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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. Heyrovský 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. It was found that regular architecture and 

mesoporous character of supports were preserved during immobilization. Catalyst 

characterization was also done using X-ray photoelectron spectroscopy (XPS) and UV-Visible 

spectroscopy (UV-Vis). 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 because i) UV-Vis suggested no changes in the co-ordination sphere after 

immobilization and ii) XPS spectra showed the same binding energy of Ru ‘3d’ electrons (281.2 

± 0.2 eV) and molar ratio Cl/Ru = 2.0 before and after immobilization. NMR spectroscopy 

showed that approximately 76% of Ru content was recovered from ZC/SBA-15 as original ZC 

by washing ZC/SBA-15 with tetrahydrofuran at room temperature. 

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 -(β)-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. Mesoporous 

molecular sieves based catalysts were more active as compared to conventional silica based 

catalyst. In ROMP of cyclooctene, mesoporous molecular sieves based catalysts produced high 

molecular weight polymers (Mw about 300,000) in high yields (70–80%). However, in case of 

conventional silica based catalyst the polymerization stopped after 15 min of the reaction and 

only 40% yield of polycyclooctene was obtained. These results indicate the advantages of 

mesoporous molecular sieves based catalyst for ROMP.  The effect of catalyst, substrate 

concentrations and temperature on the reaction rate was studied in ring-closing metathesis of 

citronellene and high TON (4010) was achieved using a very small amount of catalyst (C°Ru = 

0.042 mmol/L). ZC catalyst was able to catalyze enyne cross-metathesis of aliphatic alkenes and 

alkynes but heterogeneous catalyst failed in this case. 

 The activity of a new heterogeneous catalyst, 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 (DAB) (in cardanol metathesis, 

TON = 1125 and 2075 for G.II/SBA-15 and ZC/SBA-15, respectively). In cardanol ethenolysis, 

3-(non-8-enyl)phenol was isolated as a major product. In cross-metathesis of cardanol with 

DAB, 9-(-3-hydroxyphenyl)non-2-enyl acetate and non-2-enyl acetate were formed with high 

selectivity. 3-(non-8-enyl)phenol and non-2-enyl acetate found applications as detergent 

precursors and flavor and fragrance agents. Easy separation of both catalysts from products and 

low Ru leaching (0.5% for G.II/SBA-15 and 2.5% for ZC/SBA-15) ensure the delivery of 

products of low contents of Ru residues. 

 

 

 

 

 

 

 



 
 

ABSTRAKT 

Hlavním cílem doktorské práce je příprava nových heterogenních katalyzátorů metateze 

olefinů, jejich charakterizace a testování jejich aktivity a selektivity v různých reakcích metatézí. 

Tato práce byla provedena v oddělení Syntézy a katalýzy na Ústavu fyzikální chemie J. 

Heyrovského AV ČR. Katalyzátor typu Hoveyda-Grubbs, ZC (Zhan catalyst 1-B), byl 

imobilizován na mezoporézních molekulárních sítech s různou architekturou a průměrem pórů, d 

(hexagonální MCM-41, d = 4.0 nm; kubický MCM-48, d = 6.0 nm; hexagonální SBA-15, d = 6.8 

nm; SBA-15 s velkými póry (LP), d = 11.1 nm) a pro porovnání také na konvenční silice 

(Merck). Imobilizace byla provedena smícháním roztoku ZC s příslušným nosičem za pokojové 

teploty. Obsah Ru činil 0.93 vah.% u všech katalyzátorů. Nosiče a katalyzátory byly 

analyzovány pomoci rentgenové difrakce a adsorpce dusíku. Bylo zjištěno, že pravidelná 

architektura a mezoporézní charakter nosiče zůstaly zachovány během imobilizace. Dále byla 

charakterizace katalyzátorů provedena pomoci X-ray fotoelektronové spektroskopie (XPS) a 

UV-Vis spektroskopie. Studie ZC imobilizovaného na SBA-15 (ZC/SBA-15) s použitím těchto 

dvou metod ukázaly, že ZC je navázán na povrch mezoporézního síta prostřednictvím 

nekovalentních interakci, protože: i) UV-Vis neukázalo žádné změny v koordinační sféře Ru po 

imobilizaci a ii) XPS spektra ukázala stejnou vazebnou energii Ru ‘3d’ elektronů (281.2 ± 0.2 

eV) a molární poměr Cl/Ru = 2.0 před a po imobilizaci. Spektroskopie NMR ukázala, že po 

vymývání ZC/SBA-15 tetrahydrofuranem za pokojové teploty, přibližně 76% Ru bylo získáno 

zpět z ZC/SBA-15 v podobě původního ZC. Imobilizované katalyzátory prokázaly vysokou 

aktivitu a 100% selektivitu v reakci metateze se zavíráním kruhu (RCM) dietyldiallylmalonátu a 

1,7-oktadienu, v metatezi methyloleátu a methyl-10-undecenoátu a v reakci metatezní 

polymerizace s otevíráním kruhu (ROMP) cyklooktenu. Vymývání Ru do kapalné fáze záviselo 

na rozpouštědle a na substrátu použitých v reakci. V nepolárním systému vymývání Ru bylo 

zanedbatelné (0.04% počátečního množství Ru v RCM 1,7-oktadienu v cyklohexanu), kdežto 

největší vymývání Ru bylo pozorováno v polárním systému (14% v RCM dietyldiallylmalonátu 

v dichlormethanu). Filtrační experiment, provedený v případě metateze se zavíráním kruhu 1,7-

oktadienu a citronellenu, prokázal, že katalytická aktivita v nepolárním rozpouštědle byla zcela 

spojená s pevnou fázi. 

Pozitivní vliv velikosti pórů nosiče na katalytickou aktivitu byl pozorován v RCM (-)-β-

citronellenu, v metatezi 1-decenu, v metatezní polymerizaci 1,9-dekadienu a v ROMP 

cyklooktenu. Ve všech případech počáteční rychlost reakce se zvyšovala s rostoucím průměrem 

pórů nosiče, kdežto architektura nosiče neměla žádný významný vliv. Katalyzátory na bázi 

mezoporézních molekulárních sít byly aktivnější než katalyzátor na bázi konvenční siliky. 

V případě ROMP cyklooktenu, katalyzátory na bázi mezoporézních molekulárních sít poskytly 

polymery s vysokou molekulární hmotnosti (Mw cca. 300,000) a to s vysokým výtěžkem (70-



 
 

80%). Na rozdíl od toho, v případě katalyzátoru na bázi siliky, se polymerizace zastavila po 15 

minutách reakce, přičemž výtěžek polycyklooktenu dosahoval pouhých 40%.  Tyto výsledky 

poukazují na výhody katalyzátorů na bázi mezoporézních molekulárních sít v kontextu reakci 

ROMP. Vliv katalyzátoru, různých koncentrací substrátu a teploty na rychlost reakce byl 

studován v RCM u citronellenu a vysoká hodnota TON (4010) byla dosažena za použití velmi 

malého množství katalyzátoru (C°Ru = 0.042 mmol/L). Katalyzátor ZC katalyzoval enyn cross-

metatezi alifatických alkenů a alkynů, nicméně heterogenní katalyzátor v tomto případě úspěšný 

nebyl. Aktivity nového heterogenního katalyzátoru typu Grubbs druhé generace, 

imobilizovaného na SBA-15 prostřednictvím fosfinového linkeru, G.II/SBA-15, a ZC/SBA-15 

byly testovány v reakcích metateze a cross-metateze kardanolu (hlavní složky výtažku ze 

skořápek ořechů kešu). Oba heterogenní katalyzátory se ukázaly jako vysoce aktivní a selektivní 

v reakcích metateze a cross-metateze kardanolu s ethenem a cis-1,4-diacetoxy-2-butenem (DAB) 

(v metatezi kardanolu s G.II/SBA-15 a ZC/SBA-15 bylo dosaženo TON = 1125 a 2075 ). 

V ethenolýze kardanolu, 3-(non-8-enyl)fenol byl izolován jako hlavní produkt. V reakci cross-

metateze kardanolu s DAB, 9-(3-hydroxyfenyl)non-2-enylacetát a non-2-enylacetát vznikaly 

s vysokou selektivitou. 3-(non-8-enyl)fenol a non-2-enylacetát mají použití jako prekurzory 

detergentů a složky příchutí a parfémů. Snadné oddělení obou katalyzátorů od produktů a malé 

vymývání Ru (0.5% v případě G.II/SBA-15 a 2.5% v případě ZC/SBA-15) zajištují přípravu 

produktů s minimálním obsahem Ru. 
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1 
 

1 AIMS OF THE STUDY 
 

The main objectives of this PhD thesis have been summarized as follows. 

1. 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. 

 

2. 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. 

 

3. To test the activity and selectivity of immobilized catalysts in olefin metathesis reactions 

including ring-opening metathesis polymerization, cross-metathesis, self-metathesis, 

ring-closing metathesis, acyclic diene metathesis polymerization, enyne metathesis, and 

ethenolysis reactions. 

 

4. To find the optimum reaction conditions, catalyst reusability, durability and Ru leaching 

in metathesis reactions. 

 

5. To determine the influence of support architecture and pore size on the catalyst activity 

and selectivity in metathesis reactions. 

 

6. To study the metathesis and ethenolysis of bulky cardanol molecule using Ru alkylidene 

homogeneous and heterogeneous catalysts.  
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2 THEORETICAL PART 

2.1 Olefin metathesis  

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 [
1
]. 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. One of the important characteristics of metathesis transformations 

stem from the fact that metathesis reactions are reversible. In self-metathesis of internal olefins, 

the equilibrium can be attained around 50% conversion. However, in case of external olefin the 

equilibrium can be shifted towards products by the removal of ethene and the conversion can 

reach to even nearly 100%. 

2.1.1 Olefin metathesis mechanism 

In 1971, Hérisson and Chauvin proposed the mechanism of olefin metathesis which was 

commonly accepted [
2
].  

  

R1

R1

R1R1

i

ii

iii

iv

v

vi

vii

viii

 

Figure 2.1: Olefin metathesis: a) Overall reaction and b) reaction mechanism as exemplified by 

metathesis of terminal olefin (where R = alkyl). The wavy bond shows that the R1 group can be 

located on the same side of the double bond or on different sides. 



3 
 

This mechanism (see Figure 2.1) involves a reaction between metal carbene (i) and olefin 

(ii) to form metallacyclobutane intermediate (iii). This metallacyclobutane is unstable and 

fragments in the opposite direction to release ethene (iv) and create a new metal carbene (v). 

This new metal carbene reacts with another equivalent of olefin (vi) to form another 

metallacyclobutane (vii). Fragmentation of resulting metallocyclobutane produces another olefin 

(viii) and regenerates the initial metal carbene which can re-enter into the catalytic cycle. 

2.1.2 Types of olefin metathesis reactions 

In 2005, Nobel Prize was awarded to Yves Chauvin, Robert H. Grubbs and Richard R. 

Schrock, "for the development of the metathesis method in organic synthesis". Olefin metathesis 

reactions fall into three broad categories in which overall chemistry (not mechanism) is 

represented by Figure 2.2 – Figure 2.9. Metathesis of acyclic olefins is a thermoneutral process.  

a)

b)

CH3CH=CH2

CHCH3CH2=CHCH3

CH2CH3CH

CH3CH

CH3CH=CH2

CH3CH=CH2

CH2

CH2

CH3CH CH2

                                                                                                                                                                                                                     

Figure 2.2: Self-metathesis: a) productive and b) non-productive. 

Self-metathesis of the same olefins can give productive or non-productive type of 

metathesis reactions (see Figure 2.2). Non-productive metathesis reactions are also called 

degenerate metathesis. Self-metathesis reactions occur when two molecules of the same olefin 

come together and react with each other [
3
]. Isotopic labeling studies proved that non-productive 

metathesis is faster than productive metathesis of terminal olefins [
4
].  

Ring-closing metathesis (RCM) is considered as one of the standard method in any 

organic synthesis laboratory. RCM allows easy synthesis of cyclic olefins with ring containing 5 

to 30 carbon atoms. The E/Z selectivity depends on the ring strain [
5
]. RCM is a type of 

intramolecular olefin metathesis of aliphatic dienes.  
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R'H

CHRR'HC

 

Figure 2.3: Ring-closing metathesis. 

In RCM, the equilibrium can be shifted by removal of second non-cyclic product (see 

Figure 2.3). It is entropy driven reaction because one molecule can be fragmented into two 

molecules. 

In recent years, cross-metathesis of olefins has emerged as a powerful synthetic technique 

in organic chemistry, however, as a general synthetic method, cross-metathesis has been limited 

by the lack of predictability in terms of product selectivity and stereoselectivity [
6
]. Cross-

metathesis of terminal olefins proceeds to yield three major products: among them one is desired 

cross-metathesis product and two undesired self-metathesis products with a mixture of olefin 

isomers (see Figure 2.4). 

R

Undesired products

Desired products

R'

 

Figure 2.4: Cross-metathesis of terminal olefins. 

Grubbs et al. reported that cross-metathesis products can be obtained in high yield when 

one of the starting olefins first undergoes self-metathesis reaction [
7
] (see Figure 2.5). 

R1

Cross-metathesis

Self-metathesis

R1

2 R1

R1

 2 R2

R2

Grubbs 1st generation

 

Figure 2.5: Self-metathesis and cross-metathesis products of terminal olefin [
7
]. 
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In the case of complete substrate conversion, the desired product will be statistically 

obtained with maximum 50% yield. At the same time, undesired products originating from the 

self-metathesis process can be observed with yield of 25%. There is a solution how to increase 

conversion to desired product: i) applying an excess of one of the partners usually leads to a 

more synthetically suitable reaction outcome [
8
]. 

            Ring-opening metathesis (ROM) is exactly the reverse reaction to RCM. In the presence 

of ethene, ROM is applied as a cross-metathesis and suitable for the preparation of terminal 

dienes. Ring strain favors for ring-opening and thus ROM processes are very common with 

norbornene and cyclobutenes [
9
].  

Ring-opening metathesis polymerization (ROMP) is a variant of the olefin metathesis 

reaction. ROMP has several industrial applications in specialty polymers [
10

]. In the case of 

ROMP reactions, the driving force is the relief of ring strain. Norbornene is a good monomer for 

ROMP (see Figure 2.6), as a wide range of monomer functionalities are easily available through 

Diels-alder reaction. 

ROMP
n

 

Figure 2.6: Ring-opening metathesis polymerization (ROMP) [
10

]. 

Acyclic diene metathesis polymerization (ADMET) is more complicated than ROMP 

reaction. It is a reaction of usually terminal diene, where product is a mixture of acyclic polyenes 

(see Figure 2.7). According to Le Chatelier’s principle, the removal of ethene can easily shift an 

equilibrium toward product side whereas, an excess ethene addition to macromolecular chain 

shifts the reaction in the reverse direction [
11

].  

n (n-1)[           ]
n

 

Figure 2.7: Acyclic diene metathesis polymerization (ADMET) 

Enyne metathesis is a unique and very interesting reaction in synthetic organic chemistry. 

It was discovered by Katz in 1985 [
12

]. Enyne metathesis is a reaction between alkyne and alkene 

to produce 1,3 dienes (see Figure 2.8). This reaction is catalyzed by transition metal carbene and 

its mechanism is similar to alkene metathesis.  
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R

R1

R2

I II

R

R1

R2

 

Figure 2.8: Enyne metathesis [
12

]. 

R1

R1

R2

R2
M

R

R1

R2

R

R

R1

R

R1

M

R1

R2

R2

R2

M

R1

R1 R1

R1

R
R2 R2

R2

R2
M

 

Figure 2.9: Enyne metathesis mechanism [
12

]. 

In these cases, migration of alkylidene part occurs from alkene carbon to alkyne carbon 

hence it is also called as alkylidene migration reaction or skeletal reorganization reaction (see 

Figure 2.9). Intramolecular enyne metathesis (ring-closing enyne metathesis) can give cyclized 

products having conjugated diene moieties [
13

]. Moreover, intermolecular enyne metathesis (also 

called enyne cross-metathesis) can also be possible and give conjugated diene product in the 

above reaction. Recently, intramolecular enyne metathesis reaction has been developed between 

alkyne and ethene as a novel diene synthesis.  

2.2 Olefin metathesis catalysts 

The most important metathesis catalyst are derived from compounds of W, Ti, Mo, Re, 

and Ru. The olefin metathesis reactions are catalyzed by transition metals carbene complexes 

containing Mo, W, Re, Ti and Ru [
14

]. The catalysts can be divided into two main parts called ill-
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defined catalyst system and well-defined catalyst system. From early 1960’s to the early 1980’s, 

metathesis was conducted using ill-defined catalysts. 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. Examples of ill-defined catalysts include TiCl4/Et3Al, TiCl4/LiAl(n-

C7H15)4, MoO3/γ-Al2O3/LiAlH4, MoCl5/Et3Al, MoCl2(NO)2L2/EtAlCl2 (L = Phosphine or 

pyridine), MoO3/SiO2, WCl6/(n-C2H5)4Sn, WCl6/EtAlCl2/EtOH, WOCl4/(n-C4H9)4Sn, RuCl3, and 

Re2O7/Al2O3 [
15

]. These catalysts suffered of low initiation efficiency. These systems are 

gradually replaced by “well-defined” catalysts based on Ru, Mo and W-alkylidenes. 

Well-defined metathesis catalysts are stable alkylidene complexes like 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 ˂ Mo ˂ Ru. 

In the 1970s, the degenerate metathesis between terminal olefins and a well-defined 

titanium/aluminum complex (known as the Tebbe complex) was shown by Tebbe et al. 

Chauvin’s mechanism for olefin metathesis was further verified by the isolation of Ti-based 

metallacycles derived from the Tebbe complex [
16,17

]. After better understanding of the 

mechanism, focus turned to isolating well-defined olefin metathesis catalysts. Tungsten-based 

catalysts, which are as active as the ill-defined systems, were developed and characterized by 

Schrock and Osborn. In addition to developing tungsten alkylidene complexes, W-based 

metallacyclobutane were also observed further verifying the mechanism proposed by Chauvin 

[
18

]. A number of metal carbene complexes were developed with range of transition metals (Ti, 

W, Mo, Re, Ru), showing their various activities and tolerances for olefin metathesis in 

comparison with the ill-defined catalyst for olefin metathesis. These catalysts work very well at 

low temperature (20-100°C). The well-defined catalysts are relatively expensive because of their 

complicated preparation [
19,20

]. 

Schrock’s discovery revolutionized the metathesis field and increased the utility of the 

ADMET of 1,9-decadiene [
21

]. The Schrock alkylidenes are particularly reactive species, do not 

catalyze side reactions, and are quite effective as polymerization catalysts for ADMET. Due to 

the oxophilicity of molybdenum, these alkylidene are moisture and air sensitive, so all reactions 

using these catalysts should be performed under inert conditions using Schlenk tube technique or 

glovebox techniques. 

Grubbs type carbenes based on Ru are more tolerant to air, moisture and functional 

groups [
22

]. Grubbs first generation catalyst shows less reactivity compared to Schrock’s Mo 

catalyst, particularly with sterically demanding and electron deficient olefins. Grubbs, [
23

] Nolan, 
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[
24

] and Herrmann [
25

,
26

] were found a significant improvement of Ru carbene catalysts with the 

introduction of N-heterocyclic carbene ligand (see chapter 2.2.1). 

In 1992, the first well-defined, single-component Ru complex that showed activity in 

ROMP, (PPh3)2Cl2Ru=CH-CH=CPh2 (C01) was reported [
27

]. This complex can be prepared by 

treating RuCl2(PPh3)3 with 3,3-diphenylcyclopropene to give C01 in nearly quantitative yields 

(see Figure 2.10). This complex was found stable in dry and degassed solvents like benzene and 

dichloromethane and did not show appreciable decomposition after exposure to water, ethers and 

various alcohols. It does not react with aldehydes and ketones in Wittig-type fashion. 

