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List of Abbreviations and Structures: 
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Summary 

Summary: 

Metathesis reactions are of great value for Industrial processes e.g. Shell Higher Olefin Process 

(SHOP) to form new alkenes. A lot of catalytic systems were developed to optimize the acfivlty, 

stability and selecfivlty of these precatalysts. In a previous study a Grubbs 2-type precatalyst 

(Gr2Ph (3» which had a N"O hemilablle ligand with two phenyl groups coordinated to the Ru-metal 

was developed. This Grubbs 2-type precatalyst, known as the Puk-Grubbs 2·precatalyst (Gr2Ph 

(3» was used for 1-octene metathesis reactions and showed an Increase In the selecfivlty, thermal 

stability, activity and lifetime In comparison to Grubbs 1 (Gr1 (1» and Grubbs 2 (Gr2 (2». In order 

to determine if the precatalyst Is of value to metathesis reactions It was used for different 1-alkenes 

(1-hexene, i-heptene, i-nonene and 1·decene) and the conditions optimized. 

The Gr2Ph (3) precatalyst was successfully synthesized (43% yield) In this study and used for the 

metathesis reacfions of the different 1-alkenes. The metathesis reactions of each i-alkene was 

conducted at different temperetures, 55'C and eo'c for i-hexene reactions, eo·c. 70'C and ao'c 
for 1-heptene reactions and eo'c, ao'c and 100'C for i-decene reactions, except i-nonene, while 

the Ru:1-alkene ratios were varied for 1·hexene and 1-heptene (1:7000 and 1:9000). The results of 

the 1·alkene metathesis reactions showed that the Gr2Ph (3) precatalyst Increased the lifetime to 

35 days and thermal stability when compared to Gr1 (1) (1 hour lifetime) and Gr2 (2) (3 hours 

lifetime). The TON, selectivity and activity Is comparable to those of the Gr2 (2) reaction results, 

whilst an Improvement on the Gri (1) results was obtained. The optimum condltlons in terms of 

TON, PMP fonmation and selectivity for Gr2Ph (3) was found to be at ao'c with a 1:7000 

RU:1-alkene ratio for 1-heptene and 1-decene, but the ethylene accumulation In the mini reactors 

had an Impact on the results. The ethylene accumUlation resulted in the conversion of the already 

fonmed PMPs into SMPs and IPs during the course of the reaction. The optimum temperature for 

the 1-hexene reactions were delenmlned to be at eo'c for Gr2Ph (3) with a Ru:1·alkene ratio of 

1:7000, with a high PMP formation. selectivity and TON. 

The lH·NMR Investigation of the metathesis reactions of 1-octene and i-hexene with Gr2Ph (3) In 

CDCh at 30'C with a Ru:1-alkene ratio of 1 :40. showed that only one carbene signal was present. 

Metathesis products were fonmed and confirmed with GC-MS and a larger amount of SMPs and 

IPs were formed by the competing isomerization reactions. These results indicate that metathesis 

does occur but that another mechanism was present or that the ligand was not hemilabile as 

suspected. 

v 



Opsomming: 


Metatese reaksies is van groot waarde vir die produksie van nuwe alkene In Industrll:\le prosesse 

soos die Shell Hol:\r Olefien Proses (SHOP). 'n Groot hoeveelheid katalltiese sisteme is ontwikkel 

om die aktlwltelt, stabilltelt en seiektlwltelt van hierdle pre-katallsatore te optlmaliseer. In 'n vorige 

studIe Is 'n Grubbs 2-tipe pre-katalisator ontwikkel waar 'n N-O hemilablele ligand en twee feniel 

groepe aan die Ru-metaal gekollrdineer Is. Die Grubbs 2-tlpe pre-katallsator (3), bekend as die 

Puk-Grubbs 2 pre-katalisator (Gr2Ph (3)), is in die metatese reaksies met 1-okteen gebruik. 

Tydens die studie Is daar gevlnd dat die katalisator 'n toename In selektlwlteit, tenrnlese stabiliteit, 

aktiwiteit en leeftyd in vergelyking met pre-katallsatore soos Grubbs 1 (Gr1 (1)) en Grubbs 2 

(Gr2 (2)) getoon het. Om die waarde van die pre-katalisator 3 ten opsigte van metatese reaksies 

vas te stel is versklllende i-alkene (1-hekseen, 1-hepteen, i-noneen en i-deseen) bestudeer en 

die reaksie kondlsles geoptimaliseer. 

Ole Gr2Ph (3) Is suksesvol gesintetiseer in hlerdle studle (43% opbrengs) en Is vir die metatese 

reaksies van die verskJilende i-alkene gebruik. Ole metatese reaksies vir elk van die i-alkene is by 

verskillende temperature ultgevoer, 55'C en 60'C vir 1-hekseen reaksies, 60'C, 70'C en ao'c vir 

1-hepteen reaksles en 60'C, ao'c en 100'C vir 1--deseen reaksles met uitsonderlng van 1-noneen, 

terwyl die Ru:1-alkeen verhouding vir 1-hekseen en 1-hepteen gevarleer Is (1:7000 and 1:9000). 

