves based hybrid catalysts.

The practical applicability of hybrid catalysts ZC/SBA-15 and G.II/SBA-15 was
tested in metathesis and ethenolysis of cardanol. In cardanol metathesis, ZC/SBA-15 was
found to be more active (TON = 2075) than G.II/SBA-15 (TON = 1125), however, Ru
leaching of ZC/SBA-15 was higher (2.5%) in comparison with that of G.II/SBA-15.
(0.5%). Over both catalysts, cardanol ethenolysis and cross-metathesis with diacetoxy-2-
butene proceeded under mild conditions and very selectively to the products having
applications as detergent precursors and flavor and fragrance agents. Easy separation of
both catalysts from products and low Ru leaching ensure the delivery of products of low
contents of Ru residues.
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