PhPh

Ru Ph

Ph

PPh3

PPh3

Cl

N2

Ph
CH2

+2 PCy3

Ru

Cl

 + H2C=CH2

Cl

Ru

Cl

+2 PCy3

RuCl2(PPh3)3

 -2 PPh3

 - PhCH=CH2

Ru

Ph

Ru

 -2 PPh3

Ph

Ph

Ph

PCy3PCy3

PCy3

PPh3

PCy3PPh3 PCy3

PCy3

Cl

Cl

ClCl

Cl

Cl

C01 C02

C03 G.I C04

  

Figure 2.10: Synthesis of well-defined Ru complexes [
27

]. 

Although catalyst C02 exhibited a high functional group tolerance, it did not show appreciable 

activity to the ROMP of low-strained cyclic olefins or metathesis of acyclic olefin. The 

vinylalkylidene group of catalyst C02 was not an efficient initiator in metathesis acyclic olefins 

such as cis-2-pentene [
28,22

]. These disadvantages led to the birth of a new synthetic route by 

Grubbs and co-workers [
27

].  

2.2.1 Grubbs first and second generation catalysts 

The main advantage of Ru based catalyst over Schrock’s catalyst is that they are 

thermally much more stable and less sensitive to poisoning by polar functionalities, even 

including water.  But active catalyst is still sensitive to oxygen [
29

]. Several synthetic routes have 

been developed for various types of Grubbs complexes with structure [(PR3)2Cl2Ru=CHR]. 
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Trialkyl phosphine ligands have been used in many cases because they ensured high activity of 

the resulting complexes [
30,31

]. 

Grubbs and his co-workers prepared the first generation catalyst by treatment of 

[RuCl2(PPh3)3] with phenyl diazomethane  followed by exchange of PPh3 ligand with PCy3 at -

78°C (see Figure 2.10) [
32

]. This methodology was adopted to produce a large quantity of Grubbs 

first generation catalyst (G.I), which is commercially available in the market. This catalyst is 

moderately active compared to tungsten, titanium and molybdenum complexes which are used 

for olefin metathesis [
22

]. Because of oxidation and sensitivity to moisture, it should be handled 

using Schlenk tube technique. G.I catalyst is moderately sensitive to air and moisture and 

significantly tolerant of functional groups. These drawbacks led to the synthesis of G.II. 

Grubbs, [
23

] Nolan, [
24

] and Herrmann [
25

] independently developed an idea of combining 

the labile phosphine group with non-labile, stabilizing NHC ligand, resulting in heterocyclic 

complex such as G.II as shown in Figure 2.11. This type of catalyst is called Grubbs second 

generation catalyst (G.II). G.II has good activity, stability, and more tolerance towards polar 

functional groups in comparison with G.I. The substituting one of the phosphine ligands on G.I 

with NHC ligand resulted in a higher activity of G.II up to the factor of 10
4
 relative to the G.I 

[
33

]. This high metathesis activity is attributed to favorable electron donation and steric bulkiness 

of NHC ligand protected Ru carbene against decomposition.  

G.I G.II

Cl Cl

Mes

Ru

Mes

Ru

Ph Ph

PCy3

PCy3PCy3

Cl Cl

MesMes
. .

 

Figure 2.11: Synthesis of Grubbs second generation catalyst (G.II) [
33

]. 

G.II catalyst is stable toward moisture and air in comparison with G.I so it is easier to 

handle in laboratory. G.II catalyst formed covalent bonding to mesoporous molecular sieve 

surface modified with PCy2 linker and provided active and reusable heterogeneous catalyst for 

RCM and ROMP [
34

]. 

2.2.2 Hoveyda-Grubbs second generation catalyst 

In 2000, Hoveyda and Blechert groups synthesized this catalyst called second generation 

Hoveyda-Grubbs catalyst (HG.II). This catalyst is more reactive than Grubbs second generation 
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catalyst at lower temperature. It is considered as one of the best catalysts for ring-closing 

metathesis (RCM) and cross-metathesis (CM) [
35

]. The catalyst HG.II is prepared by the 

reaction of G.II [Ru(Cl)2(PCy3)(NHC)CHPh] with 2-isopropoxystyrene as shown in Figure 2.12 

[
36

]. This catalyst did not find much application in ROMP. 

G.II HG.II

Cl

Mes

Cl

Mes

Ru

Ph

Mes

Ru

PCy3

Mes

Cl Cl

 

Figure 2.12: Synthesis of the HG.II [
37

]. 

The catalysts formed by the reaction of G.II and isopropoxystyrene with various 

substitution patterns on the aromatic ring, was patented by Blechert et al. (see Figure 2.13) [
38

]. 

OH

HG.II

Cl

Mes

Ru

Mes

Cl

Wittig1) NaH, 0°C

2) i-PrBr, 50°C, 36 h

1 equivalent G.II, CuCl

CH2Cl2, 40°C

wittig reaction:

1) t-BuOK (2 equiv) Ph3PCH3Br

(2 equiv), Et2O (0.1M), 0°C, 10 min

2) aldehyde (1 equiv), 5 min

 

Figure 2.13: Synthesis of the HG.II by Blechert [
38

]. 
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These types of complexes are well suited for cross-metathesis with electron deficient 

olefins such as α-β-unsaturated nitriles [
39

].  HG.II catalyst can initiate easily at lower 

temperature. HG.II is more reactive and efficient metathesis catalyst [
40

,
41

]. 

2.2.3 Zhan catalyst 1-B 

Zhan catalyst (ZC) is the modification of Hoveyda-Grubbs second generation catalyst. 

The ZC-1B was introduced by Zannan Scitech Co., LTD, China. They introduced a polar group 

such as dimethylaminosulfonyl on HG.II (see Figure 2.14). An electronic effect of this group on 

isopropoxy-bezylidene ligand increases the activity of HG.II catalyst substantially [
42

,
43

]. This 

catalyst has some advantages over G.I, G.II and HG.II: it is i) more stable towards air and 

moisture, ii) more active and selective, iii) more tolerant to polar functional groups. This catalyst 

is very much effective for RCM and CM. Mesoporous molecular silica based materials were 

found excellent support for modification with catalytically active species for several organic 

reactions [
44

]. 

   

Figure 2.14: Structure of Zhan catalyst. 

2.3 Heterogenization of well-defined Ru catalysts 

Molybdenum and tungsten alkylidene complexes developed by Schrock et al. and Ru 

alkylidene complexes developed by Grubbs et al. are the most important catalysts for metathesis 

reactions [
45,28

]. These complexes are soluble in reaction medium and this fact complicates the 

separation of product from the catalyst residue. It could be possible to get product free from 

catalyst residue but it requires a purification process, which is rather tedious and expensive. 

However, this problem can be overcome by immobilizing these soluble transition metal catalysts 

on a solid support [
46,47

]. The supports can be either inorganic materials or organic polymers 

[
48,49

]. Inorganic material such as silica has no swelling properties and good thermal and 

mechanical stability. Inorganic complexes (for example ZC or G.II) attached to silica or 

mesoporous sieves are called hybrid catalysts. Heterogeneous catalyst has some important 

advantages in comparison with homogeneous catalyst: 1) very low content of catalyst residue in 
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the product, 2) easy catalyst-product separation, 3) easy catalyst reusability (except ROMP), and 

4) possibility to be used in flow system [
50

]. In majority, heterogeneous catalysts have a lower 

activity as compared to parent homogeneous catalysts. The Ru based alkylidene complexes can 

be immobilized by the following ways: i) by exchange of phosphine/pyridine ligand, ii) by 

exchange of halide ligands, iii) by exchange of NHC ligand, iv) by exchange of alkylidene 

ligand, and v) via non-covalent interactions. 

2.3.1 Immobilization by exchanging phosphine/pyridine ligand 

Since last decade, immobilization of well-defined homogeneous catalyst on solid 

supports has been attractive topic in olefin metathesis. The immobilization of C01 catalyst was 

first reported by Grubbs et al. in 1995 and polymers were used as supports [
51

]. The catalyst C01 

was immobilized via its phosphine ligand on phosphine modified cross-linked polystyrene-

divinylbenzene (PS-DVB) solid support (see Figure 2.15). The catalyst C05 prepared in this way 

was found to be active in ROMP of cyclooctene (COE) and metathesis of cis-2-pentene. 

However, the TOF for the metathesis of cis-2-pentene was about 150 times lower than that of its 

homogeneous analogue [
51

]. The decrease in the reaction rate may be caused by: i) the slow 

diffusion of the olefin into the pores of the catalyst, and/or ii) it may be attributed to the 

phosphine chelation effect. Due to the dissociative mechanism of the metathesis reaction with 

Grubbs catalysts, the phosphine ligand should dissociate to form 14-electron intermediate 

(initiation), followed by either binding of olefin substrate or re-coordination of phosphine. The 

presence of a high concentration of phosphine on the support can strongly favored phosphine re-

coordination, which will slow down the rate of the metathesis. The decrease in the metathesis 

rates of these catalysts is offset by the extended lifetime of the supported catalysts and the ability 

to reuse the catalysts [
51

]. 

n

C05

-

C01

n

 

Figure 2.15: Immobilization of catalyst C01 on polystyrene-divinylbenzene polymer (R = 

phenyl or cyclohexyl) [
51

]. 

Firstly Verpoort et al. described the immobilization of G.I on mesoporous molecular 

sieves (MCM-41) via phosphine ligand. This immobilized catalyst proved to be active in RCM 
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of DEDAM and ROMP of norbornene [
52

]. Pastva et al. showed the first generation of Hoveyda-

Grubbs catalyst (HG.I) immobilized on mesoporous molecular sieves (MCM-41, MCM-48, 

SBA-15 and SBA-16) via exchange of phosphine ligands (see Figure 2.16) [
43

]. These 

immobilized catalyst (1.0 wt%) proved to be active and selective in several metathesis reactions 

like, RCM of 1,7-octadiene, DEDAM, tert-butyl N,N-diallylcarbamate and N,N-diallyl-2,2,2-

trifluoroacetamide, self-metathesis of methyl 10-undecenoate, 5-hexenyl acetate, and 1-decene. 

OH

PCy3

OH

OH

PCy2

-

Figure 2.16: Immobilization of Hoveyda-Grubbs type first generation (HG.I) on mesoporous 

support by exchange of phosphine ligand [
43

]. 

G.III

SIMes = Mes

G.III

Mes
. .

0.62 wt% Ru

- 2

C07

- 2

1.0 wt% Ru

C06

 Figure 2.17: Immobilization of G.III on SBA-15 modified with PCy2 and pyridine linkers [
34

]. 
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Other hybrid catalysts C06 and C07 were prepared by immobilization of Grubbs third 

generation catalyst (G.III) on SBA-15 modified with PCy2 linker and pyridine linkers [
34

]. In 

both cases, well-defined catalysts were attached to the sieve surface by covalent bond (see Figure 

2.17). The catalyst activity of C06 and C07 were tested in the cross-metathesis of allylbenzene 

with 1,4-diacetoxy-2-butene and RCM of DEDAM. The hybrid catalyst with PCy2 exhibited 

TON = 2000 at nearly 100% selectivity, on the other hand hybrid catalyst with pyridine linker 

showed rapid decomposition at incomplete substrate conversions. 

2.3.2 Immobilization by exchanging halide ligands 

Buchmeiser et al. described the heterogenization of Grubbs-Hoveyda type metathesis 

catalyst by exchange of chlorine ligands through carboxylate ones [
53

]. He replaced the chlorine 

by fluorinated carboxylates and sulfonates ligand which contain electron withdrawing groups to 

get phosphane free catalyst. In 2011, Marciniec et al. reported the immobilization of HG.II on 

silica support [
54

]. He prepared siloxide complex (see experiment section, chapter 3.3.4) by the 

reaction of HG.II with trialkylsilanolate and then this siloxide complex reacted with silica to 

form immobilized catalyst. This catalyst had covalent bond with the sieve surface. It was found 

to be reusable and active in metathesis of chlorostyrene, RCM of DEDAM and ROMP of 

cyclooctene. After getting inspiration from Buchmeiser’s publication [
53

], Bek et al. prepared the 

catalyst by immobilizing HG.II on SBA-15 molecular sieve support via the exchange of chlorine 

ligand (0.65 wt% Ru) (see Figure 2.18) [
42

].  

HG.II 

C10

- EtOH - EtOH

 

2
- AgCl

SBA-15 
 

Figure 2.18: Immobilization via exchange of Cl ligand by carboxylate ligand [
42

]. 
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The catalyst showed a fair activity and a high selectivity in RCM of 1,7-octadiene and 

DEDAM. The Ru leaching was observed 2.3% of starting amount of Ru in the catalyst and the 

catalyst was reusable. For heterogeneous catalyst, the reaction rate was lower as compared to 

homogeneous one but it exhibited high stability and high TON (2900) for prolonged reaction 

time (20 h).  

2.3.3 Immobilization by exchanging N-heterocyclic carbene (NHC) 

In 2000, Schurer and co-workers introduced saturated NHC ligands to attach Ru catalysts 

onto polymer (Merrifield polystyrene). The reactivity of this catalyst was deteriorated after reuse 

[
55

].   

NH

Mes

NH

Mes
OH

C08

H

-
Cl

H
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O
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Ru
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Mes
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O
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Figure 2.19: Synthesis of 1,3 dimesityl-4,5-dihydroimidazoline-2-ylide Ru catalyst [
55

]. 
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In Figure 2.19, the diamine compound C08 was prepared by the reaction of 2,4,6-

trimethylaniline with 2.3-dibromo-1-propanol and after deprotonation of OH group, it was 

attached to the Merrifield polystyrene via ether linkage to give compound C09. Then under 

acidic conditions, compound C09 was cyclized and exchange of anion yielded the support-bound 

3,4-dimesityl-4-5-dihydroimidazolium chloride, C10. The compound C10 was converted to 

corresponding 2-ter-butoxy-4-5-dihydroimidazoline by the treatment with Me3SiOSO2CF3, C11 

and finally support bound 1,3 dimesityl-4,5-dihydroimidazoline-2-ylide Ru complex C12. This 

catalyst has shown very high yield in several RCM reactions. 

Immobilization proceeds via N-heterocyclic carbene ligand gives strong linkages of well-

defined Ru catalyst to the silica support. Jian-lin Shi et al. reported reusable heterogeneous Ru 

catalysts (see Figure 2.20) [
56

], which are highly active in various RCM reactions. Information 

about Ru leaching was not mentioned. 

C4H9 C4H9

Cl

C4H9

Cl

O

O

Cl

C4H9

PCy3

(H3CO)3Si

PCy3
C4H9

Ru

Ru

PCy3

(H3CO)3Si

Ph

Ph

Ru

PCy3

Ph

Cl

Cl Cl

ClC3H6Si(OCH3)3

(H3CO)3Si

:NaH, THF

KOiBu

Cl
-

SBA-15

O

Si

Figure 2.20: Immobilization of the first generation Ru carbene complex via NHC ligand [
56

]. 

2.3.4 Immobilization by alkylidene ligand 

Immobilization via exchange of alkylidene ligand requires styrene derived linkers for the 

surface modification or Hoveyda-Grubbs type catalysts with alkylidene ligands bearing Si(OR)3 

(R = Me, Et) groups. Immobilization by alkylidene ligand is one of the most frequently used 

methods in olefin metathesis. According to the reaction mechanism given in Figure 2.21, the 

alkylidene ligand of starting carbene is replaced by an alkylidene from a substrate molecule and 
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therefore the carbene is detached from support and the catalytic cycle must proceed in a fluid 

phase. Observed low leaching and reusability of catalysts are usually explained by a notion that 

propagating alkylidenes are re-captured after several catalytic cycles by a reverse reaction with 

free linkers on the surface (concept of “boomerang” catalysts or release–return mechanism) [
57

]. 

Nowadays, this concept is a question of debate.  Hoveyda-Grubbs catalyst was immobilized on 

silica gel modified with 2-isopropoxy-1-propoxy(3-trimethoxysilyl)-3-vinylbenzene linker as 

described by Fischer and Blechert [
58

]. The same idea was adopted by Ying et al. who 

immobilized Hoveyda-Grubbs second generation catalyst onto siliceous mesocellular foam 

(MCF) [
59

]. It was found that ligand and metal loading significantly affected the catalyst activity 

and recyclability. The catalytic activity was studied in RCM reactions. In 2008, Pleixats et al. 

showed direct sol-gel preparation of heterogeneous Hoveyda-Grubbs catalyst using Ru 

complexes with long chain alkylidene ligands bearing Si(OEt3) groups [
60

]. It was observed that 

hybrid catalyst (0.86 wt% Ru, SBET = 332 m
2
/g, pore diameter = 12-17 nm) was active in RCM 

in DEDAM and reusable. The loss of Ru during the reaction cycle was 1.9%. 
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Figure 2.21: Immobilization via exchange of alkylidene ligand [
60

]. 
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2.3.5 Immobilization of Ru complex via non-covalent interactions 

Ru complexes can be immobilized on a solid support either covalently or non-covalently.  

The main advantage of immobilization of Ru catalysts on solid supports via non-covalent 

interactions is the easy preparation without modification of the support surface. The bonding of 

these well-defined Ru complexes with mesoporous molecular sieve support could be hydrogen 

bonding which is stronger than van der Waals forces and less strong than ordinary covalent bond 

hence leaching and reusability of the catalyst is more dependent on reaction conditions. Jacobs et 

al. described immobilization of HG.II catalyst on silica support [
50

]. The catalyst was 

immobilized by stirring with silica in toluene at 20 °C for 2 h followed by washing with hexane 

and dried in vacuum. The bonding of the complex to the solid support was tested by filtration 

experiment using hexane as a solvent. It was confirmed that catalytic activity was bound to the 

solid phase. In order to avoid higher Ru leaching, the polar substrates and polar solvents were 

avoided to assure true heterogeneous metathesis. ROMP of cyclooctene (hexane, C°cyclooctene = 

0.05 – 0.2 mol/L, T = 20 °C) was carried out using continuous fixed bed reactor. In hexane, Ru 

contamination of the product was very low (7 ppb), and TON up to 4000 was achieved. 

However, the molecular weight of the product was not mentioned. Author showed direct 

chemical interaction of Ru center with silanols of the surface instead of a weak physisorption. 

However, formation of covalent bond between Ru complex and the surface was not proved. 

Immobilization via non-covalent interaction have advantage that the catalyst preparation 

is easy with avoiding support modification with linker molecule but usually provides a higher 

leaching in polar solvents.  

2.4 Industrial applications of olefin metathesis 

Olefin metathesis is a powerful synthetic tool in organic chemistry with large scope of 

applications in petrochemistry, polymer synthesis and fine chemicals synthesis. Phillips Triolefin 

Process was the first process applied on industrial scale in petrochemical industry. This reaction 

was based on a following metathesis reaction (see Figure 2.22). 

2 CH3CH=CH2 CH2=CH2 CH3CH=CHCH3
 

Figure 2.22: Phillips triolefin reaction. 

The reaction is carried out in fixed-bed tubular reactor with WO3/SiO2 catalyst, doped 

with sodium to prevent double bond shift reactions at temperature 350-425°C [
61

]. Due to the 

increase in demand for propene Lyondell started the production of propene from ethene and 2-

butene using WO3/SiO2 called reverse Phillips Triolefin Process. The Institut Français du Pétrole 

http://fr.wikipedia.org/wiki/Fran%C3%A7ais
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and the Chinese Petroleum Corporation have jointly developed a commercial process, in which 

ethene and 2-butene react in the liquid phase in the presence of Re2O7/Al2O3 catalyst at 35 °C 

and 6000 kPa called Meta-4 [
10

].  

A large scale industrial process incorporating olefin metathesis is the Shell Higher Olefin 

Process (SHOP). It is used for production of detergent range alkenes from ethene [
10

]. SHOP 

process is based on homogeneous catalysis and comprises three stages.  

First step is oligomerization. Oligomerization of ethene in the presence of a 

homogeneous nickel-phosphine catalyst (at temperature 90-100°C and pressure 10000-11000 

kPa) in 1,4-butanediol gives a mixture of linear even-numbered α-olefins ranging from C4 to C40. 