Vanuit die resultate van 1-alkeen metatese reaksies met die Gr2Ph (3) pre-katalisator is gevlnd dat 

die leeftyd na 35 dae en tenrnlese stablllteit verbeter het in vergelyking met Gr1 (1) (1 uur leeftyd) 

en Gr2 (2) (3 ure leeftyd) resultate. Die TON, selektiwltelt en alctiwiteit van die Gr2Ph (3) metatese 

reaksies stem ooreen met die van die Gr2 (2) reaksies terwyl dit 'n verbetering op die Gr1 (1) 

resultate getoon het. 'n Reaksie temperatuurvan ao'c en 'n Ru:1-alkeen verhoudlng van 1:7000 Is 

die optimale kondisies vir die maksimale TON, PMP fonrnas!e en selektiwlteit vir Gr2Ph (3) 

metatese reaksles met 1-hepteen en 1--deseen. Die akkumulasie van etlleen In die klein reaktore 

het egter 'n Impak op die resultate gehad. Ole etileen akkumulasie het veroorsaak dat die reeds 

gevonrnde PMPs omgeskakel word na SMPs en IPs gedurende die reaksle. Die optimale 

temperatuur vir die 1-hekseen metatese reaksle met Gr2Ph (3) was by 60'C met 'n 1:7000 

Ru:1-alkeen verhouding, waar 'n maksimale PMP fonrnasie, selektlwiteit en TON verkry Is. 

Tydens die 1H-KMR studle van die metatese reaksles van 1-okteen en 1-hekseen met Gr2Ph (3) in 

CDCh en 'n Ru:1-alkeen verhouding van 1:40 by 60'C, Is slegs een karbeen sein waargeneem. 

Metatese produkte wat gevonrn het was gekarakteriseer deur van GC-MS gebrulk te maak. Die 

oorwegende hoeveelheid produkte (IPs en SMPs) wat gevonrn het, het deur kompeterende 

isomerisasle reaksies gevonrn. Die resultate toon dat metatese wei plaasgevind het, maar moontlik 

volgens 'n ander meganisme of dat die ligand nle, 5005 verwag, as 'n hemllabiele ligand optree 

nle. 



Introduction and aims: 1 

1.1 Introduction 

The term metathesis originated from the Greek words J.LE~a (change) and 'tt9E'1lf.lt (place), which is 

an organic reaction where two alkenes exchange double bonds to be able to form two new alkenes 

as illustrated in Scheme 1.1. Furthermore the amount of double bonds of the reaction remains 

constant,1,2 

+ 

R, R'. RII. Rm;: H, alkyl, aryl 

Scheme 1.1: Representation of alkene metathesis reactions.5 

These metathesis reactions are mainly used in the industry, such as in the Shell Higher Olefins 

Process (SHOP), where longer hydrocarbon chains (C1G and C.o) are formed from ethylene.3 

The growing interest in the metathesis reactions was sparked when Eleuteri04 obtained a low yield 

propene-ethene copolymer from propene with the use of a molybdenum catalytic system. The 

catalytic systems can be divided into heterogeneous or homogeneous systems with important 

transition metals e.g. W, Mo, Rh and Ru. These transition metals can catalyse ring-opening 

metathesis polymerization (ROMP), ring opening metathesis (ROP), ring closing metathesis (RCM) 

and cross metathesis (CM). The catalYtic systems Which are the most effective are the Ru-based 

precatalysts.1 The catalysts mostly used dUring metathesis reactions are the first generation 

Grubbs-precatalyst (Gr1 (1) and second generation Grubbs-precatalysts (Gr2 (2)) as illustrated in 

Figure 1.1.5 

Figure 1.1: The first and second generation Grubbs-precatalysts. 

http:tt9E'1lf.lt


It has been shown that Grubbs 1 (1) Indicates a high selectivity towards the metathesis of tenminal 
lalkenes, but Is thenmally unstable.5• The problem of thermal stability was partially solved with 

Grubbs 2 (2). During the development of the Grubbs 2 precatalyst, the thenmal stability was 

increased by SUbstitution of the PCy3-grouP with aN-heterocyclic carbene ligand (NHC).8 The 

Grubbs 2-precatalyst however indicated a lower selectivity at higher temperatures due to the 

fonmatlon of secondary metathesis products. In companson wfth other alkene metathesis catalysts 

ryv and Mo), the Grubbs precatalysts (Gr1 (1» have a tolerance towards a vanety of functional 

groups that may by present on the alkenes. The catalyst is also soluble in a large vanety of 

solvents In companson to reactions with other transition metals? 

Hemilabillty was introduced by the groups of Grubbs9 and Verpoort10 to Improve the lifetime and 

stability of the precatalysts. HemilabHfty Is a class of chelating ligands, where the ligand 

coordinates to a catalyst by a tightly bound atom and a softly bound atom. The softly bound atom 

dissociates from the metal, leaving a vacant coordination site which allows the substrate, the 

1-aikene, to coordinate to the metal centre, during metathesis reactlons. These hemllabile ligands 

have the ability to place more than one donor atom with different electronic properties close to the 

metal atom. These ligands also have the abilfty to recoordinata to the vacant coordination site In 

the absence of other molecules. Herrmann and coworkers11 used a hemilabile pyridinyl alcoholate 

ligand to develop new precatalysts which increased the activity of metathesis reactions at hIgher 

temperatures. 

Jordaan12 synthesized a number of hemllablle ligands to coordinate onto precatalysts 1 and 2, of 

which the Puk-Grubbs 2-precatalyst (Figure 1.2) was the most successful. It was found that 

WO-hemilabile ligands together with aromatic groups had an influence on the actMty, selectivity 

and lifetime of the Grubbs-2-precatalyst. 