The olefins formed are immiscible with the solvent so that there will be easy separation of the 

catalyst and it is reusable. The C6-C18 α-olefins are separated from the product mixture by 

distillation and it can be further fractionated into individual compounds, which can be used in 

polyethene production as comonomer or it can be converted into products such as detergent 

alcohols, synthetic lubricants, synthetic fatty acids, plasticizer alcohols etc. The remaining lighter 

(< C6) and heavier (> C18) alkenes go to purification beds, which remove catalyst and solvent 

residues that would otherwise deactivate the isomerization catalyst.  

C10-14

C2H4
Oligomerisation

C4-20--n 
Olefins

Catalyst + Solvent

Distillation

Metathesis
(Mo/Al2O3)

Isomerisation

C2H4

C4-10

C12-18

C20+

Figure 2.23: Shell higher olefin process [
62

]. 

The second step is isomerization. In this step, these lighter and heavier alkenes undergo 

double-bond shift isomerization over a solid potassium metal catalyst to give mixture of internal 

olefins. The third step is metathesis [
63

].  
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In metathesis step, this mixture passes over an alumina supported molybdenum 

metathesis catalyst, resulting in a mixture of linear internal alkenes with even and odd numbers 

of carbon atoms obtained through cross-metathesis reaction. The isomerization and metathesis 

catalysts operate at 100–125 °C and 1000 kPa. The remaining lower (< C11) and higher (> C14) 

alkenes are recycled. The product consists of linear internal C11–C14 alkenes, which can be 

converted into surfactants and detergent alcohols, via a hydroformylation process, or into 

detergent alkylates [
64

] (see Figure 2.23).  

Metathesis plays an important role in the synthesis of pharmaceuticals used in treating 

diseases such as bacterial infections, hepatitis C,  Alzheimer’s disease, cancer, osteoporosis, 

arthritis, Down’s syndrome, inflammation, fibrosis, migraine, HIV/AIDS etc [
65

]. Metathesis is 

significant to green chemistry because metathesis involve synthesis methods which are simple to 

use, more efficient and eco. For example aqueous ROMP of 7-Oxonorbornene derivatives in dry 

organic solvent using RuCl3 (hydrate) developed by Grubbs et al. [
66

].  

Metathesis has great role in the synthesis of 7-membered azepin called balanol [
67

], which 

can be used as an anticancer agent, controlling inflammation, cardiovascular disorders, HIV 

infection and even nervous system dysfunction. Fürstner [
68

] and Thiel [
69

] claimed that total 

synthesis of this compound was shortened by 4-5 steps from the earlier methods using RCM.  

Similar type of RCM was used to produce civetone from oleyl oleate which has application in 

the perfume industry [
70

]. Another type of natural compounds are insect pheromone which can be 

easily obtained via metathesis and used as environment friendly pest control agents. Pederson et 

al. [
71

] reported a metathesis reaction of unsaturated ester and 3-hexene catalyzed by G.II to 

yield the pheromone, 11-tetradecenyl acetate (see Figure 2.24) (for G.II, please see Figure 2.11). 

(CH2)9

Grubbs second 

generation catalyst

 

Figure 2.24: Synthesis of 11-tetradecenyl acetate using olefin metathesis [
71

]. 

An international drug company, Meteria has produced three pheromones: i) (E)-5-

decenyl acetate: it is a pheromone of peach twig borer ii) a mixture of (E) and (Z)-11-
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tetradecenyl acetate: of omnivorous leafroller and iii) different mixture of (E) and (Z)-11-

tetradecenyl acetate: of Sparganothis fruit worm, a pest of cranberries and blueberries.  

Industrial application of polymerization of cyclooctene to polyoctenamer was found 

immediately after discovery of olefin metathesis and was discovered by Chemische Werke Huels 

A G. There are two products formed by polymerization of cyclooctene: trans-polyoctenamer and 

cis-polyoctenamer [see Figure 2.25] and it was produced by metathesis induced by rubber 

industry [
72

]. Trans-polyoctenamer has properties close to natural rubber while cis-

polyoctenamer is similar to special rubbers [
73

].  

n

n
a

b
n

 

Figure 2.25: ROMP of cyclooctene [
72

]. 

CdF-Chimie, France produced the first commercial metathesis polymer, polynorbornene 

in 1976 and after two years this polymer was put forward by USA and Japan under the trade 

name of Norsorex®. This polymer was obtained by ROMP of 2-norbornene, which can give a 

90% trans polymer with a very high molecular weight (> 3 × 10
6
 g/mol). The process uses a 

RuCl3/HCl catalyst in butanol which can work well in presence of air and produces a useful 

elastomer [
74

]. Norsorex® is presently produced in Carling (France) by Atofina, and developed 

worldwide by the Japanese company Nippon Zeon. 

2.5 Applications of metathesis in transformation of cardanol 

In present time, cardanol has attracted a lot of attention of academic as well as industrial 

researchers [
75

]. Cardanol is a mixture of phenolic compounds obtained from Cashew Nut Shell 

Liquid (CNSL). CNSL is composed of cardanol, cardol and 2-methyl cardol. Cardanol can be 

separated by double vacuum distillation (at 400-500 Pa), from another component of CNSL. It is 

a pale yellow viscous liquid [
76

]. Each compound in cardanol is phenol having a long 

hydrocarbon chain in meta position, containing one, two, or three double bonds separated by one 

methylene groups [
77,78

] (see Figure 2.26). Cardanol finds use in the chemical industry in oil and 

alcohol soluble resins, rubber compounding, coatings and laminating resins. It serves as an 

excellent raw material for the preparation of high grade insulating varnishes, paints, enamels, 

surface coating, frictional materials and surfactants [
79,80

]. Olefin metathesis is one of the most 
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exciting synthetic methods in organic chemistry which has been applied in synthesis and 

upgrading of many natural products including CNSL. Many natural products like, natural rubber, 

carotene and squalene have been transformed by ethenolysis (cross-metathesis with ethene)      

[
81,82

]. In the similar way, metathesis can transform cardanol into long chain unsaturated 

hydrocarbons and valuable phenolic compounds. However, only a few papers have been 

published on metathesis of cardanol till now. Using homogeneous Hoveyda–Grubbs metathesis 

catalysts, synthesis of bisphenolic derivatives for application as surface coating, resins, friction 

lining materials and synthesis of sodium cardanol sulfate and detergent, from cardanol have been 

described [
76

]. Also cardanol based phorphyrins and cardanol based fulleropyrrolidines were 

described [
83,84,85,86

]. In addition, cardanol metathesis leading to the synthesis of biologically 

active compound as kairomone and synthesis of chemicals like 3-(non-8-enyl phenol) as a 

detergent precursor and 1-octene as a polymer additive [
87

]. Cardanol and sulfonated cardanol 

can be functionalized to form phenolic ethers, which have potential applications as polymer 

additives. However, the potential use of cardanol metathesis as a source of fine chemicals is 

much larger. The main problems connected with metathesis in cardanol transformation seem to 

be difficulty in the separation of individual cardanol components [
77,79,84

] urging to use a raw 

mixture for metathesis reactions.  

OH

R

H3C

RHO HO

OH OH

R  

     Cardanol                        Cardol                      2-methyl cardol 

R =

 

Figure 2.26: Constituents of cashew nut shell liquid. 

The degree of unsaturation in cardanol depends on the origin of CNSL, cardanol isolation 

and purification process [
87,88

]. It is worth to study cardanol metathesis because CNSL are 

produced in a large quantity but chemical transformation of cardanol  by metathesis are not much 

known and till now there are only few publications on cardanol metathesis using homogeneous 

catalyst and nobody has reported cardanol metathesis using heterogeneous catalyst.  
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In this thesis cardanol was used for self-metathesis, ethenolysis of cardanol and cross-

metathesis of cardanol with cis-1,4-diacetoxy-2-butene. 

2.6 Mesoporous molecular sieves 

Porous materials have been intensively studied with regard to technical applications as 

catalysts and catalyst supports [
89

]. According to the IUPAC definition, the classification of 

porous material based on their pore sizes; microporous (pore size < 2nm), mesoporous (2–50 

nm), and macroporous (> 50nm) materials [
90

]. New family of mesoporous molecular sieves was 

introduced by Mobil researchers and it was designated as M41S family [
91

,
92

]. These materials 

were synthesized using a silica source and different organic structure directing agents e.g., 

cationic surfactants containing long alkyl chain quaternary ammonium compounds containing 

10–20 carbons, often followed with addition of co-surfactants.  

A number of models have been proposed to rationalize the mechanism of formation of 

mesoporous materials by various synthesis routes [
93

]. All these models are based on the role of 

surfactants in solution to direct the formation of silicate mesostructures. The surfactants have a 

hydrophilic head group and a long chain hydrophobic tail group within the same molecule, 

which will aggregate and self-organize in such a way so as to minimize the energetically 

unfavorable interaction between polar solvent molecule and non-polar alkyl chain. Different 

types of interaction between the surfactant and inorganic precursor under different conditions 

lead to different postulates for the mechanism of formation of mesoporous materials. Siliceous 

mesoporous molecular sieves are the materials with regular structures, high surface areas (even 

more than 1000 m
2
/g), high void volumes, and narrow pore size distribution. Because of these 

unique qualities these materials are frequently used as supports for advanced heterogeneous 

catalysts [
94,95,96

] including metathesis ones. [
97,98,99

].  

2.6.1 Types of mesoporous molecular sieves 

There are different types of mesoporous molecular sieves namely MCM-41, MCM-48, 

SBA-15 etc. These mesoporous molecular sieves are formed according to their shape of micelles 

with hexagonal (SBA-15 and MCM-41), cubic (MCM-48 and SBA-16 etc) and lamellar form 

(MCM-50). After synthesis of mesoporous molecular sieves, the template molecule can be 

removed by washing with organic solvents and then calcinations. Although the mesoporous 

molecular sieves display long range structural ordering and they presents well-ordered lattice, 

they are not crystalline. The pore walls of the mesopores are amorphous. The different synthesis 

conditions, the sources of silica and the types of surfactants can be used to prepare the different 

mesoporous molecular sieves. There are reports describing the methods for controlling texture 
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and morphology of mesoporous molecular sieves [
100,101,102,103

].The different types of 

mesoporous molecular sieves are shown in Figure 2.27. 

 

                     a)                                                                                    b)                                                      

                        

 

 

                                

                     c)                                                                                    d)                                       

Figure 2.27: Types of mesoporous molecular sieves: a) hexagonal channel of molecular sieve 

MCM-41 (of about 3 nm pore diameter [
104

]), b) three dimensional structure of MCM-48 with 

cubic geometry [
105

], c) layered structure of MCM-50 with lamellar geometry, d) pore structure 

of SBA-15: dark curves representing the micropores within the pore walls [
106

]. 

The synthesis of mesoporous molecular sieves were done in water solutions using self-

assembled ordered aggregates of surfactants as structure directing agents and silica precursors, 

which attracted towards micelles surface resulting in the condensation of silica on the surface of 

the micelles (see Figure 2.28) [
92

].  

 

Figure 2.28: Synthesis of mesoporous molecular sieves using surfactant micelles as templates 

[
89

]. 
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In this dissertation, SBA-15 large pore (LP), SBA-15, MCM-41 and MCM-48 

mesoporous molecular sieves were used as supports for immobilization of Ru complexes. SBA-

15 LP, SBA-15 and MCM-41 exhibit a hexagonal geometry and MCM-48 shows cubic one [
107

]. 

The pore wall of SBA-15 exhibits 3–7 nm thickness, which contains micropores connecting 

neighboring mesopores [
89

]. In case of SBA-15, the average pore size diameter can be adjustable 

usually between 6 to 15 nm [
89

] and  in MCM-41, the pore diameter can be varied from 2 to 10 

nm [
108

]. The effect of alkyl chain length of the surfactant used for the template synthesis was 

studied by Beck et al. and observed that the increase in the surfactant alkyl chain length increases 

the pore size [
92

]. 

2.6.2 Applications of mesoporous molecular sieves as supports for metathesis catalysts 

Mesoporous molecular sieves and alumina based materials are excellent support materials 

for heterogeneous catalysts for olefin metathesis and metathesis polymerization [
96

]. Although 

these materials are amorphous they contain well ordered mesopores structure which makes them 

a unique material as a support because of their high surface area and large pore volume 

combined with silica walls containing accessible hydroxyl groups at the surface. The main 

reactive sites are the silanol group so their concentration, distribution and accessibility are very 

crucial for their catalytic applications. There are two ways for the incorporation of catalytically 

active sites for the application of olefin metathesis: i) the modification with inorganic oxides 

(Mo, Re, W) and ii) immobilization of organometallic complexes. In 1998, Ookoshi et al. 

described that hexagonal mesoporous silica supported molybdenum oxide showed a higher 

activity for 1-octene metathesis compared to MoO3 based catalysts. Later on, Balcar et al. 

reported similar catalytic effect of MoO3 supported on mesoporous molecular sieves MCM-41, 

MCM-48 and SBA-15[
109,110

]. Authors used “thermal spreading method” for synthesizing this 

catalyst without the necessity of using water solution. Metathesis of linear 1-olefins proceeds 

easily from 30° to 60°C without any presence of solvent. The catalytic activity was very good 

when the loading was 8 wt% of Mo. The conversion of 1-octene was 74% at 40°C in 390 min 

and selectivity to the main product, 14-tetradecene, was 82%. 

Immobilization of transition metal compounds on solid supports has been an important 

topic since many years. The immobilization of tungsten, molybdenum chlorides and 

oxochlorides on silica surface was done to form a newly heterogeneous catalyst after adding co-

catalyst tetramethyltin (Me4Sn) [
111,112

].  Basset and Copéret et al. [
113

,
114

] showed grafting of 

Mo, W and Re alkylidene complexes on silica partially dehydroxylated at 700°C (SBET = 200 

m
2
/g, density of surface OH group = 0.7 OH/nm

2
). The surface silanol groups of silica support 

reacted with MO, W and Re alkylidene complexes under the formation of well-defined single site 

catalysts (see Figure 2.29 and 2.30).  
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Figure 2.29: Formation of surface carbene of W and Mo on partially dehydroxylated silica [
113

]. 

The sites were characterized by solid-state NMR, which displayed sharp peaks in line 

with the presence of essentially single surface species. In some cases protonation of alkylidene 

ligand was observed (see Figure 2.31). Dehydrated silica has higher density of OH groups (2.6 – 

4.4 OH group/nm
2
) and alkylidene complexes can react with two vicinal silanol groups. It breaks 

the uniformity of catalytic sites and resulting catalysts are not true single site catalysts.  
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Figure 2.30: Formation of surface Re carbenes on partially dehydroxylated silica [
114

]. 
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Figure 2.31: Grafting of amido alkylidene complexes on partially dehydrated silica [
115

]. 

 In 2010, Balcar et al. reported [
96

] immobilization of Ru alkylidene (ZC) on mesoporous 

molecular sieve SBA-15. The catalyst ZC was immobilized on SBA-15 mesoporous sieve via 

fluoro-carboxylate linker (see Figure 2.18). In RCM of DEDAM and 1,7-octadiene, the reaction 
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rates over immobilized catalyst (ZC/SBA-15, TOF = 200 and 760 h
-1

 respectively) were lower in 

comparison with that of homogeneous catalyst (ZC, TOF = 1880 and 1980 h
-1

 respectively). In 

both cases, selectivity was observed 100%. The hybrid catalyst was separated from product by 

centrifugation method and reused with minimal loss of activity.  

In 2012, Bek et al. showed immobilization of Ru complex bearing chelating carboxylate 

ligand on SBA-15 LP mesoporous molecular sieve with average pore diameter 11.1 nm. The 

immobilization was attained via cleavage of carboxylate by fluorocarboxylic acid groups 

introduced on the support surface. The complex alone was inactive in metathesis, however, 

immobilized catalyst (0.27 wt% Ru) was found to be active in RCM of DEDAM, cross-

metathesis of allylbenzene with cis-1,4-Diacetoxy-2-butene (DAB) and metathesis of 5-hexenyl 

acetate [
116

]. TONs achieved for cross-metathesis of allylbenzene and DAB, metathesis of 5-

hexenyl acetate and RCM of DEDAM were 435, 345 and 2145 respectively. Filtration 

experiment for RCM of DEDAM and low Ru leaching (17 ppm of Ru in the product) indicated 

the firm attachment of Ru species on the support.  

Mesoporous molecular sieves represent important support materials for olefin metathesis 

catalysts [
44

]. Other applications of mesoporous molecular sieves as supports have been 

mentioned in chapter 2.3. 
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3 EXPERIMENTAL PART 

3.1 Applied chemicals 

3.1.1 Chemicals and reagents used 

The chemicals used in the reactions and catalysts synthesis are mentioned in Table 3.1 as 

follows. 

Table 3.1: List of chemicals and catalysts used. 

Chemical name 

CAS number 

M/g.mol
-1

 

 

Purity 

% 

Supplier   

 

1,7-Octadiene 

3710-30-3 
110.12 ≥97 (GC) Fluka 

Diethyl diallylmalonate (DEDAM) 

3195-24-2 
240.3 98 Sigma-Aldrich 

Methyl oleate 

112-62-9 
296.49 94 

Research Institute 

of Inorganic 

Chemistry, CZ. 

cis-Cyclooctene (COE) 

931-87-3 
110.2 95 Janssen Chemica 

(-)-β-Citronellene 

10281-56-8 
138.25 ≥90 (GC) Sigma-Aldrich 

1-9-Decadiene 

1647-16-1 
138.25 96 Sigma-Aldrich 

1-Decene 

872-05-9 
140.27 98 Fluka 

Ethene -3.6 

74-85-1 
28.05 99.96 SIAD 
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Ethyl vinyl ether 

109-92-2 
72.11 99 Sigma-Aldrich 

2-(Dicyclohexylphosphino)ethyltriethoxysilane  

55289-47-9 
388.6 95 ABCR 

cis-1,4-Diacetoxy-2-butene (DAB) 

25260-60-0 
172.18 96 Alfa Aesar 

n-Nonane (as an internal standard) 

111-84-2 
128.2 98.5 BHD Chemicals 

Cardanol 

37330-39-5 
302 99 

Shanghai Boyle 

Chemical Co. Ltd, 

China. 

Phenylacetylene 

536-74-3 
102.03 98 Sigma-Aldrich 

7-Tetradecene 

41446-63-3 
196.37 97 Sigma-Aldrich 

5-Vinyl-2-norbornene (VNBE) 

3048-64-4 
120.19 95 Sigma-Aldrich 

4-Octyne 

1942-45-6 
110.20 99 Sigma-Aldrich 

1-Heptene 

592-76-7 
98.19 ≥99.0 Sigma-Aldrich 

2,6-Di-tert-butyl-p-cresol 

128-37-0 
220.36 ≥90 (GC) Fluka 

Potassium trimethylsilanolate 

104519-96-7 

 

128.29 90 Fluka 
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4-Fluorophenylacetylene 

766-98-3 
120.12 98 Sigma-Aldrich 

5-Hexenyl acetate 

5048-26-0 
142.2 97 Sigma-Aldrich 

Methyl 10-undecenoate 

111-81-9 
198.30 96 Sigma-Aldrich 

2,4-Difluorophenylaceylene 

302912-34-1 
138.11 97 Sigma-Aldrich 

Vinyl cyclopentane 

3742-34-5 
96.17 99 Sigma-Aldrich 

Ruthenium (III) chloride, anhydrous 

10049-08-8 
207.43 99 ACROS Organics 

Grubbs catalyst, 2
nd 

generation (G.II) 

246047-72-3 
848.97 - Sigma-Aldrich 

Zhan catalyst – 1B, (ZC) 

918870-76-5 
733.75 ≥96 Zannan Pharma 

 

Table 3.2: List of solvents. 

Chemical name 

CAS number 

M/g∙mol
-1 

ρ/g∙cm
-3

 

Purity 

% 
Supplier 

Toluene 

108-88-3 
92.14 

p.a., 

≥99 
Lach-Ner 

Dichloromethane 

75-09-2 

 

84.93 
p.a., 

≥99.5 
Lach-Ner 



31 
 

Methanol 

67-56-1 
32.04 

p.a., 

≥99.5 
Lach-Ner 

Tetrahydrofuran (THF) 

109-99-9 
72.11 min. 99.9 Sigma-Aldrich 

Ethyl acetate 

141-78-6 
88.11 ≥99.7 Fluka 

Tetrahydrofuran d8, >99.4% D 

1693-74-9 
80.17 99.5 ACROS Organics 

Chloroform d, 99.8% D 

865-49-6 
120.38 99.5 Chemotrade 

Dichloromethane d2 99.6% D 

1665-00-5 
86.94 99.5 ISOSAR GMBH 

Benzene d6 , 99.5% D 

1076-43-3 
84.15 99.6 ISOSAR GMBH 

Cyclohexane 

110-82-7 
84.16 99.9 Lach-Ner 

 

Table 3.3: List of other chemicals and materials used. 

Sodium sulfate 

7757-82-6 
142 ≥99.0 Sigma-Aldrich 

Calcium chloride, anhydrous 

10043-52-4 
110.98 - Lachema 

Phosphorus pentoxide 

1314-56-3 
141.94 98 ACROS Organics 

Silica gel 40 - - Merck 
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Sodium hydride 

7646-69-7 
24 95 Sigma-Aldrich 

Calcium hydride 

7789-78-8 
42.09 95 Sigma-Aldrich 

Molecular sieve type 4A 

Beads, diameter 1.7-2.4 mm 
- - Fluka 

Argon 

7440-37-1 
39.95 99.999 Messer Technogas 

 

3.1.2 Purification of solvents 

All the solvents used for preparations of the catalysts and catalytic reactions were 

purified by distillation technique using filled column.  

Toluene: was dried overnight with anhydrous Na2SO4 and then distilled with sodium 

using distillation column technique. After that distilled toluene was stored over molecular sieve 

type 4A. 

Dichloromethane: was dried overnight with anhydrous CaCl2 and then distilled with 

P2O5. Distilled dichloromethane was stored in a flask under Ar in dark. 

Cyclohexane: was distilled with P2O5 and dried with CaH2 on a vacuum line. Then 

distilled cyclohexane was stored over molecular sieve type 4A. 

Benzene: was distilled with P2O5 and dried with NaH on a vacuum line. Then distilled 

benzene was stored over molecular sieve type 4A. 

3.2 Synthesis of mesoporous molecular sieves 

Mesoporous molecular sieves SBA-15 large pore (SBA-15 LP), SBA-15, MCM-41 and 

MCM-48 were prepared by hydrothermal synthesis according to the literature [
96,117,118,119

]. 

MCM-41 has hexagonal geometry with one dimensional array of channels and pore size about 4 

nm, SBA-15 and SBA-15 LP with hexagonal geometry having pore size 6.8 nm and 11.1 nm, 

respectively. The conventional SiO2 (silica gel 40) was used as a reference support which was 

procured from Merck Ltd.  
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Mesoporous molecular sieves SBA-15 LP, SBA-15, MCM-48 and MCM-41 were 

received from Ing. Zukal from the J. Heyrovský Institute of Physical Chemistry, Prague. 

3.3 Preparation of catalysts 

Siliceous mesoporous molecular sieves were dried in a Schlenk tube under vacuum at 

300 °C for 3 h (temperature ramp of 10 °C/min) to remove adsorbed water from the surface of 

the supports. The dried supports were used for the preparation of the catalysts. The preparations 

of the catalysts were carried out in a Schlenk tube under Ar atmosphere. All catalysts were 

washed three times with 10 mL toluene, dried in vacuum and stored in a sealed glass tube under 

Ar atmosphere. 

3.3.1 Catalyst prepared by direct immobilization of Zhan complex on mesoporous sieves 

The catalysts ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41, ZC/SiO2 

(Table 3.4) 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 SiO2 was used for comparison.  

Table 3.4: List of catalysts prepared by direct immobilization of ZC complex. 

Catalyst name Zhan 

Complex   

 (mg)               

     Support 

supportkkkkk 

       (mg) 

Solvent,     

Toluene   

 (mL) 

Theoretical 

Ru loading 

(wt%) 

ZC/SBA-15 LP 12.4 SBA-15 LP (170.7) 15 - 20 1.0 

ZC/SBA-15 63.9 SBA-15 (880) 15 - 20 1.0 

ZC/MCM-48 45.9 MCM-48 (632) 15 - 20 1.0 

ZC/MCM-41 66.0 MCM-41 (910.3) 15 - 20 1.0 

ZC/SiO2 9.4 Conventional SiO2 (129) 15 - 20 1.0 

 

In a typical procedure for catalyst immobilization, about 1 g of SBA-15 LP was 

transferred into a Schlenk tube and dried for 3 h at 300 °C in vacuum. After drying, 0.1707 g of 

SBA-15 LP was weighed in the Schlenk tube under argon atmosphere. Then 15 - 20 mL of 

toluene and 0.0124 g of ZC was added with stirring at room temperature. After stirring for 30 
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min, the solid phase turned green and the supernatant became colorless. Then, the supernatant 

was removed by filtration and the solid catalyst was washed 3 times with 10 mL toluene. Finally, 

the catalyst ZC/SAB-15 LP was dried in vacuum at room temperature. The immobilized catalyst 

was stored in a Schlenk tube under argon atmosphere. Other catalysts were prepared in a similar 

way as ZC/SBA-15 LP. 

3.3.2 Modification of mesoporous molecular sieve SBA-15 

Mesoporous molecular sieve SBA-15 was modified by phosphine linker containing 

triethoxysilane group [
34

]. The modification of sieve was done at room temperature in a Schlenk 

tube under Ar atmosphere. In a typical modification of SBA-15: 30 mL of toluene was added to 

950 mg of SBA-15 (predried in vacuum at 300 °C for 3 h) in a Schlenk tube, then 900 µL of 2-

(dicyclohexylphosphino) ethyltriethoxysilane was added, and the mixture was stirred for 17 h at 

room temperature. The supernatant was filtered off and the modified SBA-15 (M1) was washed 

5 times with 15 mL toluene under argon atmosphere. Finally, the rest of toluene was removed by 

drying of the modified SBA-15 in vacuum at room temperature. The modified sieve was stored 

in a Schlenk tube under argon atmosphere. 

3.3.3 Catalyst prepared by immobilization of Grubbs second generation complex via 

phosphine linker 

The catalyst G.II/SBA-15 was prepared by immobilization of G.II complex on modified 

sieve M1. Initially mesoporous molecular sieve SBA-15 was predried in vacuum at 300 °C for 3 

h. The preparation of modified sieve M1 using 2-(dicyclohexylphosphino)ethyltriethoxysilane 

was described previously [
34

]. The immobilization of G.II complex on modified sieve M1 was 

carried out in toluene at room temperature under argon atmosphere using Schlenk tube 

technique.  

Preparation of catalyst G.II/SBA-15: A volume of 24 mL toluene was added to 624 mg 

of modified sieve M1, then 71 mg of G.II complex was added and the suspension was stirred for 

24 h. The product was washed two times with 10 mL toluene and three times with 10 mL of 

dichloromethane under argon atmosphere. The rest of the solvent was removed by drying the 

catalyst in vacuum at room temperature. The catalyst was stored in a dried glass tube sealed 

under argon atmosphere. Ru content in the catalyst was 0.30 wt%.  

3.3.4 Catalyst prepared by immobilization of siloxy-modified Zhan complex on SBA-15 

The preparation of catalyst K1a and K1b: It was prepared by treating potassium 

trimethylsilanolate (KOSiMe3) with ZC (vide infra, Figure 4.9). The Schlenk tube was evacuated 
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and charged under argon with 0.1g of ZC, 0.0349 g of KOSiMe3 and 5 mL of benzene. The 

reaction mixture was continuously stirred and heated at 60 °C for 3h. The color changed from 

green to brown and the formation of a precipitate was observed. After 3h, reaction solvent was 

evaporated to dryness and siloxide complex was extracted with 10 mL of dry cyclohexane under 

Ar atmosphere. The solvent was evaporated to dryness giving Ru alkylidene siloxide complex.  

Finally, catalyst K2 (vide infra, Figure 4.9) was prepared by immobilizing catalysts K1a 

and K1b on mesoporous molecular sieve SBA-15 using the same procedure which has been 

mentioned in chapter 3.3.1. 

In all above catalysts preparation methods, the catalyst loading was calculated from 

difference between the concentration of Ru in solution (supernatant which was collected after 

washing the catalyst) and amount of Ru in the complex submitted for immobilization. Ru content 

in the supernatant was determined by ICP-MS. 

3.4 Characterization of supports and catalysts 

The characterization of mesoporous molecular sieves and immobilized catalysts can be 

done using various techniques, which gives important information about different 

physicochemical features. In this chapter, we have introduced a few methods for characterization 

of solids and some spectroscopic techniques. The techniques employed in the present study are 

as follows. 

1. X-ray diffraction technique (power diffraction)  

2. Nitrogen adsorption measurement. 

3. Spectroscopic techniques: 

a) UV-Visible spectroscopy, b) X-ray photoelectron spectroscopy, c) Nuclear magnetic 

resonance. 

3.4.1 X-ray diffraction  

XRD patterns of mesoporous phases exhibit peaks in the low angle region (0.5 to 5°). 

XRD data were obtained from Bruker AXS D8 Advance diffractometer with graphite 

monochromator and a position sensitive detector Våntec-1 using Cu-Kα radiation in Braggs-

Brentano geometry.  
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3.4.2 Nitrogen adsorption measurement 

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. Initially, sample was degassed until pressure 0.1 Pa reached (supports at 300°C, 

catalyst at 100°C). The adsorption data were analyzed using Brunauer-Emmett-Teller (BET) 

surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume analysis.  

3.4.3 UV-Visible spectroscopy 

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. Diffuse 

reflectance spectra were expressed using Kubelka Munk Scale.  

3.4.4 X-ray photoelectron spectroscopy 

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-Kα 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. Sample charging was corrected using the C 1s peak at 

284.8 eV as an internal standard. Because of overlapping C 1s and Ru 3d lines, the contributions 

of individual components were determined by curve fitting. The spectra were curve-fitted after 

subtraction of the Shirley background [
120

] using a Gaussian-Lorentzian line shape. The 

decomposition of the Ru 3d and C 1s profiles was made subject to the constraints of the constant 

Ru 3d doublet separation (4.17 eV) and the constant Ru 3d5/2/Ru 3d3/2 intensity ratio equal to the 

ratio of the corresponding partial photoionization cross sections [
121

]. Quantification of the 

elemental concentrations was accomplished by correcting photoelectron peak intensities for their 

cross sections, analyzer transmission function and assuming a homogeneous sample. 

3.4.5 Nuclear magnetic resonance spectroscopy 

1
H and 

13
C NMR spectra of homogeneous catalyst was recorded on a Varian Unity Inova 

400 MHz or a Varian Unity 300 MHz spectrometer at 293 K. 
19

F NMR were measured on a 

Varian Unity Inova 400 MHz at 376.28 MHz and referenced to internal standard CF3COOH      

(-76.55 ppm) (the measurement was performed at the Department of Physical and 

Macromolecular Chemistry, Faculty of Science, Charles University in Prague). 

Tetramethylsilane (TMS) is generally employed as an internal standard for measuring the 
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position of 
1
H and 

13
C signals in NMR spectroscopy. THF-d8, chloroform d, dichloromethane d2 

and benzene d6 were used as solvents in 
1
H and 

13
C NMR spectroscopy.  

3.5 Metathesis reactions performed  

All metathesis reactions and manipulations with the catalysts were performed under 

argon atmosphere using standard Schlenk tube technique. 

3.5.1 Ring-opening metathesis polymerization 

ROMP of VNBE and cyclooctene was carried out using homogeneous (ZC) and 

heterogeneous catalysts (ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41, and 

ZC/SiO2). 

3.5.1.1 Ring-opening metathesis polymerization of 5-vinyl-2-norbornene       

Purification of 5-vinyl-2-norbornene (VNBE): At first VNBE was passed through the 

column of activated alumina (alumina was activated at 300 °C for 5 h). Next purification was 

done in a Schlenk tube: collected VNBE was frozen in liquid N2, then a Schlenk tube was 

evacuated, VNBE thawed (this cycle was repeated twice for degasification), at the end a Schlenk 

tube was filled up with Ar. 

  ROMP of VNBE was carried out in toluene under argon atmosphere using a Schlenk tube 

equipped with a magnetic stirring bar. In a typical experiment, ZC (7.4 mg, 10 μmol) was 

dissolved in 6.6 mL of toluene and then VNBE monomer was added into the catalyst-toluene 

solution. The reaction was carried out at 30 °C for 3 h and after that, reaction mixture was 

quenched with 10 μL ethyl vinyl ether. Finally, polymer was isolated by pouring the reaction 

mixture into 15 mL of methanol (with 10 mg of 2,6-di-tert-butyl-p-cresol as an antioxidant) and 

kept overnight. The washing was done with additional methanol. The resulted polymer was dried 

in vacuum to the constant weight at 60 °C. SEC, NMR and IR spectroscopy were used for the 

polymer characterization. 

3.5.1.2 Ring-opening metathesis polymerization of cyclooctene  

Polymerization of COE (molar ratio COE/Ru = 500, C°COE = 0.6 mol/L) was carried out 

in a Schlenk tube under argon atmosphere in cyclohexane. Initially 37.2 mg of catalyst 

(ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41, and ZC/SiO2) was charged in 

cyclohexane at 30 °C. Then cyclooctene was added. After given time intervals, 1 mL samples 

were collected and polymerization was quenched with 20 μL ethyl vinyl ether. The catalyst was 

separated by centrifugation and supernatant was poured into 5 mL methanol (with 10 mg of 2,6-
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di-tert-butyl-p-cresol as an antioxidant). The precipitated polymer was dried in vacuum at 60 °C 

and polymer yield was determined gravimetrically. 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 polymer materials. 

In some cases, when the conversion curve was not followed, the reaction was completed 

after 3 h and polymer was isolated in methanol. 

3.5.2 Ring-closing metathesis 

In case of RCM of DEDAM, the catalyst (ZC or ZC/SBA-15) was placed into the 

reactor, then 7.6 mL solvent (dichloromethane, benzene and cyclohexane) was added and the 

suspension was heated to 30 °C in an oil bath. Nonane was used as an internal standard. Then 

DEDAM (DEDAM/Ru = 600, C°DEDAM = 0.2 mol/L) was added under stirring. Samples (0.1 

mL) were collected at given time intervals after DEDAM addition. The collected samples were 

terminated using ethyl vinyl ether. The samples were analyzed by GC and the products were 

identified by GC-MS.  

RCM of 1,7-octadiene was performed in the similar way (using catalysts ZC/SBA-15 

LP, ZC/SBA-15, ZC/MCM-41, and 1,7-octadiene/Ru = 600, C°1,7-octadiene = 0.2 mol/L, T = 30 

°C) in cyclohexane as RCM of DEDAM with ZC and ZC/SBA-15. 

RCM of (-)-β-Citronellene was done similarly to RCM of 1,7-octadiene (using ZC/SBA-

15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41, ZC/SiO2 and citronellene/Ru = 600, 

C°citronellene = 0.2 mol/L, T = 30 °C).  

3.5.3 Cross-metathesis of cardanol with cis-1,4-diacetoxy-2-butene 

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°cardanol = 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.  

3.5.4 Acyclic diene metathesis 

First 1,9-decadiene was purified with activated alumina. Acyclic diene metathesis 

polymerization of 1,9-decadiene was performed in a similar way as ROMP of COE. In a typical 

experiment, 33.1 mg of the ZC/SBA-15 was transferred into a Schlenk tube then 3.3 mL 
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cyclohexane was added and the reaction mixture was heated to 60 °C in an oil bath. The reaction 

was carried out under argon atmosphere. Then 362.5 μL of 1,9-decadiene (C°1,9-decadiene = 0.6 

mol/L, molar ratio of 1,9-decadiene/Ru = 600) was added under stirring. Dodecane was used as 

an internal standard. At different time intervals the 0.1 mL samples were collected and 

terminated with ethyl vinyl ether. All samples were centrifuged and analyzed by GC. The 

products were identified by GC-MS and the dimers, trimers and low molecular weight oligomers 

were determined by SEC.  

3.5.5 Enyne metathesis 

Initially all reactants were purified with activated alumina to remove the impurities. 

Enyne metathesis experiments were performed in a similar way like other metathesis 

experiments. In a typical experiment, 16.8 mg of ZC catalyst was placed into the reactor then 2.0 

mL cyclohexane was added and the suspension was heated to 75 °C in an oil bath. Then the 

mixture of 216.8 μL of 1-decene, 168.2 μL of 4-octyne (molar ratio substrate/Ru = 100 and 

C°substrate = 0.6 mol/L) and 100 μL of nonane as a internal standard was added under argon 

atmosphere with constant stirring. Samples (0.1 ml) were taken in given intervals after addition 

of both the substrates and terminated with ethyl vinyl ether. The sampling for GC and 

identification of the products was carried out in the same way as it was given previously (in a 

typical RCM experiment).  

Enyne cross-metathesis of vinyl pendants of poly(VNBE) with 2,4-diflurophenyl 

acetylene and (4-flurophenyl) acetylene were performed in Schlenk tube under argon 

atmosphere. In a typical experiment, 25 mg of poly(VNBE) (0.210 mmol of VNBE units) was 

dissolved in toluene (3 mL), then ZC  and 1 mmol of substituted phenylacetylene was added 

under stirring. After 5 h, the reaction was terminated by ethyl vinyl ether and the product was 

isolated by precipitation in methanol. The product was washed with methanol and dried in 

vacuum. The characterization of compound was done using NMR and GC-MS. 

3.5.6 Ethenolysis reaction 

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-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. The autoclave 
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temperature was kept constant during the reaction using the external Pt100 sensor connected to 

Julabo F31-C bath. The progress of the reaction was followed using flow plot software tool for 

monitoring the FLOW-BUS parameter values and settings. 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. In all reactions nonane was used as an internal standard.  

3.5.7 Other metathesis reactions 

In a typical metathesis of methyl oleate, 28.9 mg of ZC/SBA-15 was placed into the 

reactor, then 9.5 mL of cyclohexane was added and the suspension was heated to 30 °C in an oil 

bath. Then 240 μL of n-nonane (internal standard) and 488 μL of methyl oleate (molar ratio 

methyl oleate/Ru = 500, C°methyl oleate = 0.15 mol/L) were added under stirring.  At given time 

interval the 0.1 mL samples were collected and terminated with ethyl vinyl ether. The sampling 

for GC, termination of reactions and identification of the products proceeded as it was given in 

the typical RCM experiment. 

Metathesis of methyl 10-undecenoate with ZC/SBA-15 catalyst (molar ratio methyl 10-

undecenoate/Ru = 500, C°methyl 10-undecenoate = 0.15 mol/L) was performed similarly as metathesis 

of methyl oleate at 30 °C. 

In metathesis of 1-decene, 16.6 mg of ZC/SBA-15 was placed into a reactor, then 1.7 mL 

of cyclohexane was added and the suspension was heated to 30 °C in an oil bath. Then 186.3 μL 

of 1-decene (molar ratio 1-decene/Ru = 500, C°1-decene = 0.6 mol/L) was added under stirring. 1-

Decene was purified by passing through a short column with activated alumina before the 

addition into the reactor. The sampling for GC, termination and identification of the products 

proceeded as it was given in the previous example. 

The self-metathesis of cardanol with ZC/SBA-15 catalyst (molar ratio cardanol/Ru = 50, 

C°cardanol = 0.6 mol/L) was performed in the similar way as metathesis of methyl oleate at 30 °C. 

However, in case of cardanol experiments ethyl vinyl ether (terminating agent) was not used 

because it reacts with hydroxyl group of cardanol and can form ether product (C12H18O2). 