Figure 1.2: The synthesized Puk-Grubbs 2-precatalyst. 



1.2 Aim and objectives 

The development of these hemilablle ligands coordinated onto the Grubbs 2 precatalysts (2), 

resulted in an influence on the stability, activity and lifetime of the precataJyst as demonstrated in a 

previous study by Jordaan.12 These observations were only made on the metathesis reactions of 

1-octene. This study will attempt to optimize precatalyst 3 for the metathesis reactions of different 

linear 1-alkenes and to investigate the different active species present in the solution of the 

metathesis reactions. 

To reach the aim of this study the following objectives were formulated: 

i. 	An extensive literature study on the metathesis reactions in the presence of Grubbs-type 

precatalysts. 

2. 	 Investigate the catalytlcal properties of the precatalyst (3) with respect to the metathesis of 

different linear i-alkenes (i-hexene, i-heptene, i-nonene and i-decene). 

3. 	 Characterization of the precatalyst (3) with the help of spectrometric and other analytical 

methods. 

4. 	 Characterization of the active species with the help of a Nuclear Magnetic Resonance 

(NMR) investigation. 

1.3 Scope of study 

This dissertation is subdivided Into five chapters, including this chapter (Chapter 1), to be able to 

achieve the above-mentioned objectives of this study: 

In Chapter 2 a theoretical background is given into alkene metathesis reactions and the 

development of different precatalysts. A brief overview of the precatalyst development is described 

to understand why new precatalysts are constantly being developed. In addition the mechanisms 

of Gr1 (1) and the GrZPh (3) precatalyst are discussed. The chapter further elaborates on the 

advantages of homogeneous precatalysts. Furthermore the different effects of solvents and 

temperatures are also included. 

In Chapter 3 the experimental setup and methods that were used during this study, are described 

in detail. 

http:Jordaan.12


Chapter 4 focuses on the results obtained throughout this study in terms of the metathesis 

reactions of different 1-alkenes (1-hexene, 1-heptene, 1-nonene and 1-decene) with different 

precatalysts (Gr1 (1), Gr2 (2) and Gr2Ph (3)) and a NMR-investlgation of Gr2Ph (3). 

Finally Chapter 5 summarizes the main conclusions made throughout this dissertation and gives 

suggestions for future work that could still be done. 
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2. LIterature review 

Literature review: 2 

2.1. Introduction 

In 1967 the disproportion of alkenes were introduced by Calderon1 as alkene metathesis. Alkene 

metathesis can be described as a catalytic reaction where alkenes are converted to form new 

products, via simUltaneous breaking and reforming of the C-C double bonds? This reaction of 

disproportion is shown in Scheme 1.1. 

The metathesis reaction, as demonstrated in Scheme 1.1, is an example of cross metathesis 

reaction (CM) of linear alkenes. An additional five types of alkene metathesis reactions can be 

identified, e.g. ring-closing metathesis (RCM), ring-opening metathesis (ROM), ring-opening 

metathesis polymerisation (ROMP) and acyclic diens metathesis (ADMET) , summarized in 

Scheme 2.1 and self metathesis (SM).J.5 

'n 
~M" 

ROMP • n 
n 

Scheme 2.1: Types of alkene metathesis reactions.' 

The metathesis of i-alkenes can occurlhrough cross metathesis (two different i-alkenes reacting), 

self metathesis (two of the same i-alkenes reacting) and isomerization reactions (a reaction where 

the products formed are the isomers ofthe original i-alkene) as illustrated in Scheme 2.2. 

5 



C7=C7 + C=C PMP 
(Cg) (~) 

i Ce=C7+C=~ 
(C13) (~)Self metathesis SMP ~=Cr+ C=Ce 
(Cg) (C7) 

Cross metathesis 

Cs=C6+~C2
IP (C12) (C.;)rc:;;;c;""l· .'------

i C.;=C4 i i Self metathesIs 
: t ........................i' 

Scheme 2.2: The metathesis reactions for i-octene." 

During the SM reactlons of the i-alkene (Ca). the primary metathesis products (PMP) C14 and ~ 

are formed. Simultaneous isomerization of the 1-alkene can occur where the position of the double 

bond is changed to form isomerization products (IP). which are intemal alkenes. The IPs can 

undergo cross- and self metathesis to form secondary metathesis products (SMPs). 

2.2. History and development 

The non-catalytlc metathesis reactlon of propene molecules to form ethene and butene products 

was reported to have been observed by Schneider and FrOhlich7 in 1931. They described the 

reactlon as a reaction where larger hydrocarbons can be composed from the lower ones. Generally 

it was thought that Banks and BaileYS discovered metathesis reactions during 1964. but it was 

already patented by Eleuteri09 in 1957. The metathesis reaction was described as a reaction 

where linear alkenes were converted into carbon chains of shorter and longer length in relation to 

the original alkene. Propene was dis proportioned into ethene and n-butenes with the molar ratio of 

the shorter and longer carbon chains approximately equal. S 

Alkene disproportion was a term used for alkene metathesis until 1967. The change was at the 

same tfme that the first homogeneous catalytic system (WClalEtOHIEtAICI2). which produced 

metathesis and polymerization products, was discovered.l 



In Figure 2.1 the time line for alkene metathesis and catalytical development is summarized. This 

summary shows the development and increasing use of the ruthenium-type precatalysts. 

1950 

dlscovel)l of alkene metathesis

1" Heterogeneous system 1960(Mo(CO)slAl203 system) { 

- FIscher carbenes 


RuC;, (hydrate) penonns ROMP-

-1'" Homogeneous system 
Chauvin proposes metal (WCIsiEtoHlEtAlCI2l 

{ 
1970alkylldene-based mechanism use of In situ catalytic system 

evidence tor Chauvin's 
mechanism found 

1980 

slngle-componen! catalysts developed 
} e,g. (COlsW--CPh2 (Katz) 

trls(al)lloxJde) tantalacyciobUlanes (Schrock) 
bls(cyclopanladlanyl) tllanocyclobutanes (Grubbs) 

synthesIs of Mo·alkylldene-- 1990 
synthesIs of Ru-camene-- - synthesIs of W-alkylldene 

RuCI,,{:CH·CH·CR2)(PPH3l2 

- dlscovel)l of (PCY3)2CI2RU:CHPh (Gr1) 

mono(N-heterocycilc camene)_ 
catalysts developed synthesis os Schiff·base Ru-camenes 

2000 
synthesis of hemliablle Ru-camene-

mechanism of Gr1 Investigated from 

an expenmenal and theoretical perspec!lve 


) 


2005 Nobel Prize: 
~ Chauvin, Grubbs, Schrock 

Figure 2.1 : Time line of milestones in the alkene metathesis precatalyst development.3,lO 

2.3. Alkene metathesis 

• Cross Metathesis (CM) 

Cross metathesis reactions take place between different linear alkenes as illustrated in 

Scheme 1.1. An example of such a cross metathesis reaction is the fonnallon of propene as a 

result of a reaction between ethene and n-butene. 
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The CM reaction is of great interest for Industrial applications for the formation of large organic 

molecules to produce important petrochemicals and polymers.ll An industrial application that uses 

the CM reaction Is SHOP (Shell-hlgher-olefins process) which produces C10 to ~ alkenes from 

ethylene.12 CM reactions involve different alkene substrates which can either be acyclic 

compounds, the reaction then commonly known as acyclic cross metathesis, or both cyclic and 

acyclic compounds.12•13 An example of acyclic cross metathesis shown in Scheme 2.3, is the 

reaction between ethene and 2-butene to form propene. 

R1CH=CHR2 + CHz=CHz = R1CH=CH2 + RzCH=CHz 

Scheme 2.3: An example ofacyclic cross metathesis. 

• Self-metathesis (SM) 

Self metathesis Is defined as a reactlon between two of the same alkenes. These types of 

reactions can be divided Into productive and non-productive metathesis reactions. The productive 

metathesis reactions result In the formation of new linear alkene products, while with 

non-productive reactions no new products are formed (Scheme 2.4). Studies have shown that in 

reactions with terminal alkenes the non-productive metathesis reactions are generally faster than 

the productive metathesis reactions.12 

A 2RCH=CH2 = RCH=CHR + CHz"'CHz 

2RCH=CHz = RCH=CHz + RCH=CH2 

Scheme 2.4: The productive (Al and non-productive (8) product formation during SM reactions. 

Ring Closing Metathesis (RCM) 

The first example of RCM as shown in Scheme 2.5, was reported in 1980 by Tsuji14 and has 

emerged as a prominent field in alkene metathesis. This reaction Is one of the most reliable 

methods for the formation of different sized ring compounds. 

RCM 

~R 

-[Mj=CHR 
ROM X=O, NR,CHR 

n =1, 2J 3 

Scheme 2.5: Ring closing metathesis (RCM) and ring opening metathesis (ROM). 
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Studies done recently showed that the ADMET products that are found during the RCM reactions 

may be intermediates, while the ring opening metathesis (ROM) reactions are the inverse of the 

RCM reactions. 15 

Ring Opening Metathesis (ROM} 

The example for this metathesis reaction Is shown In Scheme 2.5. The ring strain of cycloalkenes 

is the driving force for the releasing of strain for ring-opening metathesis or ring-openlng 
17metathesis polymerization to take place.1S. 

Ring Opening Metathesis Polymerisation (ROMP} 

A typical ROMP reaction where linear poiymers and cyclic oligomers are formed as products is 

illustrated In Scheme 2.6.4 

Inl 
 + cydlc ollgomers 

H2et }CH2
n 

n=1,2,3ect 

Scheme 2.6: Ring opening metathesis polymerisation. 

These types of reactions needs cyclic alkenes (norbomene} and the reactions are 

thermodynamically controlled.1S Alkenes such as cyclohexene with low ring strain energy cannot 
15be polymerised as there is no driving force for this reaction to take place.11• ,19 The change in the 

monomer/catalyst ratio can affect the chain growth, thus the addition of more monomers will result 

In further chain growth.1S This Is known as livlng polymerisation, because there is no termination of 

these chains as long as there are enough monomers present. 'vVhen a mixture of monomers Is 

used the more reactive monomer will react first followed by the less reactive monomer. The result 

of this reaction Is a perfect block polymer or tapered block copolymer. 15 

• Acyclic Diene Metathesis (ADMET} 

The acyclic cross metathesis reaction applied to dialkenes Is described as ADMET reactions 

(Scheme 2.7).5 The metathesis reaction of the terminal diene results In polymers of high molecular 

weight,15 These diene compounds can react to form trienes, pentenes etc.12 
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Scheme 2.7: ADMET reaction. 