However, the catalysts separation was done immediately after the reaction stopped. 

The homogeneous transfer hydrogenation of cardanol was performed as follows: In a 

typical experiment, a Schlenk flask which was equipped with a cooler was charged with cardanol 

(1.7 mmol), RuCl3 (0.08 mmol), 2-propanol (5 mL) and a magnetic stirring bar. The reaction 

mixture was refluxed for 18h and then the solvent was evaporated under reduced pressure. 

Dichloromethane was added to the residue and the mixture was filtered over silica. The filtrate 

was evaporated to give the corresponding cardanol which was analyzed by HPLC. 
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3.6 Characterization of substrates and products  

The primary evaluation of all reaction products were done by GC and GC-MS. A high-

resolution gas chromatography Agilent 6890 with DB-5 column (length: 50 m, inner diameter: 

320 μm, stationary phase thickness: 1 μm) was used for the reaction product analysis. n-Nonane 

was used as an internal standard for quantitative evaluation, 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 × 0.25 mm ID × 0.25 mm). HPLC–MS analyses were 

performed using a Waters 1525 μm binary HPLC pump connected to a Waters 2487 dual λ 

absorbance UV detector and a Quattro Premiere XE tandem quadrupole mass spectrometer 

(Waters). A Hypersil BDS C18 column (130 × 3 mm, 3 μm particle size) was used. 

FTIR spectroscopy in the region (4000 – 400 cm
-1

 was used for checking purity of the 

reactants. FTIR spectroscopy was also used to indentify cis and trans double bonds in the 

polymer. IR spectra of polymer products were recorded using KBr pellets on a FTIR 

spectrometer Nicolet Avatar 320 with DTGS-KBr detector. 1-3 mg of polymer and 300 mg of 

KBr mixed homogeneously to make the pellet. Spectrum of prepared linker was also recorded 

using KBr pellet. 

Size-exclusion chromatography (SEC) measurements were carried out on: i) 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, ii) SEC Hewlett 

Packard (Agilent) Series 1000 equipped with three SEC columns polymer Labs (Bristol, USA) 

Mixed-B, Mixed-C, Mixed-E. System was equipped with a refractive index detector (RI) Agilent 

Series 1100 and Diode array detector Hewlett Packard Series 1100 applied as a UV detector at 

254 nm. In both cases, THF (HPLC grade) was used as an eluent (0.7mL/min). The weight 

average molecular weight, Mw, and number average molecular weight, Mn, 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).  

Electron impact mass spectroscopy (EIMS) was measured on the ZAB2-SEQ mass 

spectrometer. Ion source conditions were as follows: electron energy 70 eV, electron current 50 

uA, temperature 150°C. 
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3.7 Catalytic data evaluation    

Except of ROMP, n-nonane was used as an internal standard for determination of 

substrate conversion, using calibration lines, constructed for all substrates used.  

In the case of RCM of 1,7-octadiene and citronellene, internal standard was not used, 

because it was found unnecessary. In this case, the molar amounts of substrate and products used 

for calculation of the conversion were determined from the areas of corresponding peaks in GC 

chromatogram under the assumption that ratios of weight amounts are equal to ratios of peak 

areas.  

In the case of ROMP, the polymer yields were determined gravimetrically as follows: the 

weight of dried polymer was divided by the weight of the monomer used for  

the reaction and multiplied by 100. 
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4 RESULTS AND DISCUSSION 

4.1 Characteristics of supports 

In this chapter characterization of the supports by different techniques has been 

described. After calcinations, mesoporous molecular sieves were characterized by nitrogen 

adsorption and X-ray diffraction. 

4.1.1 X-ray diffraction 

The structures of mesoporous molecular sieves were confirmed by X-ray powder 

diffraction (XRD) at low angle. The X-ray diffraction pattern of SBA-15 LP, SBA-15 and 

MCM-41 show hexagonal structure of mesoporous silica, whereas MCM-48 shows the cubic 

structure.  
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Figure 4.1: X-ray powder diffraction patterns of SBA-15 LP (solid line), SBA-15 (dotted line), 

MCM-48 (dashed line) and MCM-41 (dash double dotted line).  
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Figure 4.1 represents diffractograms of mesoporous sieves with well-ordered structure. 

SBA-15 LP, SBA-15, MCM-41 and MCM-48 yield diffractograms with a limited number of 

reflections, all situated at low angles.  

4.1.2 Textural characteristics 

Textural characteristics of mesoporous molecular sieves and conventional silica gel 40 

were determined using nitrogen adsorption at boiling point of liquid nitrogen (-196 °C).  
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Figure 4.2: Adsorption isotherms for SBA-15 LP (filled squares), SBA-15 (filled circles), 

MCM-41 (filled triangles) and MCM-48 (filled stars). For clarity 200 and 500 cm
3
/g (STP) was 

added to the adsorption isotherms of MCM-41 and MCM-48 respectively. 

Mesoporous molecular sieves of two different architectures were used as supports: 

hexagonal, MCM-41 (d = 4.0 nm), SBA- 15 (d = 6.9 nm), SBA-15 LP (d = 11.1 nm) and cubic 

MCM-48 (d = 6.0 nm). The adsorption isotherms show regular architecture with mesoporous 

character and uniform pore sizes of these supports. The N2 adsorption-desorption isotherms of all 

mesoporous sieves are typically of type IV with hysteresis loop characteristic for mesoporous 

materials (see Figure 4.2). In addition, conventional silica (d = 4.5 nm) with broad pore size 

distribution (including micropores fraction) was used for comparison. The BET areas of 

mesopores (SBET), pore volume of mesopores (V), and average pore diameter (d) for the supports 
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were evaluated using adsorption data (BET surface area analysis, BJH pore size and volume 

analysis). Textural parameters of mesoporous molecular sieves and silica gel 40 (SBET = 559 – 

972 m
2
/g, V = 0.47 – 1.58 cm

3
/g and d = 4.0 – 11.1 nm) are shown in Table 4.1. 

Table 4.1: Texture parameters of supports 

Sample 

 

BET area, SBET 

(m
2
/g) 

Pore volume, V 

(cm
3
/g) 

Average pore diameter, d, 

 (nm) 

SBA-15 LP 609 1.58 11.1 

SBA-15 933 0.96 6.9 

MCM-48 756 0.91 6.0 

MCM-41 972 1.14 4.0 

Silicagel 40 

(Merck) 
559 0.47 4.5 

 

4.2 Well-defined Ru catalysts immobilized on mesoporous molecular sieves 

New hybrid heterogeneous catalysts have been prepared: i) 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. The structures of the Ru complexes before 

and after immobilization were determined using various characterization methods. 

4.2.1 Preparation and characterization of immobilized catalysts 

A new hybrid metathesis catalysts ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, 

ZC/MCM-41, and ZC/SiO2 were prepared by immobilization via non-covalent interaction of 

ZC on SBA-15 LP, SBA-15, MCM-48, MCM-41 and conventional silica (see Figure 4.3). All 

these hybrid catalysts were tested in various types of metathesis reactions such as RCM, ROMP, 

ADMET and self-metathesis. The leaching of Ru species, possibility of catalyst reusing and the 

influence of the support on the catalyst activity and selectivity were studied. In all cases, the 

amount of Ru on mesoporous molecular sieves and conventional silica was 0.93 wt%.  
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Figure 4.3: Immobilization of ZC catalyst on different mesoporous molecular sieves. 

The preparation of ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41 and 

ZC/SiO2 were carried out in the similar way as described in the chapter 3.3.1.  

 

 

 

 

 

 

 

Figure 4.4: a) X-ray powder diffraction patterns of SBA-15 support (dotted line) and ZC/SBA-

15 catalyst (solid line). b) N2 adsorption isotherm for parent SBA-15 () and ZC/SBA-15 (▼). 

XRD patterns and nitrogen adsorption isotherms of SBA-15 support and ZC/SBA-15 

(Figure 4.4) showed that mesoporous character and regular architecture of the support was 

preserved during immobilization of the catalyst. However, the strong decrease in the BET area 

SBET and void volume V was associated with catalyst immobilization (SBET decreased from 933 

m
2
/g for parent SBA-15 to 605 m

2
/g for ZC/SBA-15 and V decreased from 0.96 cm

3
/g for parent 
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SBA-15 to 0.79 cm
3
/g for ZC/SBA-15).  Similar decrease in SBET and V was observed earlier 

[
34,43

]. The average pore diameter slightly decreased from 6.9 nm for parent SBA-15 to 6.0 nm 

for ZC/SBA-15 and narrow pore size distribution was preserved. 

The interaction between the Ru complex (ZC) and surface of mesoporous molecular 

sieves were studied using UV-Visible spectroscopy (UV-Vis), X-ray photoelectron spectroscopy 

(XPS) and NMR spectroscopy. 

Jacobs et al. [
50

] proposed chemical reaction between the Ru complex and the surface 

silanol groups of silica, however, without sufficient proof. In order to shed light on the mode of 

complex attachment to the sieve surface, UV–Vis and XPS spectra were measured.  
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Figure 4.5: UV-Vis spectra of ZC/SBA-15 and ZC in CH2Cl2 (C = 0.001 mol/L, l = 0.2 cm); 

where C = concentration and l = path length. 

In Figure 4.5, the UV–Vis spectra of ZC/SBA-15 and ZC in CH2Cl2 are compared. The 

bands at λ = 375 nm and at λ = 600 nm (2 orders of magnitude lower ε, not visible in Figure 4.5) 

in the spectrum of ZC reflect the d–d transition of the Ru(II) atoms [
122

]. The catalyst before 

immobilization (ZC) and after immobilization has shown the same spectrum which indicates no 

changes in the coordination sphere of Ru atoms before and after immobilization of ZC on 

mesoporous sieve. 
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To reveal an interaction mode between the Ru complex and mesoporous sieve surface, 

the attempt was made to wash out the Ru species from ZC/SBA-15 (100 mg) in THF-d8 (1.5 

mL) with continuous stirring at room temperature. The solid phase of the catalyst was separated 

by filtration and supernatant was characterized by NMR spectroscopy and ICP-MS. The 

supernatant was transferred into a NMR tube and the solid phase was dried in vacuum. The result 

from ICP-MS showed that, 76% of the Ru was recovered by washing ZC/SBA-15 with THF 

(from supernatant) at room temperature. The comparison between 
1
H and 

13
C NMR spectra of 

supernatant with spectra of an authentic sample of ZC catalyst in THF-d8 proved the presence of 

ZC complex in the supernatant. The catalytic activity of the solid phase was tested in RCM of 

DEDAM in cyclohexane (molar ratio DEDAM/ Ru = 600, T = 30 °C, C°DEDAM = 0.2 mol/L). 

The conversion of DEDAM was achieved 55% after 1 h and 62% after 6 h which indicates that 

the remaining Ru species on sieve surface was rapidly deactivated after 1h. 

The 
1
H and 

13
C NMR spectra of supernatant obtained after washing out ZC/SBA-15 

compared with spectra of an authentic sample of ZC catalyst are shown in Figure 4.6. The 
1
H 

NMR spectrum of supernatant contains the signals of an authentic sample: δ = 16.09 (s, 1H, 

Ru=CHAr), 7.92 (dd, 1H, aromatic CH), 7.25 (d, 1H, aromatic CH), 7.11 (d, 1H, aromatic CH), 

7.06 (S, 4H, mesityl aromatic CH), 5.01 (septet, 1H, (CH3)2CHOAr), 4.21 (s, 4H, N(CH2)2N), 

2.63 (s, 6H, (CH3)2N), 2.44 (s, 12H, mesityl o-CH3), 2.40 (s, 6H, mesityl p-CH3), 1.26 (d, 6H, 

(CH3)2CHOAr). Similarly, all peaks (from 
13

C NMR spectrum) of an authentic sample are 

present in the spectrum of supernatant. 
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Figure 4.6: Comparison of 
1
H and 

13
C NMR spectra: (a) and (d) = supernatant (obtained after 

washing ZC/SBA-15 with THF-d8), (b) and (c) = authentic sample of ZC catalyst.                                                  
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The high-resolution XPS of Ru 3d–C 1s photoelectrons of ZC, ZC/SBA-15 and 

ZC/SBA-15 after washing in THF-d8 were recorded by XPS (see Figure 4.7). The measured 

binding energy of the Ru 3d5/2 electrons (281.2 ± 0.2 eV) was identical for all analyzed samples 

and it was in accord with the value 280.95 eV (for HG. II) reported in the literature [
123

]. This 

result suggests that the structure of the Ru complex did not change after the immobilization on 

the support surface. This conclusion is corroborated by the results of quantitative analysis. For 

ZC/SBA-15 catalyst, the atomic concentration ratios Ru/Si = 3.5 × 10
−3

 and Cl/Ru = 2.0 were 

obtained from integrated intensities of Ru 3d, Si 2p and Cl 2p photoemission lines.  

For the catalyst ZC/SBA-15 after washing in THF-d8, the ratio Ru/Si = 9 × 10
−4 

was 

found, which is in accord with the amount of Ru removed (76%) from the support by leaching as 

determined from elemental analysis. The results obtained suggest that the Ru complex was 

attached to the sieves by a non-covalent interaction (probably via physical adsorption and/or 

hydrogen bond). The remaining 24% of Ru was not possible to remove from ZC/SBA-15 with 

THF at room temperature, which might be due to the strong attachment of ZC to the sieve 

surface (for example, adsorbed at special sites on the surface, or embedded into micropores, 

etc.). Because of the low concentrations of these species, it was not possible to investigate their 

bonding to the sieve surface in details. 

 

Figure 4.7: XPS of the Ru 3d-C 1s photoelectrons for ZC and ZC/SBA-15 and ZC/SBA-15 

after washing in THF-d8. 



51 
 

The metathesis catalyst G.II/SBA-15 was prepared by the immobilization of G.II 

complex on modified sieve M1 (See chapter 3.3.3 and Figure 4.8). The prepared catalyst was 

tested in various cardanol metathesis reactions (see chapter 4.3). 

M1 G.II G.II/SBA-15

-

 

Figure 4.8: Immobilization of G.II complex on SBA-15 via phosphine linker. 

The Ru loading of G.II/SBA-15 catalyst was 0.30 wt%. By taking into account the 

weight of phosphorus in modified sieve M1 (1.38 wt% of phosphorus), only 7% of PCy2 linker 

was consumed and the free linker is present in excess (93%). The attachment of Ru species to the 

surface of SBA-15 mesoporous sieve was explained on the basis of UV-Vis and XPS techniques 

[
34

]. Moreover, 
29

Si CP MAS NMR spectra of SBA-15 and modified sieve M1 had been studied 

to learn the attachment of linker to the sieve surface and found that linker attachment was done 

by siloxane bridges [
34

]. 

The catalysts K1a and K1b were immobilized on SBA-15 mesoporous molecular sieve 

(see chapter 3.3.4 and Figure 4.9). The catalysts K1a and K1b were characterized by 
1
H NMR 

spectroscopy: formation of two carbene hydrogen peaks 15.9 and 16.1 ppm indicated the 

formation of two products. It assumes that in K1a, both the chlorines were replaced by Me3SiO 

groups and in K1b, only one chlorine was replaced by Me3SiO group. However, the catalysts 

K1a and K1b were of lower stability compared to parent ZC catalyst. The isolation of these 

species was rather difficult hence their mixture was used for immobilization. There was a 

possibility of two or more product species available on the surface of mesoporous molecular 

sieve. This was the main disadvantage for this catalyst, which made detailed study not possible. 
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Figure 4.9: Immobilization of siloxy-modified ZC catalysts (K1a and K1b) on SBA-15. 

4.2.2 Activity of immobilized Zhan catalysts in metathesis reactions 

CH3OOC(CH2)8CH = CH(CH2)8COOCH3

CH3(CH2)7CH = CH(CH2)7CH3

(eq. 3)

(eq. 4)

(eq. 1)

(eq. 2)

n

n

- C2H4

- C2H4

- C2H4

(eq. 5)

CH3(CH2)7CH = CH(CH2)7COOCH3

 CH3COO(CH2)7 CH = CH(CH2)7COOCH3

CH2 = CH(CH2)8COOCH3

Figure 4.10: Metathesis reactions. 
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The catalytic activity of ZC/SBA-15 and ZC/MCM-41 was tested in RCM of 1,7-

octadiene (equation 1) and diethyl diallylmalonate (DEDAM) (equation 2), in metathesis of 

methyl oleate (equation 3) and methyl 10-undecenoate (equation 4), and in ROMP of 

cyclooctene (equation 5) (see Figure 4.10). ROMP of cyclooctene was carried out using 

ZC/SBA-15 and ZC/MCM-41 (cyclohexane, molar ratio cyclooctene/Ru = 500, C°cyclooctene = 

0.6 mol/L, T = 30 °C). The high molecular weight polymers (Mw = 250 000, Mn = 110 000) were 

obtained in high yield (64% for ZC/SBA-15 and 70% for ZC/MCM-41, respectively) after 180 

min.  

The conversion curves for RCM of DEDAM in cyclohexane, benzene and 

dichloromethane and RCM of 1,7-octadiene in cyclohexane were studied (see Figure 4.11). The 

homogeneous (ZC) and heterogeneous catalytic system (ZC/SBA-15) were used in RCM of 

DEDAM. In all used solvents, the reactions proceeded rapidly (TOF10 min was approximately 

2500 h
−1

). No decrease in the reaction rate was observed as a result of the immobilization of ZC 

catalyst on mesoporous sieves. RCM for 1,7-octadiene was studied with ZC/SBA-15 and 

ZC/MCM-41 in cyclohexane. The reaction profile was found similar for both the catalysts and 

the reaction rate was significantly lower for RCM of 1,7-octadiene compared to that of DEDAM. 

The selectivity was 100% in all cases and no side products were observed by GC analysis.  
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Figure 4.11: Conversion curves for RCM of DEDAM with ZC in dichloromethane (), 

ZC/SBA-15 in dichloromethane (), ZC/SBA-15 in benzene (), ZC/SBA-15 in cyclohexane 

(▲ ), and for RCM of 1,7-octadiene with ZC/SBA-15 () and ZC/MCM-41 () in cyclohexane 

(T = 30 °C, molar ratio substrate/Ru = 600, C°substrate = 0.2 mol/L). 
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The catalytic activity of ZC/SBA-15 and ZC/MCM-41 in metathesis of methyl 10-

undecenoate and methyl oleate has been studied (see Figure 4.12). The reaction proceeded more 

slowly than in the case of RCM of DEDAM (TOF30 min = 1120 h
-1

 for DEDAM, 260 h
-1 

for 

methyl oleate and 35 h
-1

 for methyl 10-undecenoate, with ZC/MCM-41). In case of methyl 

oleate the equilibrium was reached after 2 h. The reaction rate was slower for methyl 10-

undeconoate as compared to methyl oleate probably because of non-productive metathesis [
124

] 

and the conversion after 150 min was about 65% (due to escape of ethene into gaseous phase). 

The reaction proceeded rapidly using ZC/SBA-15 than ZC/MCM-41 for methyl oleate (TOF60 

min = 220 h
-1

 and 188 h
-1 

respectively) and methyl 10-undecenoate (TOF60 min = 62 h
-1

 and 43 h
-1

 

respectively). Selectivity was 100% in all cases. Experimental error was 2.0 – 3.0% (absolute) 

measured for all metathesis experiments mentioned in this thesis. 
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Figure 4.12: Metathesis of methyl 10-undecenoate (filled symbol) and methyl oleate (open 

symbol) with ZC/MCM-41 (circles) and ZC/SBA-15 (squares). Molar ratio substrate/Ru = 500, 

T = 30 °C, C°substrate = 0.15 mol/L, cyclohexane. 