As with the RCM reactions, the driving force for the reaction is the release of ethylene and can be 

accelerated by the addition of N2 to the reaction.ii The N2 Is added to the reaction mixture to 

remove the ethylene from the reaction and to shift the equillbrium towards the fonnation of 

products acccrding to Le Chateller's principle. 

2.4. Development of catalysts 

There are numerous amounts of catalytic systems that can Initiate alkene metathesis reactions. 

During earlier work in alkene metathesis lII·defined multicomponent precatalyst systems were 

used. These systems have active species that cannot be easily Identified.15 In more recent years 

well-defined metal carbene complexes were discovered and used.4 The well-defined precatalysts 

that are mostly used are the molybdenum complex 4 and the ruthenium complexes 5 and 1 

(Figure 2.2).4 

PICY3 Ph 
_CI ~ W 'Ph

Cit'l 
Pcy, 
6 

Figure 2.2: The well-defined catalysts commonly used for alkene metathesis. 

The molybdenum-based alkylldene (4) was one of the first Schrock-type carbenes that were 

commonly used:o The Mo(CHR')(NAr)(OR)z (4) precatalysts have certain advantages such as a 

greater tolerance for functional groups than tungsten precatalysts, but is extremely sensitive 

towards O2 , H20 and other polar functional groups as shown in Table 2.1. These disadvantages 

can lead to a greater tendency of lower activity dUring reactions:1 

The search for a precatalyst with less sensitivity to moistUre and air was a ruthenium precatalyst. 

The Ru precatalysts showed a remarlkable tolerance towards a variety of organic functional groups 

but also have a high reactivity in many different reactions such as ROMP, RCM and CM, under 

mild conditions. 

http:Identified.15
http:reaction.ii


2. Literature review 

These precatalysts have high activity for alkene metathesis and are tolerant towards oxygen, water 

and solvent impurities.4 This well-defined ruthenium precatalyst (5) was developed and it was 

found to be reactive for ROMP but also displayed activities for RCM.21 

Table 2.1: Functional group tolerance of the different alkene metathesis precatalysts.1o. 22,23 

Ar tr Cy3P 

@T~H ~ N 1}'~Ph
RO" II RO",-II~H d fRO""W~R' MVR' pCY3Ref 


Titanium Ruthenium
Tungsten Molybdenum e 
~ 

Acids Acids Acids Alkenes " C1l 

~ Alcohols, Water Alcohols, Water Alcohols, Water Acids tll 
.S;

Aldehydes Aldehydes Aldehydes Alcohols, OJ 
C1l 

~Water 
.E:" 

Ketones Ketones Alkenes Aldehydes 

Esters, Amldes Alkenes Ketones Ketones 

Alkenes Esters, Amides Esters, Amides Esters, Amides 

Increase in the reactivity of the meta/-carbene complexes with different functional groups 

The discovery and improvement of the Grubbs metal carbenes, based on ruthenium, led to the 

development of Grubbs first (1) and second generation (2) precatalysts. Precatalyst 1 was 

synthesized from RuCI2(PPh3), tricyclohexylphosphine and phenyldiazomethane and this catalyst 

was easier to handle due to its stability to air and moisture than the Mo-based precatalysts,z4 

Further Investigation of the catalyst showed that the PCY3-lIgand suffers from P-C degradation at 

increased temperatures, which then limits the lifetime of the precatalyst.25,26 

Imidazolylidene ligands were Investigated, because the ligand can mimic the behaviour of the 

phosphine but with an improvement in stability at high temperatures. A NHC-ligand was developed 

which slowed the decomposition of the precatalyst and resulted in a more stable precatalyst,27 The 

one PCY3-ligand was then substituted by a NHC-ligand to Improve the precatalysts stability at 

higher temperatures and this led to the synthesis of a new generation precatalyst, Gr2 (2) as 
25illustrated In Figure 2.3.24. 

11 
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Figure 2.3: The second generation Grubbs precatalyst. 

Different research groups started to change the ligands attached to the Gr1 (1) and Gr2 (2) 

precatalysts, resultlng in the investlgation of chelatlng ligands (§ 2.3.1).2.28,'29 These chelating 

ligands can exhibit hemiiabiUty as a property (§ 2.3.2). 

2.4.1. Chelating ligands 

A ligand can be defined as any element or a combination of elements which can fonn bonds with a 

transition metal.lO The metal can have a specific function but the properties can be altered or 

completely changed by the variation of the ligands. The molecules or ions (ligands) that are 

coordinated to the metal are the reason for the property change. A ligand must have an electron 

density available to be able to donate to an empty metal orbital to coordinate to the metal. The 

coordlnatlon ability of a ligand can be changed by changing the donor atom as well as the 

properties of the precatalyst fonned.3D By keeping the donor atom constant and changing the 

substituents the electronic, sterlc and solubility properties of the ligand and precatalyst can be 

Influenced. Transition metals can fonn bonds with almost all the elements of the periodic table and 

therefore it is used as catalysts. Some of these ligands possess more than one donor atom that 

attaches to the metal centre, which is then called chelating IIgands.3D Different types of ligands can 

be identified e.g. monodentate, bidentate and muttidentate. Bldentate and mUltldentate ligands are 

illustrated in Figure 2.4. 
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2. Llterature review 

0-0 

Bis(dlphenylphosphino)ethane 2,2'-blpiridine 

Terpyridine Diethylene triamine 

Figure 2.4: Examples of chelating Iigands.10 

Hoveyda2B replaced a PCY3-lIgand of Gr1 (1) with a chelating ligand and this complex was called 

the first generation Hoveyda-Grubbs precatalyst (6) illustrated In Figure 2.5. This ligand was 

attached to the Ru-metal but also to the phenyl of the carbene group. This change resulted in the 

increased stability towards air and moisture. The second generation Hoveyda-Grubbs precatalyst 

(7) was introduced by Blechert et al.31 

Here the PCY3-ligand of the first generation Hoveyda-Grubbs was replaced by a NHC-ligand. 

Although an improvement towards the stability was observed, the precatalysts showed a lower 

initiation activity than for Gr 1 (1) and Gr 2 (2) precatalysts. The Hoveyda-Grubbs precatalysts 

(6 and 7) showed an improved activity towards alkenes that are electron deficient e.g. acrylonitriles 

and fluorinated alkenes.32 

Figure 2.5: Hoveyda-Grubbs first and second generation precatalysts. 
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2.4.2. Hemilabile ligands 

The Incorporation of hemilablle ligands by Grubbs", Verpoorf4 and Hemmann'" led to the 

Improvement of the precatalysts properties. Due to the change in catalytic properties e.g. Increase 

in lifetime, stability, activity and selectivity further research was conducted on these types of 

precatalysts. 

Chelating ligands were investigated by a few research groups, as it seemed to increase the 

stabliity of the catalysts.2.28
•
29 Chelating ligands are ligands that can be attached to the metal atom 

(M) with two or more bonds. Hemilabile ligands are a kind of chelating ligand, thus having the 

ability to place two or more donor atoms close to the metal atom (M). These donor atoms have 

different electronic properties, for the fonmatlon of tightly (Z) and softly (Al bound donor atoms 

(Scheme 2.8). The reason for this Is that they can create and/or occupy a vacant coordination site 

at the metal centre on-demand, when there are competing SUbstrates like alkenes In a reactlon.35 

During the reaction the soft bond of the labile group (A) will break and create a free coordination 

site. The tightly bound Z group will keep the ligand bound to the metal centre, thus meaning that in 

the presence of a substrate the labile portion A will dissociate and allow a metal-substrate complex 

with an open coordination site to fonm.36 The hard donor atom will stabilize the higher oxidation 

state of the metal centre upon chelating. The soft donor atom will then stabilize the lower oxidation 

state of the metal centre,37 This action of the ligand leads to higher activity of the complex.2.29 

n
[M:( 

S 

s =substrate 
Z = tightly bound group 
A = labile group 

Scheme 2.8: Schematic representation of hemllablIity,lO 

Once chelatlng has occurred it can be followed by re-coordinatlng or another SUbstrate can 

coordinate in the place of A,30 Hemllability leads to the balance between high activity and sufficient 

stability of the precatalysts. These properties are important for organometallic catalysts as well as 

selectlvity.35 

A variety of transition metal complexes with hemilabile N,N_3s,39, 0,N_29,1<l,41, 0,0_42,." P,N_44, 
42P,a-45 

, p,p_4$ and S,0_ligands35
• have been synthesised. The catalytic activity of the catalytic 

system can be changed if the electronic and steric properties of the ligands were altered. 
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Herrmann et al.29 developed precatalysts (8a to d) where hemilabile pyridinyl alcoholate ligands 

were coordinated to 2 to form Grubbs 2 type precatalysts (Figure 2.6). During alkene metathesis 

reactions at higher temperatures, an increase In activity was observed."" Jordaan10 used these 

hemilabile ligands and developed a Grubbs 2 type precatalyst where a WO-hemilabile ligand with 

two phenyl groups were coordinated unto 2. 

lU R" =R' =Me: R' =Cy 
b: R3 =R' =Me; R' =CH,CH,Ph 
c: R'" =(CHzl.: R' =CH.CH.Ph 
d: R'" =(CHzl,: R' =Cy 

Figure 2.6: Different hemllabile lIgands coordinated to a Grubbs 2 precatalyst. 

These newly synthesized precatalysts (8a to d) were tested for ROMP metathesis reactions of 

norbomene and cyclo-octene at room temperature and 60'C?9 The yields obtained at the higher 

temperatures were better than for lower temperatures, and could be compared to other 

precatalysts. The yields for the norbomene reactions were ~ 98% and for the cyclo-octene it was 

~ 72% for the 60'C reactions. The yields at the room temperature were low due to the stabilization 

of the hemilablle Iigand.29 

The two Grubbs type precatalysts 9 and 10 (Figure 2.7) with hemilabile ligands coordinated to the 

metal centre was compared in a previoUS study with Gr1 (1) and Gr2 (2).'0 

H.IMes

Lp .... Ph 

cdO 
109 

Figure 2.7: Grubbs type precatalysts 9 and 10. 