4.2.3 Effect of pore size on catalyst activity  

The effect of pore size on catalyst activity was tested in reaction of non-bulky substrate 

(1,7-octadiene) and different bulkier substrates as citronellene, 1,9 decadiene, 1-decene and COE 

using catalysts with two different support architectures (Hexagonal: MCM-41, SBA-15, SBA-15 

LP and Cubic: MCM-48). The conventional silica was used as a reference support for 

comparison.  
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4.2.3.1 Catalytic activity of hybrid catalysts in ring-closing metathesis of 1,7-octadiene  

The leaching of catalytically active species cannot be excluded in polar solvents [
50

] so 

we decided to carry further metathesis reactions in cyclohexane. The conversion curves for RCM 

of 1,7-octadiene in cyclohexane (equation 1, chapter 4.2.2) using heterogeneous catalysts 

differing in pore size: ZC/SBA-15 LP, ZC/SBA-15 and ZC/MCM-41 are shown in Figure 4.13. 
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Figure 4.13: Conversion curve for RCM of 1,7-octadiene with  ZC/MCM-41 (), ZC/SBA-15  

(▲ ) and ZC/SBA-15 LP (). Reaction conditions: cyclohexane, T = 30 °C, molar ratio 1,7-

octadiene/Ru = 600, C°1,7-octediene = 0.2 mol/L. 

The shapes of conversion curves are similar using all catalysts (ZC/SBA-15 LP, 

ZC/SBA-15 and ZC/MCM-41) and the TOF10 min values approximating the initial activity 

(TOF10 min = 27 min
−1

, 29 min
−1

 and 28 min
−1

 respectively to catalysts) were the same within the 

frame of experimental error (2.0 – 3.0%). It clearly indicates that pore size of supports had no 

significant effect on the catalyst activity for RCM of 1,7-octadiene. In all cases, only 

cyclohexene was observed as the reaction product (100% selectivity). 
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4.2.3.2 Catalytic activity of hybrid catalysts in ring-closing metathesis of citronellene 

Effect of pore size on catalytic activity was studied using different hybrid catalysts 

(ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-48, ZC/MCM-41 and ZC/SiO2 was used for the 

comparison) in case of RCM of citronellene (see Figure 4.14). Hybrid catalysts exhibited 

different catalytic activity in RCM of citronellene. The initial catalytic activities of all hybrid 

catalysts expressed as TOF15 min increased in the order of increasing pore size of supports as 

follows: ZC/SiO2 (3.1 min
-1

) ˂ ZC/MCM-41 (6.4 min
-1

) ˂ ZC/SBA-15 (12.0 min
-1

) ≈ 

ZC/MCM-48 (13.2 min
-1

) ˂ ZC/SBA-15 LP (20.4  min
-1

). This catalytic activity order reflects 

the increasing diffusion rates of citronellene to the catalytically active sites in the pores of 

individual hybrid catalysts and the increasing diffusion rates of products from the catalyst pores. 

There was no significant difference observed between ZC/MCM-48 (cubic geometry) and 

ZC/SBA-15 (hexagonal geometry) which indicates that the support architecture did not play any 

important role in the catalyst activity in RCM of citronellene (equation 6).  

  

(eq. 6)
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Figure 4.14: Conversion curves for RCM of (-)-β-citronellene over ZC (), ZC/SBA-15 LP 

(), ZC/SBA-15 (), ZC/MCM-48 (▲), ZC/MCM-41 (), ZC/SiO2 (). Reaction 

conditions: cyclohexane, T = 30 °C, molar ratio citronellene/Ru = 600, C°citronellene = 0.2 mol/L. 
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The initial catalytic activity of ZC/SiO2 was 30 times lower and ZC/SBA-15 LP was 

only 4.5 times lower than that of the initial catalytic activity of ZC catalyst (TOF5 min = 90     

min
-1

). It demonstrates the advantage of immobilization of ZC complex on mesoporous 

molecular sieves with large pores. With all catalysts only methylcyclopentene and isobutene 

were found as products (selectivity = 100%). 

4.2.3.3 Catalytic activity of hybrid catalysts in acyclic diene metathesis of 1,9-decadiene 

 The second substrate studied for the effect of pore size on catalyst activity, was 1,9-

decadiene (equation 7). Metathesis of 1,9-decadiene belongs to ADMET reaction, which 

proceeds under the formation of ADMET oligomers and ethene. Conversion curves for 1,9-

decadiene showed the similar dependence of the catalyst activity on the support pore size but 

ZC/MCM-48 was not used in case of 1,9-decadiene shown in Figure 4.15.  

(eq. 7)n (n-1) CH2=CH2
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Figure 4.15: Conversion curves for 1,9-decadiene metathesis over ZC (), ZC/SBA-15 LP 

(), ZC/SBA-15 (), ZC/MCM-41 (), ZC/SiO2 (). Reaction conditions: cyclohexane, T = 

60 °C, molar ratio 1,9-decadiene/Ru = 600, C°1,9-decadiene = 0.6 mol/L. 

The initial activities of all hybrid catalysts expressed as TOF10 min increased in the order: 

ZC/SiO2 (15.6 min
-1

) ˂ ZC/MCM-41 (17.5 min
-1

) ≈ ZC/SBA-15 (18.1 min
-1

) ˂ ZC/SBA-15 LP 
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(31.6 min
-1

). The initial catalytic activity of ZC/SiO2 was 6.5 times lower and ZC/SBA-15 LP  

was only 3.3 times lower than that of the initial catalytic activity of ZC catalyst (TOF5 min = 102 

min
-1

).  

Formation of oligomers was observed using all hybrid catalysts system. The dependence 

of selectivity to the individual oligomers on the catalyst pore size has already been described in 

the literature [
125

], for rhenium (VII) oxide supported on mesoporous alumina. Figure 4.16 

showed the yields of ADMET dimer (octadeca-1,9,17-triene) and ADMET trimer (hexacosa-

1,9,17,25-tetraene) versus reaction time. The yield (Yi) was calculated from GC analysis data 

using the formula: Yi = pini/ns, where, pi = stoichiometric coefficient (pi = 2, 3 for dimer and 

trimer respectively), ni = molar amount of oligomers, ns = molar amount of 1,9-decadiene 

consumed.  
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Figure 4.16: Yields of dimers (filled symbols) and trimers (open symbols) for ADMET of 1,9-

decadiene over ZC (▼,▽), ZC/SBA-15 LP (,), ZC/SBA-15 (,), ZC/MCM-41 (,), 

ZC/SiO2 (,☆). Reaction conditions: cyclohexane, T = 60 °C, molar ratio 1,9-decadiene/Ru = 

600, C°1,9-decadiene = 0.6 mol/L. 

The small amount of dimers and trimers were observed at the beginning of the reaction 

using ZC catalyst. In case of hybrid catalysts, dimers and trimers were found in higher amounts 

and remained throughout the reactions. In case of ZC/SBA-15 LP, the dimers and trimers once 
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released into liquid phase were able to re-enter the pores and take part into consecutive reactions. 

However, in case of other hybrid catalysts (ZC/SBA-15, ZC/MCM-41 and ZC/SiO2) dimers 

and trimers were not able to re-enter the pores because of their smaller pore size as compared to 

ZC/SBA-15 LP (11.1 nm). Hence changes in dimer and trimer concentration demonstrate the 

influence of pore size on the selectivity in ADMET reaction. At prolonged reaction time the 

dimer yield decreased from 25 to 5% for ZC/SBA-15. It was found that the higher oligomers 

were formed as the products of ADMET reaction. For example, the reaction carried out using 

ZC catalyst gave oligomeric products with molecular weight (Mw) 3500 (SEC) and 55% isolated 

yield. For ZC/SBA-15, the product of bimodal molecular weight distribution with maxima at Mw 

= 1300 and 630 with 43% yield was obtained. 

4.2.3.4 Catalytic activity of hybrid catalysts in metathesis of 1-decene 

Another bulky substrate, 1-decene, was studied to know the dependence of catalyst 

activity on the pore size (equation 8, Figure 4.17).  

(eq. 8)2
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Figure 4.17: Conversion curves for 1-decene metathesis over ZC (), ZC/SBA-15 LP (), 

ZC/SBA-15 (), ZC/MCM-48 (▲), ZC/MCM-41 (), ZC/SiO2 (). Reaction conditions: 

cyclohexane, T = 60 °C, molar ratio 1-decene/Ru = 600, C°1-decene = 0.6 mol/L.  
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 The conversion curves for the metathesis of 1-decene were similar to the conversion 

curves for citronellene. The initial activity expressed as TOF10 min increased in the order:  

ZC/SiO2 (4.9 min
-1

) ˂ ZC/MCM-41 (9.0 min
-1

) ˂ ZC/MCM-48 (11.4 min
-1

) ≈ ZC/SBA-15 

(12.0 min
-1

) ˂ ZC/SBA-15 LP (16.2 min
-1

), which clearly indicates that the initial TOF values 

increased with increasing pore size of the supports. The initial catalytic activity of ZC/SiO2 was 

11.5 times lower and ZC/SBA-15 LP was 3.5 times lower than that of the initial catalytic 

activity of ZC catalyst (TOF10 min = 56 min
-1

) which indicates the positive effect of pore size on 

the catalysts activity in case of 1-decene.  

Selectivity in 1-decene metathesis has been depicted in Figure 4.18 by plotting selectivity 

to 9-octadecene against conversion of 1-decene. Immobilization of catalyst was found to have a 

considerable effect on the selectivity. The decrease in selectivity was observed due to double 

bond shift isomerization followed by cross-metathesis [
14

]. Along with the main product of 1-

decene (i.e. 9-octadecene), some homologues with shorter chains from C17 –C11 were formed. 

The selectivity of 9-octadecene was calculated using the formula: S = 100 × np/(np+Σni), where 

np and ni are molar amount of 9-octadecene and cross-metathesis products C17-C11 respectively.  
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Figure 4.18: Selectivity for 1-decene metathesis with ZC (), ZC/SBA-15 LP (), ZC/SBA-

15 (), ZC/MCM-48 (▲), ZC/MCM-41 (), ZC/SiO2 (). Reaction conditions: cyclohexane, 

T = 60 °C, molar ratio 1-decene/Ru = 600, C°1-decene = 0.6 mol/L.  

Figure 4.18 shows that all hybrid metathesis catalysts were less selective compared to 

homogeneous one indicating the higher extent of 1-decene isomerization for hybrid catalysts. 
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The non-acidic nature of support could not initiate the double bond shift isomerization. To prove 

this statement the blank experiment was carried out with 466 μL of 1-decene, 41 mg SBA-15 and 

4.2 mL of cyclohexane at 60°C (time = 28 h) but no 1-decene isomerization was observed. 

According to the literature [
126,127

] the double bond shift isomerization during metathesis with 

well-defined Ru catalysts is normally assigned to the Ru hydrides formed during catalyst 

decomposition [
126

]. Hence decrease in selectivity for immobilized catalyst might be due to the 

increasing rate of formation of Ru hydrides. The different selectivity of individual hybrid 

catalysts might be due to differences in the rate of formation of Ru hydride or their reactivity. 

The highest selectivity was observed for ZC/MCM-48 and lowest for ZC/MCM-41 as well as 

ZC/SiO2.  

4.2.3.5 Catalytic activity of hybrid catalysts in ring-opening metathesis polymerization of 

cyclooctene 

The catalytic activity of ZC/SBA-15 LP, ZC/SBA-15, ZC/MCM-41, and ZC/SiO2 were 

tested in ROMP of COE (equation 5, chapter 4.2.2) as shown in Figure 4.19. The initial rate of 

formation of polymer increased with increasing pore size of the supports (ZC/SiO2 ˂ ZC/MCM-

41 ≈ ZC/SBA-15 ˂ ZC/SBA-15 LP) in case of ROMP of COE, which may reflect the 

accessibility of catalytic centers located in the pores of different size. 
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Figure 4.19: ROMP of cyclooctene (COE) with ZC/SBA-15 LP (), ZC/SBA-15 (), 

ZC/MCM-41 (), ZC/SiO2 (). Reaction conditions: cyclohexane, T = 13 °C, molar ratio 

COE/Ru = 500, C°cyclooctene = 0.6 mol/L, numbers at individual experimental points represent Mw 

of polymers in thousands.  
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After 15 min of the reaction, the formation of polymer ceased using ZC/SiO2 but the 

polymerization proceeded up to 60 min with maximum 60 to 80% yield for hybrid catalysts 

based on mesoporous molecular sieves. In case of ZC/SiO2, the early ceasing of polymerization 

might be due to the blocking of narrow pores by polymers. For all prepared polymers, SEC 

revealed bimodal distribution of molecular weight consisting of a high molecular weight peak 

(75% of area) and a low molecular weight peak (oligomers of Mw about 5000, 25% of area). For 

the high molecular weight polymer fraction, the dispersity index (Ð = Mw/Mn) was 2.0. The 

molecular weight was calculated from high molecular weight peaks of individual polymers. As 

the time increased, the molecular weight of polymers also increased in all cases of hybrid 

catalysts, except ZC/SiO2. In case of ZC/SiO2, polymer of Mw = 230 000 was formed after 5 

min of starting reaction and further Mw was not increased due to blocking of pores by polymers. 

All the hybrid catalysts based on mesoporous sieve produced polymer of Mw slightly higher than 

300,000 which is higher than polymer produced using ZC/SiO2 after 60 min. The structure of 

polymer was determined by FTIR spectroscopy and double bond trans/cis ratio was calculated 

[
42

] from IR spectra (trans/cis = 1.89 × A966/A720, where A966 and A720 are the areas of IR 

absorption bands at 966 cm
−1

 and 720 cm
−1

, respectively) in the range from 3.8 to 6.2. There 

were no systematic changes of trans/cis ratio observed. 

4.2.4 Dependence of conversion on the reaction conditions in ring-closing metathesis of 

citronellene  

Effect of citronellene concentration, catalyst concentration and reaction temperature on 

the reaction rate in RCM of citronellene were studied.  

4.2.4.1 Effect of citronellene concentration on the reaction rate in ring-closing metathesis of 

citronellene 

The dependence of the reaction rate on the concentration of citronellene was studied (see 

Figure 4.20). In all cases, catalyst concentration kept constant and citronellene concentrations 

were changed. It was observed that the initial reaction rate increased with increasing citronellene 

concentrations. The highest TON (4675) was achieved using the highest citronellene 

concentration which indicates that high amount of substrate did not destroy the catalytic center. 

The lowest TON (264) was obtained using citronellene/Ru molar ratio 300.  
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Figure 4.20: Effect of citronellene concentration on TON achieved in RCM of citronellene. 

Reaction conditions: cyclohexane, T = 30 °C, C°Ru = 0.083 mmol/L, C°citronellene = 0.4, 0.2, 0.1, 

0.05 and 0.025 mol/L, catalyst = ZC/SBA-15, molar ratio citronellene/Ru = 300, 600, 1200, 

2400 and 4800. 

4.2.4.2 Effect of catalyst concentration on the reaction rate in ring-closing metathesis of 

citronellene 

The effect of catalyst concentration on the reaction rate in RCM of citronellene was 

studied (see Figure 4.21). In all cases, the citronellene concentration was kept constant and 

concentration of catalysts was changed. The high TON (4010) was achieved using a very small 

amount of catalyst (molar ratio citronellene/Ru = 4800) which indicates the high stability of the 

catalyst.  
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Figure 4.21: Effect of catalyst concentration on TON achieved in RCM of citronellene. Reaction 

conditions: cyclohexane, T = 30 °C, C°citronellene = 0.2 mol/L, catalyst = ZC/SBA-15, C°Ru = 

0.0420, 0.083, 0.17, 0.33 and 0.66 mmol/mL, molar ratio citronellene/Ru = 300, 600, 1200, 2400 

and 4800. 

4.2.4.3 Effect of temperature on ring-closing metathesis of citronellene 

The Figure 4.22 shows the effect of the reaction temperature on the reaction rate of RCM 

of citronellene. The reactions were carried out at different temperatures, 10°, 30°, 45° and 75 °C. 

As expected, the reaction rate increased with increasing temperature. Arrhenius plot showed the 

effect of temperature on the apparent activation energy for RCM of citronellene (Ea = 36.8 

kJ/mol). The activation energy was calculated from the temperature region between 10 °C to 45 

°C. At the reaction temperature higher than 45 °C, the reaction kinetic can change and reaction 

may be diffusion controlled. Pastva et al. reported similar value of apparent activation energy (Ea 

= 31.1 kJ/mol for RCM of citronellene using Ru based complex with quaternary ammonium tags 

immobilized on SBA-15) [
128

]. 
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Figure 4.22: Effect of temperature on TON achieved in RCM of citronellene (a) and Arrhenius 

plot (b). Reaction conditions: cyclohexane, C°citronellene = 0.2 mol/L, citronellene/Ru = 600, 

catalyst = ZC/SBA-15. 

4.2.5 Catalytic activity of siloxy-modified Zhan catalyst immobilized on SBA-15   

The catalytic activity of K2 catalysts was tested in metathesis of hexenyl acetate, methyl 

oleate and methyl 10-undecenoate (see Table 4.2).  

Table 4.2: Catalytic activity of K2 in metathesis reactions. 

Entry Substrate Conversion (%) TON 

1 Hexenyl acetate 80 160 

2 Methyl 10-undecenoate 53 106 

3 Methyl oleate 47 94 

 

Reaction conditions: dichloromethane, T = 35 °C, molar ratio substrate/Ru = 200, C°substrate = 0.2 

mol/L, time = 28 h. 

The catalyst K2 shown good TON in all cases studied. The reaction proceeded slowly 

and TONs obtained for hexenyl acetate and methyl oleate was 160 and 94 respectively, after 28 
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h. In K2 catalyst, K1a and K1b complexes were bound covalently to sieve surface. The filtration 

experiment proved that the catalytic active species did not release from solid phase into the 

liquid phase (see Figure 4.28).  

4.2.6 Enyne metathesis reaction 

Enyne cross-metathesis of 4-octyne and 1-decene (equation 9), was studied using ZC 

catalyst; whereas 4-octyne and 1-heptene (equation 10) was studied using both ZC and 

ZC/SBA-15 catalysts (see Figure 4.23 and Table 4.3). In all cases, two isomers of enyne cross-

metathesis product were observed by GC-MS but we were not able to assign exact structures to 

these individual isomers. For ZC catalysts, enyne cross-metathesis of 4-octyne and 1-decene 

gave 37% selectivity to cross-metathesis product; whereas 55% selectivity was obtained for 4-

octyne and 1-heptene. The selectivity for enyne cross-metathesis of 4-octyne and 1-heptene 

using ZC/SBA-15 was not able to calculate (*) because low amount of products (from GC 

chromatogram) did not correspond to the consumption of starting material. It may be because of 

difficult diffusion of bulkier products from the pores. The selectivity was calculated using the 

formula: S = 100 × np/(np+2.nx), where np and nx are molar amount of cross-metathesis products 

and molar amount of self-metathesis product respectively. 

(eq. 10)

(eq. 9)

 

Figure 4.23: Enyne metathesis reactions. 



67 
 

Table 4.3: Enyne metathesis reactions using ZC and ZC/SBA-15. 

Entry Substrate Catalyst Time 

(h) 

Conversion 

(%) 

Selectivity to 

cross-metathesis 

products (%) 

1 4-octyne ZC 78 33 37 

1-decene 66 

2 4-octyne ZC 48 64 55 

1-heptene 93 

3 4-octyne ZC/SBA-15  72 17 * 

1-heptene 36 

 

Reaction conditions: cyclohexane, molar ratio substrate/Ru = 100 (total), substrate ratio: 1:1, 

C°substrate = 0.6 mol/L, T = 75 °C, * not evaluated.  

Other enyne cross-metathesis reactions were studied by modification of vinyl pendants of 

poly(VNBE) with substituted phenylacetylenes. Before modification, ROMP of VNBE was done 

(see Table 4.4) using ZC catalyst.  

Table 4.4: Polymerization of VNBE with ZC catalyst. 

Entry Catalyst VNBE/Ru 

Mole ratio 

Polymer  

Yield, 

% 

Mn Ð IR absorbance 

ratio A966/A754 

 

1 

 

ZC 

 

100 

 

70 

 

10.000 

 

8.5 

 

1.30 

2 

 

ZC 200 92 13.000 4.6 1.40 

 

Reaction conditions: C°VNBE = 0.3 mol/L, toluene, T = 30 °C, time = 6 h. 

The results showed, that poly(VNBE)s (Mn = 10,000 and 13,000) were obtained in high 

yields. Broad molecular weight distribution represented by high polydispersity index (Ð from 3.2 

to 8.5) may indicate slow initiation and/or chain transfer reactions during the polymerization 

course. White soft solid polymers soluble in common organic solvents were obtained in both 
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cases. The polymer structure was determined from NMR and IR spectra [
129

]. In IR spectra, the 

missing band at 1,570 cm
−1

 (C=C stretching vibration in the norbornene ring) and the appearance 

of bands at 966 cm
−1

 and 754 cm
−1

 (C-H deformation vibrations for main chain trans- and cis- 

double bonds, respectively) indicate the opening of norbornene ring by metathesis. The presence 

of bands characteristic for vinyl group (909 cm
−1

, 993 cm
−1

, and 1,635 cm
−1

) clearly indicates the 

preservation of vinyl groups during polymerization (see Figure 4.25a).  

The modification of vinyl pendants of poly(VNBE) was done with (4-fluorophenyl) 

acetylene (4-FPhA) and (2,4 difluorophenyl) acetylene (2,4-F2PhA) using ZC catalyst (see Table 

4.5). Fivefold molar excess of substituted phenylacetylenes with respect to VNBE units in 

polymers and higher catalyst concentration, i.e. 10 mol% with respect to VNBE units in polymer 

were used. Molecular weight of modified polymers 1 and 2 (see Table 4.5) were lower than those 

of parent poly(VNBE) (Mn = 6000 and 7000, respectively), which shows degradation of main 

polymer chains under high catalyst/polymer ratio. These polymers were characterized by SEC 

using Refractive Index (RI) and UV (254 nm) detectors. Both UV and RI detectors displayed 

similar traces in the SEC chromatogram of modified polymer (Table 4.5, entry 2), which 

indicated that aromatic moieties (derived from 2,4-F2PhA) had been inbuilt into poly(VNBE) in 

the course of modification. SEC analysis of polymer modified with 4FPhA (Table 4.5, entry 1) 

proved similar results using RI and UV detector. 
19

F NMR spectroscopy was used to determine 

the fluorine content in both the polymers (Polymer 1 and 2, Table 4.5) and from this content an 

average number of modified pendant groups per one monomeric unit was calculated (0.23 and 

0.35, respectively). 

Table 4.5: Modification of Poly(VNBE) pendant vinyl groups by enyne metathesis with (4-

fluorophenyl) acetylene (A1) and (2,4-difluorophenyl) acetylene (A2)*.                 

Polymer An Polymer 

amount
a
 

mg 

Mn Ð F content                 

in polymer 

wt% 

Modified 

groups/monomer 

unit 

 

1 

 

A1 

 

30 

 

6000 

 

3.0 

 

3.5 

 

0.23 

2 

 

A2 32 7000 2.4 9.0 0.35 

 

a = amount of polymer prepared from 25 mg of poly(VNBE). 

*conditions = toluene, T = 60 °C, An/VNBE/ZC = 50/10/1, C°Ru = 7 mmol/L, time = 5 h. 
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In the reference experiments, poly(VNBE) and both modifying phenylacetylenes reacted 

separately with ZC catalyst under the reaction conditions given in Table 4.5. It was found that (i) 

poly(VNBE) produced insoluble polymer with catalyst ZC, which suggested that the high cross-

linking by self-metathesis of vinyl pendant group occurred; ii) both 4-FPhA and 2,4-F2PhA 

produced only oligomers (Mn = 400, Mw = 500) using ZC catalyst.  

1
H NMR spectra of modified polymers displayed the signals in the olefinic region (4.8 – 

6.5 ppm) and in the aromatic region (6.7 – 7.5 ppm). However, the spectrum complexity and 

broadness of the bands did not allow the detailed interpretation as concerns the linkage between 

fluorophenyl rings and the polymer main chains. 
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Figure 4.24: GC-MS chromatogram of products formed in the reaction of vinylcyclopentane 

with 2,4-F2PhA. 
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Phenylacetylenes may have reacted with vinyl pendant group of poly(VNBE) via enyne 

cross-metathesis reaction. In order to examine this possibility, the model experiment (see Figure 

4.25b) was carried out. In a typical reaction, vinylcyclopentane (VcP) with 2,4-F2PhA (0.63 

mmol of VcP, 3 mmol of 2,4-F2PhA) was added to a solution of ZC catalyst in toluene (0.063 

mmol of ZC catalyst, 9 ml toluene , 60° C)  and stirred for 5 h. The characterization of product 

was done using GC-MS (see Fig. 4.24), which revealed enyne cross-metathesis product of m/z = 

234 (2 isomers) as a strongly dominating product. Isolation of this product (as a mixture of 

isomers) were done on a silica gel column (in pure hexane, Rf around 0.4 - 0.5) and their 
1
H, 

13
C 

and 
19

F NMR spectra were recorded. The NMR spectra were in accord with cis- and trans- 

isomers of 1-cyclopentyl-3-(2,4-difluorophenyl)-buta-1,3-diene (CFPhBu). According to these 

results, we assumed that the modification of poly(VNBE) with 4-FPhA and 2,4-F2PhA 

proceeded as given in Figure 4.25c. 

The
 
NMR spectra of CFPhBu are as follows (for atom numbering see Figure 4.25b): 

1
H 

NMR (CD2Cl2, δ, ppm): 7.29 – 7.16 m, 6.90 – 6.78 m C2, 3, 5-H, 6.28 d (J =15.7 Hz, C13–H), 6.00 

(J =11.7 Hz, C13–H), 5.53 d (J = 10.5 Hz, C12–H), 5.51 (J = 15.7 Hz, C12–H), 5.37 bd (J = 11.7, 

2H, C15-H), 1.95 – 1.40 m, 1.35 -1.20 m (9 H, C7-11 H). 

13
C NMR (CD2Cl2, 100 MHz, δ, ppm): 25 (C7, C8), 34 (C9, C10), 39 C11), 104 (C5), 111 (C3), 

117+119 (C1+C15), 127-132 (C2+C12+C13), 142 (C14), 161+163 (C4+C6).  

19
F NMR (CD2Cl2 (CF3COOH)): –100.24 m, –101.13 m (C4-F), –99.84 m, –99.75 m (C6-F). 
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Figure 4.25: a) ROMP of VNBE. b) Model reaction of vinylcyclopentane with 2,4-F2PhA. c) 

Modification of poly(VNBE) with 4-FPhA and 2,4-F2PhA. 

Overall, it was observed that homogeneous catalyst (ZC) was effective in enyne cross-

metathesis of aliphatic and aromatic compounds; however heterogeneous catalyst was failed to 

catalyze enyne metathesis reactions probably because of products retaining in the pores. 

4.2.7 Filtration test and Ru leaching 

The filtration test is normally used for the examination of heterogeneity in transition 

metal catalyzed reactions [
130

]. The filtration test is the standard test to learn whether catalytic 

activity is strongly bound to the solid phase or whether catalytically active species leached into a 
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liquid phase. The filtration test was carried out with ZC/SBA-15 for RCM of 1,7-octadiene (see 

Figure 4.26) and it proved that the catalytic activity was strongly bound to the solid phase in 

cyclohexane. After 5 min of the reaction, half of the reaction mixture was separated by filtration 

and transferred into another reactor. Both reactors were kept under the same reaction conditions. 

In the reactor with separated liquid phase, the reaction stopped immediately after filtration. In 

case of RCM of DEDAM in benzene, a considerable increase in the DEDAM conversion in a 

liquid phase after its separation from solid phase indicated that Ru species released from solid 

catalyst and were capable to act as catalytic centers. 
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Figure 4.26: Filtration test of ZC/SBA-15. RCM of 1,7-octadiene in cyclohexane (squares), 

DEDAM in benzene (circles), liquid phase in contact with solid catalyst (filled symbol), liquid 

phase after filtration (open symbols). Arrow shows time of filtration. Reaction conditions: molar 

ratio substrate/Ru = 600, T = 30 °C, C°DEDAM = 0.22 mol/L, C°1,7-octadiene = 0.16 mol/L. 

Similar filtration test was carried out with ZC/SBA-15 for RCM of (-)-β-citronellene in 

cyclohexane which gave the same results like filtration test of 1,7-octadiene.  
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Another filtration test was also carried out using ZC/SBA-15 LP (see Figure 4.27) for 

RCM metathesis of 1,7-octadiene. After 10 min of the reaction, half of the reaction mixture was 

filtered off and collected into another reactor (as per procedure described above). The reaction in 

the parent Schlenk tube (in contact with solid phase) proceeded with 100% conversion whereas 

the further conversion was stopped in case of the mixture after filtration (without contact with 

solid phase). It clearly demonstrates that metathesis reaction proceeded exclusively on the 

surface of the catalyst ZC/SBA-15 LP. The leaching of catalytically active species does not 

depend on the catalyst pore size.  
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Figure 4.27: Filtration test of ZC/SBA-15 LP for RCM of 1,7-octadiene. Liquid phase in 

contact with solid phase (filled squares), liquid phase after filtration (filled triangles). Reaction 

conditions: cyclohexane, T = 30 °C, molar ratio 1,7-octadiene/Ru = 600, C°1,7-octadiene = 0.2 

mol/L.  

The filtration test for DEDAM in dichloromethane was carried out using K2 catalyst. The 

result from filtration experiment showed that the catalytic activity was strongly bound to the 

solid phase (see Figure 4.28) in accord with the covalent bonding of Ru complex with solid 

phase. 



74 
 

0 200 400 600 800 1000 1200 1400 1600 1800

20

40

60

80

100

C
o

n
v

e
r
si

o
n

, 
%

Time, min
 

Figure 4.28: Filtration test of K2 for RCM of DEDAM.      

Reaction conditions: dichloromethane, T = 35 °C, molar ratio DEDAM/Ru = 600. C°DEDAM = 0.2 

mol/L. 

The Ru leaching (in wt% of starting content of Ru in catalyst) for DEDAM and 1,7-

octadiene over ZC/SBA-15 has been depicted in Table 4.6. It was found that Ru leaching was 

dependent on solvent as well as substrate used in the reaction. The highest leaching was found in 

RCM of DEDAM in dichloromethane (14%) and the lowest leaching for RCM of 1,7-octadiene 

in cyclohexane (0.04%). It clearly indicates that in polar system the Ru leaching was higher and 

in non-polar system the Ru leaching was negligible.  
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Table 4.6: Ru leaching for ZC/SBA-15.  

Reaction Solvent Ru leaching 

(wt%)
a
 

Maximum Ru content 

in product
b 

(ppm)
 

1,7-octadiene cyclohexane 0.04 0.6 

DEDAM benzene 4 28 

DEDAM cyclohexane 9 66 

DEDAM dichloromethane 14 100 

 

Reaction conditions: molar ratio substrate/Ru = 600, C°substrate = 0.2 mol/L, T = 30 °C.   
a 
100% = starting amount of Ru in catalyst.         

b 
calculated theoretically as the amount of Ru per weight unit of product. 

 

4.2.8 Catalyst reusing  

The catalyst reusing was studied in RCM of (-)-β-citronellene for the catalyst ZC/SBA-

15 (see Table 4.7). After 2.5 h of the reaction, the catalyst was separated by filtration and washed 

with cyclohexane. A new portion of cyclohexane and citronellene was added. The catalyst 

ZC/SBA-15 was found reusable. 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.  

Table 4.7: Reusing of catalyst ZC/SBA-15.  

Number of 

cycle 

1 2 3 4 5* 

Conversion (%) 94 76 70 56 48 

 

Reaction conditions:  cyclohexane, T = 30 
o
C, time = 2.5 h (* 12.5 h), citronellene/Ru = 600, 

C
°
citronellene = 0.2 mol/L. 
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4.3 Metathesis and cross-metathesis of cardanol   

       In recent years renewable resources has gained a lot of attraction in academic as well as 

industrial research and cardanol is the renewable material which has found interesting  

applications in metathesis [
77,87

].  

4.3.1 Selective hydrogenation of cardanol 

The cardanol used consists of 42% of 3-(pentadec-8-enyl)phenol (1), 18% of 3-

(pentadeca-8,11- dienyl)phenol (2), 36% of 3-(pentadeca-8,11,14-trienyl)phenol (3) and 4% of 3-

(pentadecyl)phenol (4) (see Figure 2.26).   

The composition of the mixture was determined by high performance liquid 

chromatography (HPLC) using UV detector. According to the literature data, it is difficult to 

separate individual cardanol components [
77,87

] hence the cardanol mixture was used as received 

from the supplier. The attempt was made to remove dienic and trienic components using 

selective transfer hydrogenation of cardanol as described by De Vries et al. (see chapter 3.5.7) 

[
131

]. We succeeded to convert polyene components into monoene ones. However, the 

identification of double bond position (by atmospheric pressure chemical ionization mass 

spectrometry using acetonitrile as a gas phase reagent [
132

]) revealed the formation of double 

bond shift isomers at some extent and then following metathesis resulted in homologue products 

(see Figure 4.29 to Figure 4.31). Therefore, this hydrogenation method did not produce monoene 

cardanol suitable for metathesis experiments; hence the original cardanol mixture was used for 

further metathesis and ethenolysis experiments.  

HPLC chromatogram of product of selective hydrogenation of cardanol (see Figure 4.29) 

showed a depletion of dienic and trienic components 2 (18% of cardanol sample) and 3 (36% of 

cardanol sample) eluting at retention times of 15 and 10 minutes, respectively. The peak at 25 

min represents the component 1 corresponding to 42% of cardanol sample used for metathesis 

reactions. The most intense peak at 22.5 min corresponds to newly formed compound (s) which 

were not available in the parent cardanol sample. In electrospray ionization mass spectra (ESI-

MS) this new species showed signal at m/z 301. The collision-induced dissociation (CID) mass 

spectra of mass-selected ions m/z 301 recorded on-line with HPLC analysis (HPLC-MS/MS) 

showed that this new compound(s) showed virtually the same CID mass spectra as those of 

cardanol component 1. Besides that, an apparent broadening of both the chromatographic peaks 

was observed. These observations were tentatively interpreted as the hydrogenation procedure 

leaded to the formation of trans-1 and various double bond shift isomers of cis- and trans-1. 
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Figure 4.29: HPLC chromatogram of product of selective hydrogenation of cardanol ( UV, λ = 

280 nm). 

Recently, mass spectrometry technique was used for localization of double bonds in long-

chain compounds such as lipids [
132

]. In this method specific molecular adducts (M + C3H5N)
+
 

are formed from acetonitrile solution using positive-ion atmospheric pressure chemical 

ionization (APCI) technique. These adducts were fragmented under collision-induced 

dissociation (CID) conditions into a pair of structurally diagnostic ions and the position of double 

bond can be easily determined from m/z values of these ions. It was assumed that C3H5N
+
 ion 

adds to the double bond and that the single bonds adjacent to this double bond becomes activated 

and thus much more prone to get cleaved.   
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Figure 4.30: Chromatogram of hydrogenated cardanol. 

For example, in case of cardanol component 1 (with position C8) the adduct ion at m/z 

357 was formed which dissociates to ions m/z 272 (HO-C6H4-(CH2)7-CH=CH + C3H5N)
+
 and 

166 (CH3-(CH2)5-CH=CH + C3H5N)
+
 corresponding to breaking of C9-C10 and C7-C8 bonds 

respectively. If the double bond in component 1 is shifted from its original position C8 to C7 

position, the appropriate adduct (M + C3H5N)
+
 at the same m/z 357 dissociates to ions m/z 258 

(272 – 14, i.e. a lower homolog of m/z 272 ) and 180 (166 + 14, i.e. a higher homolog of m/z 

166). The double bond shifting to the positions C6, C5, C4...etc. would analogously lead to ions 

m/z 244, 230, 216...etc. and 194, 208, 222...etc. When this method was applied to products of 

selective hydrogenation of cardanol these two series of homolog ions were observed. 
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Figure 4.31: Mass chromatograms for (M-H)- ions of major products of metathesis of 

hydrogenated cardanol. 

Another clear evidence that the double bond shift took place during selective 

hydrogenation of cardanol was provided by metathesis of the products of this hydrogenation. The 

HPLC (see Figure 4.30) and HPLC-MS (Figure 4.31) analyses revealed a presence of a long 

series of bisphenolic homologs of the general formula (HO-C6H4-(CH2)x-CH=CH-(CH2)y-C6H4-

OH), where x + y = 10, 11, 12, ..., 24. The “doublets” in the composite selected-ion mass 

chromatogram (Figure 4.31) clearly shows that all these homologs are present in their cis- and 

trans-forms. 

4.3.2 Self-metathesis of cardanol 

Metathesis of cardanol was carried out in toluene and dichloromethane using ZC and 

ZC/SBA-15 (0.93 wt% Ru) and both catalysts exhibited high conversions (CC = 78-91%) after 2 

h of the reaction (see Table 4.8).  
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Table 4.8: Metathesis of cardanol with ZC and ZC/SBA-15 catalysts. 

Entry Catalyst Solvent Cardanol 

concentration 

(Mol/L) 

Cardanol 

conversion  

CC (%) 

     

1 ZC CH2Cl2 1.67 

 

91 

2 ZC CH2Cl2 0.6 87 
(a)

, 87 
(b)

  

 

3 ZC 

 

Toluene 0.6 85 

4 ZC/SBA-15  

 

Toluene 0.6 78 

 

Reaction conditions: T = 35 °C, molar ratio cardanol/Ru = 50. 

 
a 
reaction time = 2 h, 

b 
reaction time = 5 h. 

In contradiction to Ref. [
77

] we did not protect OH group in the substrate. The catalyst ZC 

in our experiments (see Table 4.8, entry 1 and 2) proved to be more effective than Vasapollo et 

al. [
84

] reported (CC = 78% after 72 h with HG.II catalyst under the same conditions). The 

replacement of dichloromethane with toluene had no significant effect on cardanol conversions. 

As seen in Table 4.8, the conversion obtained with ZC was slightly higher (entry 3, CC = 85%) 

in comparison with the hybrid catalyst ZC/SBA-15 (entry 4, CC = 78%).  

GC-MS (Figure 4.32 to 4.33) and HPLC-MS (see Figure 4.34) were used to identify the 

products of cardanol metathesis. Cardanol is composed of monoene, diene and triene 

components which undergo self-metathesis and cross-metathesis with each other and form a 

large number of products shown in Scheme 4.1. However, all theoretically possible products 

were not been observed in considerable amounts. The products which were observed by GC-MS 

and HPLC-MS are shown in Scheme 4.1. 
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Figure 4.32: GC-MS chromatogram for cardanol metathesis using heterogeneous catalysts 

ZC/SBA-15. For peak numbering see Scheme 4.1. 
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Figure 4.33: GC-MS chromatogram for cardanol metathesis using homogeneous catalyst (ZC). 

* = Indicates Ru catalyst residue. 
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Figure 4.34: HPLC chromatogram for cardanol metathesis: a) homogeneous catalyst (ZC), b) 

heterogeneous catalyst (ZC/SBA-15). For peak numbering see Scheme 4.1. 
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In HPLC chromatogram of cardanol metathesis dominating peaks of nonenylphenol (MW 

= 218) (5), dodecenylphenol (MW = 260) (6) and 1,16-bis(3-hydroxyphenyl)hexadecene (MW = 

408) (7) and minor peaks of henicosatrienylphenol (MW = 380) (8) and 1,19-bis(3-

hydroxyphenyl)nonadecadiene (MW = 448) (9) were observed (see Figure 4.34). 

  The peak areas in HPLC chromatogram of cardanol metathesis in Figure 4.34 indicate the 

amount of individual products; however, extinction coefficients at 280 nm are necessary to take 

into accounts.  The peak 1 belongs to the main cardanol component and its trans-isomer was 

overlapped with the peak of product 9. In all cardanol metathesis products both cis and trans 

isomers were observed. The missing of cardanol components 2 and 3 in the product mixture was 

the proof of their total consumption during the metathesis reactions.  