During the metathesis reactions of 1-octene with precatalysts 9 and 10 it was found that the yields 

(PMP formations) increased at higher temperatures (60'C to 80'C), while the selectivity compared 

well to the Gr1 (1) and Gr2 (2) reactions at room temperature. 
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During the metathesis reactions of 9 and 10 with 1-octene the activity was lower at 35'C than 

reactions with 1 and 2, due to the stabilization of the hemilabJle ligand.!O An increase in 

temperature resulted In an increase in the activity and stability of 9 and 10 towards the PMP 

formation relative to the results of 1 and 2 reactions. This indicates that the addition of a pylidinyl 

alcoholate ligand to 1 and 2 stabilized the precatalyst at higher temperatures.lO 

2.5. Homogeneous alkene metathesis 

The alkene metathesis reaction mechanisms can be divided Into two different groups e.g. pairwise 

(Scheme 2.9) and non-pairwise (Scheme 2.10) mechanisms. Before Chauvin at a,.'7 proposed the 

non-pairwise mechanism in the 1970's it was believed that the mechanism followed, was the 

pairwise mechanism.13 Duling the pairwise alkene metathesis reaction, the orbitals of the two 

double bonds and the transltlon metal overlapped and formed a weak cyclobutane 

intermediate.13,411.49 

RCH C112

II-M-il 
RcA cli. 

Scheme 2.9: An alkene metathesis reaction via a pairwise mechanism.io.49.so 

R 
+ 1M]=='" 

Scheme 2.10: An alkene metathesis reaction via a non-pairwise mechanism.49 

Certain terms will be defined at this point such as metal carbene complex, benzylidene, alkylldene 

and methylldene. The term metal carbene complex refers to a general type LnM=CRR' compound, 

where the Ln represents the different ligands coordinated to the metal (M). The carbene is the 

=CRR' ligand (alkylidene) coordinated to the M. 

The generally accepted mechanisms for cyclic and acyclic alkene metathesis reactions are through 

a series of metailacyclobutanes and carbene complexes. The stability of the carbenes and 

metallacyclobutanes can be changed due to changes in the reaction conditions, alkene 

substitutions and the catalyst composition.4 
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Benzylidene refers to a =CRR' ligand where the R'=Ph and R=H, while if R=R'=H the carbene 

ligand Is referred to as a methylldene. This Indicates that the R'-group determines the name of the 

alkylidene. The general mechanism for alkene metathesis reactions was proposed by Chauvin, 

which was proved by NMR-studles done by SchroQk51,52 and Kress.53-36 The mechanism consists of 

a [2+2] cycioaddltion reaction between a alkylldene complex and an alkene to form an 

metallacyclobutane ring intermediate (Scheme 2.11).1'·57 The metallacyciobutane dissociation and 
57[2+2] cycie-reverslon follow by forming a new alkylidene and alkene.1S. ,58 By repetition of the 

reaction an equilibrium mixture of alkenes will be obtained. 

Scheme 2.11; [2+2] cycloaddition reaction of the Chauvin mechanism. 

Research by Sanford et a/.59 was done on the mechanism of homogeneous metathesis reactions 

with ruthenium alkylidene species, to determine if It is a dissociative (Scheme 2.12) or associative 

mechanism (Scheme 2.13). Studles59 showed that the homogeneous metathesis reactions will 

take place via the dissociative mechanism, meaning that firstly a vacant site will be created on the 

metal by means of the removal of a soft bonded ligand. This is followed by the coordination of an 

alkene substrate molecule to the metal at the vacant site. 

L 


~G'~Ph -PCY3 


ci/l ~ 
PGy3 

Scheme 2.12: The dissociative alkene metathesis mechanism. 

During the assoslatlve mechanism the alkene substrate coordinates to the metal first before 

dissociation takes place. 

L 
'CI Ph 

CI~ 
PaY3 

L= pcy,. H,IM•• 

Scheme 2.13: The associative alkene metathesis mechanism. 
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The coordination of the alkene can differ as illustrated in Scheme 2.14. 

ey, 9n pey, P,,== 
r IpCI c,.ci ~ 
~--II u -

C~ C!+"~ Ph Ph 

Scheme 2.14: Illustration of different alkene coordinations unto the vacant site. 

For the purpose of this study only the general coordination, parellel coordination of the alkene to 

the metal carbene, will be discussed. 

The catalytic cycle for Grubbs 1 (1) is shown in Scheme 2.15. Firstly the dissociation of one of the 

phosphine ligands (activation step), from the 16 electron benzylidene complex 1, takes place to 

form the highly reactive 14 electron intermediate (11).60 This 14 electron intermediate can then 

recoordinate with the phosphine which then removes it from the catalytic cycie or coordinate with 

the alkene, to the metal complex to form (12). The formation of the ruthenium metallacyciobutane 

ring (16 electron intermediate) then takes place (13 and 14) due to the 2+2 cycloaddition,60 

Afterwards the metallacyciobutane dissociates ([2+2] cycloreverslon) to form the alkene product 

and the 14 electron ruthenium species (15 and 16), These two active species can then coordinate 

to a phosphine and form two 18 electron species, alkYlidene (17) and methylidene (20), Vllhen 

coordinating to the Original alkene, the metathesis reaction can be productive (steps 23 to 26 

shown in green), to form a new alkene and metal complex. Vllhen an unproductive reaction (steps 

18, 19, 21 and 22 shown in red) occUrs, the regeneration of the Original aikene and complex is 
formed .15,23.58,61 



2. L1teratu re review 

A NMR-investigation conducted on precataiyst 1 with 1-octene In CDCI3 at 30'C and 50·C. 

revealed the presence of three carbene species. e.g. benzylidene. methylldene and heptylidene. 

During the course of the metathesis reaction It was observed that the benzylidene concentration 

reduces while being converted into methylidene and heptylldene. Decreases in the methylidene 
IOand heptylldene species was observed later in the reactlon.6

•

Unproduc tlv. tnIt1:1 ' ~"I. 