The formation of all major cardanol metathesis products are depicted in Scheme 4.1. The 

complementary hydrocarbon products 10, 11 were observed using GC-MS technique (see Figure 

4.32 to 4.33). The formation of product 5 was seen in a larger amount than that of product 8 due 

to intramolecular metathesis of compound 3 under the formation of cyclohexadiene as a 

byproduct (see equation v, Scheme 4.1). The product 5 was detected by HPLC-MS and GC-MS 

whereas complementary product cyclohexadiene was identified by GC-MS only. It should be 

noticed that the position of internal double bond in the products given in Scheme 4.1 is assumed 

in accord with the metathesis reactions proceeded (double bond shift isomerization in some 

extent cannot be excluded). 

The different amounts of the same product were observed for both homogeneous and 

heterogeneous catalysts.  In case of homogeneous catalyst, the higher concentration of product 5 

suggests rapid formation of 5 by intramolecular metathesis in a liquid phase.  
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Scheme 4.1: Major products formed by cardanol metathesis. 

4.3.3 Ethenolysis of cardanol  

The results of ethenolysis of cardanol are listed in Table 4.9. Ethenolysis reactions were 

carried out with homogeneous (ZC and G.II) and heterogeneous (ZC/SBA-15 and G.II/SBA-
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15) catalysts in toluene. The Ru loading in ZC/SBA-15 and G.II/SBA-15 was 0.93 wt% and 

0.33 wt% of Ru respectively. Cardanol conversion, CC = 96 and 94% were achieved using both 

homogeneous catalysts (ZC and G.II, respectively) after 2 h of reaction under mild conditions 

(ethene pressure 300 kPa). The main product formed by cardanol ethenolysis was 3-(non-8-

enyl)phenol (product 5), which was isolated by vacuum distillation and characterized by NMR 

spectroscopy and EIMS. 

The 
1
H and 

13
C NMR spectroscopy and EIMS data are given below. 

1
H NMR (CDCl3, room temp.), δ(ppm): 1.20 (m, 8H (CH2)4), 1.47 (m, 2H, CH2), 1.92 

(q, 2H, CH2), 2.43 (t, 2H, CH2), 4.86 (m, 2H, =CH2), 5.30 (s, 1H, OH), 5.70 (m, 1H, =CH), 6.55-

6.66 (m, 2H, arom.), 7.02 (m, 2H, arom.).  

13
C NMR (CDCl3, room temp.), δ (ppm):  29.02, 29.17, 29.36, 29.46, 31.38 (all CH2), 

33.94 (CH2CH=), 35.92 (CH2Ph), 112.64 (arom.), 114.42 (=CH2), 115.46 (arom.), 120.89 

(arom.), 129.30 (arom.), 139.19 (=CH), 144.94 (arom.), 155.24 (COH).  

EIMS m/z (abundance %): 218 (M+; 20), 133 (5), 121 (12), 120 (16), 108 (100), 107 

(35), 77 (6), 55 (6), 41 (7).  

The concentration of 3-(non-8-enyl)phenol (product 5) was determined by HPLC using 

calibration with 5. The yield of product 5 was calculated using formula Y5 = 100. C5/C°cardanol 

(where C5 = product 5 concentration in the reaction mixture) and its selectivity S5 = 100. Y5/CC, 

where CC = cardanol conversion). The selectivity of product 5 was 96% for ethenolysis of 

cardanol using both homogeneous catalysts (ZC and G.II) 

The product 5 was the only one phenolic product observed by ethenolysis of cardanol 

with high selectivity (S5 = 96%) using both homogeneous catalysts (ZC and G.II). For molar 

ratio 50 (substrate/Ru), the similar conversion (CC = 96 and 93%) and the same selectivity (S5 = 

96%) were observed using ZC and ZC/SBA-15 respectively. However, significant differences 

were observed for G.II (CC = 94% and S5 = 96%) and G.II/SBA-15 (CC = 78% and S5 = 91%) 

compared to ZC and ZC/SBA-15. The effect of decreasing catalyst concentration (molar ratio 

cardanol/Ru: from 50 to 1000) was studied using both heterogeneous catalysts (see Table 4.9). 

The cardanol conversion decreased with decreasing catalyst concentration using both the 

heterogeneous catalysts. In case of ZC/SBA-15, the conversion was decreased from 93 to 63% 

whereas from 78 to 33% for G.II/SBA-15. However, the maximum TON =330 was achieved for 

G.II/SBA-15 and 630 for ZC/SBA-15. According to the literature survey, Cole-Hamilton et al. 

achieved the maximum TON = 200 (homogeneous HG.II, 2000 kPa of ethene and reaction time 
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= 24 h) in cardanol ethenolysis which indicates the superiority of our catalysts in terms of their 

activity. The selectivity to the main product 5 decreased with decreasing conversion. 

Table 4.9: Ethenolysis of cardanol. 

Entry Catalyst Cardanol/Ru 

molar ratio 

Cardanol 

conversion,  

CC (%) 

TON  Y5 (%) S5 (%) 

       

1 G.II 50 94 47 90 96 

2 G.II/SBA-15  50 78 39 71 91 

3 G.II/SBA-15  100 67 67 60 89 

4 G.II/SBA-15  250 65 163 56 86 

5 G.II/SBA-15  500 55 275 46 84 

6 G.II/SBA-15  1000 33  330 26 79 

7 ZC  50 96 48 92 96 

8 ZC/SBA-15 50 93 47 89 96 

9 ZC/SBA-15  100 91 91 86 95 

10 ZC/SBA-15  250 88  220 81 92 

11 ZC/SBA-15 500 81 405 73 90 

12 

 

ZC/SBA-15 1000 63 630 56 89 

 

Reaction conditions: toluene, T = 60° C, C°cardanol = 0.025 mol/L, ethene pressure = 300 kPa, Y5 

= 100.C5/C°cardanol (where C5 = concentration of product 5 in the reaction mixture), S5 = 100 × 

Y5/CC. 
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Figure 4.35: HPLC chromatogram for ethenolysis of cardanol using: a) G.II/SBA-15 (entry 5, 

Table 4.9), b) ZC/SBA-15 (entry 11, Table 4.9). For peak numbering see Scheme 4.2. 
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Figure 4.36: GC-MS chromatogram for ethenolysis of cardanol (G.II/SBA-15) (entry 5, Table 

4.9). For peak numbering see Scheme 4.2. 

Bis phenolic compound 7 and 3-(12-dodeca-1,4-dienyl)phenol 12 were observed by 

HPLC and GC-MS (see Figure 4.35 and 4.36). However, both these compounds undergo 

metathesis with excess of ethene under formation of product 5 (see Scheme 4.2) which explains 

their low concentrations and also increased S5 values for ZC/SBA-15. The high selectivity (S5 = 

96 – 89%) was obtained for product 5 using ZC/SBA-15. During ethenolysis, the 

complementary hydrocarbons like 1-octene, 1-pentene, 1,4-pentadiene, 1,4-cyclohexadiene were 

formed and detected by GC–MS. 
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Scheme 4.2: Formation of products in ethenolysis of cardanol. 

It was observed that ZC/SBA-15 catalyst was more active and selective than G.II/SBA-

15; however the Ru leaching was higher in case of ZC/SBA-15 (2.5% of starting Ru content-

entry 8, Table 4.9) compared to G.II/SBA-15 (0.5% of starting Ru content in catalyst-entry 2, 

Table 4.9). The higher leaching in ZC/SBA-15 may be due to the immobilization of ZC catalyst 

on the sieve surface by non-covalent interactions. As lower leaching can ensure lower content of 

catalyst residues in products, G.II/SBA-15 is preferred when a strict limit of Ru content in the 

product must be respected.  

4.3.4 Cross-metathesis of cardanol with cis-1,4-diacetoxy-2-butene 

The catalytic activity of homogeneous and heterogeneous catalysts was tested in cross-

metathesis of cardanol with DAB. The aim was to establish catalyst activity in cross-metathesis 

yielding interesting acetates derivative of cardanol: 10-(3 hydroxyphenyl)dec-2-enyl acetate 13 

and non-2-enyl acetate 14 (see Scheme 4.3). 
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Scheme 4.3: Cross-metathesis of monounsaturated cardanol component with DAB. 

Five time excess, DAB, was taken in order to get higher selectivity of main cross-

metathesis products 13 and 14. The product 14 is of interest for fragrance and flavor industries 

[
133

]. The results of cross-metathesis of cardanol with DAB are mentioned in Table 4.10. For the 

molar ratio 50 (cardanol/Ru), the cardanol conversion using both homogeneous catalysts (ZC 

and G.II) was 99% and 91% respectively, whereas cardanol conversion using heterogeneous 

catalysts (ZC/SBA-15 and G.II/SBA-15) was 96% and 81% respectively. It was observed that 

the decrease in catalyst concentration (the cardanol/Ru molar ratio from 50 to 500) results in the 

decrease in cardanol conversion to 66% for ZC/SBA- 15 and 54% for G.II/SBA-15 after 5 h of 

reaction time. The dependence of cardanol concentration on reaction time has shown in Table 

4.10. The TON was increased with decreasing catalysts concentration (substrate/Ru molar ratio 

from 50 to 500). The highest TON was 330 for ZC/SBA-15 and 270 for G.II/SBA-15.   
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Table 4.10: Cross-metathesis reactions of cardanol with DAB. 

Entry Catalyst Cardanol/

Ru 

molar 

ratio 

DAB 

Conversion 

 (%) 

Cardanol 

Conversion 

CC (%) 

S14  

 

(%) 

TON  

1 h 2 h 5 h 1 h 2 h 5 h 1 h 2 h 5 h  

             

 1 G.II  50 28 29    29 90 91 91 

 

39 40 40  46 

 2 

 
G.II/SBA-15   50 9 12 14  74 75 Z 81 

 

23 29 36      41 

 3 G.II/SBA-15  500 8 10 12 42        47 54 

 

16 21 29       270 

 4 ZC  50 29 30 30 98  99 99 

 

40 41 41   50 

 5 ZC/SBA-15  50 24 25 26 95 96    96 

 

39 40 40       48 

 6 ZC/SBA-15  500 17 18 19   60 63                  66 

 

  32 33 35       330 

             
 

Reaction conditions: toluene, T = 60°C, C°cardanol = 0.025 mol/L, S14 = 10000 C14/ CC × C°cardanol. 
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Figure 4.37: GC-MS chromatogram for cross-metathesis of cardanol with DAB (ZC/SBA-15, 

entry 5, Table 4.10). For peak numbers see Scheme 4.3. 



92 
 

16 = o

o

,            
17  = o o

o o

 

10 20 30

Retention time, min

17

13
1

14

16

Nonane

DAB

Toluene

 

Figure 4.38: GC-MS chromatogram for cross-metathesis of cardanol with DAB (G.II/SBA-15, 

entry 2, Table 4.10). Peak numbers are same as in Figure 4.37. 
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Figure 4.39: HPLC chromatogram for cross-metathesis of cardanol with DAB using ZC/SBA-

15) catalyst, entry 5, Table 4.10).  
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Along with other products, the major cross-metathesis products 13 and 14 were also 

identified by GC-MS (see Figure 4.37 and 4.38). However, 13-(3-hydroxyphenyl) trideca-8,11-

dienyl acetate, 15, and bisphenolic compound 7, were identified by HPLC–MS (see Figure 4.39) 

as minor products.  

The cross-metathesis of diene and triene cardanol component with DAB gave product 15 

and the product 7 was formed by self-metathesis of all cardanol components. The products 7 and 

15 underwent metathesis with excess DAB under formation of product 13 that proves their low 

concentration in the reaction. In Figure 4.37 and 4.38 two more additional peaks were observed 

which corresponds to hex-2-enyl acetate 16 and 1,7-diacetoxy-2,5-heptadiene 17. These 

compounds were formed from cross-metathesis of dienic and trienic cardanol components with 

excess DAB. It was very difficult to isolate cross-metathesis product 13 because during vacuum 

distillation phenolic OH group reacted with acetate group under formation of cyclic ether which 

was identified by GC-MS. Nevertheless, the selectivity to 13 can be approximated from the peak 

areas of 13, 15, and 7 in HPLC chromatograms (see Figure 4.39). Areas of product 13 represent 

89%, 92% and 72% of total area of mentioned peaks for experiments with ZC (entry 4, Table 

4.10), ZC/SBA-15 (entry 5, Table 4.10) and G.II/SBA-15 (entry 2, Table 4.10) respectively, 

confirming high selectivity to product 13. (As product 7 contains two phenolic chromophores 

contrary to product 13 and product 15, its molar fractions are probably overestimated and 

selectivity to 13 may be even slightly higher). The compound 14 was prepared independently 

using 7-tetradecene and DAB and utilized for the calibration in GC. The selectivity of main 

cross-metathesis product 14 was calculated as S14 = 10,000 C14/CC × C°cardanol and results are 

mentioned in Table 4.10. The selectivity of product 14 obtained using ZC and ZC/SBA-15 

catalysts was 41% and 40%, respectively. 

The selectivity of product 14 for G.II and G.II/SBA-15 were 40% and 36% after 5 h of 

reaction time. It was observed that selectivity for product 14 was decreased (35% for ZC/SBA-

15 and 29% for G.II/SBA-15 after 5 h reaction time) with decreasing catalyst concentration 

(cardanol/Ru from 50 to 500). The observed increase of selectivity of product 14 with reaction 

time (from 1 to 5 h) reflects probably conversion of 10 to 14 under excess of DAB (Scheme 4.3), 

which proceeds more quickly over ZC/SBA-15. It is necessary to mention that the theoretically 

calculated maximum selectivity for product 14 was 42% which was calculated from starting 

cardanol mixture. 

4.3.5 Catalyst reusing  

The reusability of G.II/SBA-15 was tested in RCM of DEDAM [
34

] and of ZC/SBA-15 

in RCM of citronellene (see chapter 4.2.8). The catalysts were used several times. In cardanol 
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metathesis, the catalysts reusability were tested with relatively high amount of catalysts (molar 

ratio cardanol/Ru = 50) in order to minimize the loss of catalyst during separation. After 2 h of 

reaction, the liquid phase was removed by filtration under argon atmosphere, the catalyst was 

washed with 10 mL toluene and a new portion of cardanol in toluene was added. The both 

heterogeneous catalysts ZC/SBA-15 and G.II/SBA-15 were found reusable in cardanol 

metathesis (see Table 4.11). The conversion of cardanol after the 5
th

 cycle was still high for both 

hybrid catalysts (ZC/SBA-15 = 81% and G.II/SBA-15 = 63%) and corresponding cumulative 

TONs were 210 and 192. However, the robustness of both hybrid catalysts were proved by 

achieving the higher TONs (ZC/SBA-15 = 2075 and G.II/SBA-15 = 1125) for molar ratio 

cardanol/Ru = 2500 (toluene, 2 h, T = 35 °C, C°cardanol = 0.6 mol/L). The cardanol used for these 

experiments had slightly different composition from the previous one (45% of 1, 17% of 2, 34% 

3 and 4% of 4). This difference in composition led to the higher cardanol conversion in 

comparison with that given in Table 4.8. 

Table 4.11: Catalyst reusability in metathesis of cardanol. 

Entry Catalyst Cardanol Conversion (%) 

1
st 

cycle 2
nd 

cycle 
 
3

rd 
cycle 4

th 
cycle 5

th 
cycle 

 

1 

 

ZC/SBA-15 

 

88 

 

87 

 

83 

 

82 

 

81 

2 

 

G.II/SBA-15 86 85 80 70 63 

 

Reaction conditions: toluene, T = 35 °C, C°cardanol = 0.6 mol/L, molar ratio cardanol/Ru = 50, 

reaction time = 2 h. 
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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, i.e. without any additional modification 

of support. The immobilization proceeded nearly quantitatively and Ru loading was 0.93 wt%. 

The mesoporous character, regular architecture and narrow pore size distribution of the supports 

were preserved during immobilization of the catalysts. All hybrid catalysts prepared by 

immobilization method 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). It clearly indicates that in polar 

system Ru leaching was high while in non-polar system the Ru leaching was negligible. The 

filtration test carried out for RCM of 1,7-octadiene in cyclohexane indicated that the catalytically 

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) 

revealed that ZC was attached to the molecular sieve surface by non-covalent interactions 

because i) UV-Vis suggested no changes in the co-ordination sphere after immobilization and ii) 

XPS spectra showed same binding energy of Ru ‘3d’ electrons (281.2 ± 0.2 eV) and molar ratio 

Cl/Ru = 2.0 before and after immobilization. It was also found that approximately 76% of Ru 

was recovered from ZC/SBA-15 as original ZC (as shown by NMR) by washing ZC/SBA-15 

with tetrahydrofuran at room temperature, which indicates the non-covalent attachment of ZC on 

the sieve surface. The advantage of these immobilized catalysts is their simple preparation 

method without support modification with special linker molecules. In non-polar systems, 

immobilized catalysts work as efficient heterogeneous catalysts while in polar systems, the 

possibility of Ru leaching must be taken into account.  

The support pore size effect on catalyst activity was studied in ring-closing metathesis of 

-(β)-citronellene, metathesis of 1-decene, acyclic metathesis polymerization 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 
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important role. In all cases, mesoporous molecular sieves based catalysts has shown higher 

activity as compared to conventional silica based catalyst. The initial TOF values of ZC/SBA-15 

large pore catalyst was 2.0 to 6.5 times higher than that of initial TOF values of ZC/SiO2 which 

clearly indicates the advantage of catalysts immobilized on mesoporous molecular sieves with 

large pore.  The effect of support on selectivity of 1-decene was studied. The selectivity of ZC as 

a homogeneous catalyst was higher than the selectivity of all heterogeneous catalysts. This lower 

selectivity for heterogeneous catalysts was due to increased extent of double bond shift 

isomerization followed by cross- metathesis. In the case of acyclic diene metathesis of 1,9-

decadiene, another effect of catalyst support on selectivity was observed: concentration of dimers 

and trimers in the reaction mixture depended on support pore size. 

For ring-opening metathesis polymerization of cyclooctene, high molecular weight 

polymers (Mw about 300,000) in high yields (70–80%) were obtained using mesoporous 

molecular sieves based hybrid catalysts. However, for conventional silica based catalyst the 

polymerization stopped intermittently and only 40% yield of polycyclooctene was obtained. 

These results proved the advantages of hybrid catalysts based on mesoporous molecular sieve 

supports for olefin metathesis and the employment of the support with large mesopores.  The 

effect of reaction conditions (catalyst, substrate concentrations and reaction temperature) on the 

reaction rate was studied in ring-closing metathesis of citronellene. High TON (4010) was 

achieved using a very small amount of catalyst (C°Ru = 0.042 mmol/L). 

Enyne metathesis reactions were studied using homogeneous and heterogeneous 

catalysts. ZC was able to catalyze enyne cross-metathesis of aliphatic alkenes and alkynes, 

however, heterogeneous catalyst failed for some reasons (diffusion of product from the pore 

could be the problem).  

The practical applicability of hybrid catalysts was tested in metathesis and ethenolysis of 

cardanol. In addition to ZC/SBA-15, we prepared another catalyst (Grubbs second generation 

catalyst immobilized on SBA-15, G.II/SBA-15) in order to get the lower Ru leaching in polar 

solvents. Grubbs second generation catalyst was immobilized on mesoporous molecular sieve 

SBA-15 (6.8 nm pore diameter) via phosphine linker. In cardanol metathesis, ZC/SBA-15 was 

found to be more active (TON = 2075) than G.II/SBA-15 (TON = 1125), however, its Ru 

leaching was higher (2.5%) in comparison with that of G.II/SBA-15. (0.5%) (because Zhan 

catalyst was attached to the surface by non-covalent interactions whereas Grubbs second 

generation catalyst was attached to the sieve surface by covalent interactions through phosphine 

linkers). 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 
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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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