!PCy, 

PC}';) CI Ph 

~L,....Ph ==== )~4
co/I c,," ~ 

R' 
H2~ melaillcycbbulane 

12 R' 1,3-po.ltbn 

1l C~c~' 
Inttl.tlon 28 

PCy, 

Aotlv.tJon!~Ph 1lPIO<luern......'.H'.... 
co/I

~CY3 
14 .Iectron Inter mediate 

==== ~pc~Ph 
co/ 
R' 13 

metlillacyclobutane 
1,4-po.,tton 

Sc heme 2.15: The activation of the catalytic cycle for precatalyst 1. 

The rate detenmlning step of the metathesis mechanism is believed to be the fonmation of the 

metallacyclobutane.56 
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2. Literature review 

During a previous study precatalyst (3) was synthesized to improve on the Ru-catalysts.'o This 

catalyst has a hemllablle ligand attached to it and in the study a dissociative mechanism was 

proposed . The proposed mechanism Is shown In Scheme 2.16 . 

mebN.cydobubln. 
i ,3-poIIUon 

Inlu.tlon 

AcdVllUon 

P,oaUC1IW Melam ...la 

[ , 
'" 

' en )~ 
31=PO~ 

N 
I 

Scheme 2.16: A proposed mechanism for the activation of the catalytic cycle for precatalyst 3. 
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FirsUy the N-atom of the hemilabile ligand dissociates, from the benzylidene specie (3), to 

accommodate the coordination of the alkene to the ruthenium (initiation step). This leads to the 

formation of a reacHve 14 electron intermediate (27). This 14 electron intermediate (27) can then 

re-coordinate with the N-atom of the hemilabile ligand, which removes It from the catalytic cycle or 

coordinate with the alkene to form 28. The formation of the ruthenium metallacyclobutane ring (16 

electron intermediate) then takes place (29 and 30) due to the 2+2 cycioaddiUon.60 Afterwards the 

metallacyciobutane dissociates ([2+2] cycloreverslon) to form the alkene product and 14 electron 

ruthenium species 31 and 32. These two active species can then re-coordinate to the hemilablle 

ligand to form two 18 electron species, alkylidene (33) and methyltdene (36). The reacHons where 

33 and 36 coordinates with the original alkene are the propagation of the catalytic cycle. 

VVhen coordinating to the original alkene, the metathesis reaction can be producHve (steps 39 to 42 

shown In green). to form a new alkene and metal complex. VVhen an unproducHve reacHon (steps 

34, 35, 37 and 38 shown In red) ocours, the original alkene and catalyst Is formed. 

2.6 Homogeneous precatalysts 

A large number of precatalysts can Initiate alkene metathesis reactions. These precatalys\s can be 

divided Into two main groups e.g. heterogeneous and homogeneous catalysts. A variety of 

transition metal compounds tyV, Mo, Re and Ru are the most important metals) are capable of 

catalyzing metathesis reacHons (Table 2.1).13 

Table 2.1: Transition metals for alkene metathesis Inltlatlon.13 

IVA VA VIA VIlA VIII 

TI V Cr 

Zr Nb Me RU,Rh 

Hf Ta W Re Os, Ir 

Homogeneous catalysis is defined as catalytic reactions where the precatalysts and substrates are 

in one phase e.g. liquid phase.62 Meaning that the catalysts are dissolved In the medium where in 

the reaction take place. In Table 2.2 a few illustrative examples of homogeneous catalyst systems 

are given. These types of catalytic systems have the ability to give high Yields of pure products and 

repeatlble results for alkene metathesis. 
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Table 2.2: W-, Mo..., Re- and Ru-based homogeneous metathesis catalysts.13 

Alkenes Catalyst Temperature eC) 

Mo-based 

2-pentene MoCIs/SnPh4 20 

2-pentene MoCh(NO)EtAICI2 20 

2-pentene MoCh(OPPh3hN/EtAlCI2 20 

W-based 

2-pentene, 2-butene WCIs/EtAICh/EtOH 20 

2-pentene WClaIBuLi 20 

2-pentene WCIslSnMe4 20 

2-pentene W(=CHCMe)Br2(OCH2CMe3h/GaBr2 

1-hexene WClslSnB~ 60 

Re-based 

Norbonene ReCIofEtAICI2 20 

2-pentene ReCIs/SnBu4 20 

2-pentene ReCI(CO)sIEtAICh 90 

2-pentene ReOCb(P Ph,)/EtAICI2 20 

Ru-based 

4-nonene Ru(=CHPh)Ch(PCY3h 20 

4-decene Ru(=CHPh)CI2(PCY3h 20 

3-heptene Ru(=CHPh)CI2(PCY3)2 20 

Methyl oleate Ru(=CHPh)CI2(PCYa)2 20 

Methyl elaldate Ru(=CHPh)Ch(PCY3)2 20 

2.6.1 Ruthenium precatalysts 

Comparing the rate of propagation of the Mo-catalyst and Ru-carbene systems, the Ru has 

resulted In the catalyst of choice. Only When working with sterically hindered substrates the 

Ru-catalysts propagation rates are slow.4 

It was observed by Ulman at al."1 that when the ben;(}llidene (3) reacts with the terminal alkenes, 

the alkylidene (17) was the first Initial organometallic product, which was Identified by 1H NMR. 

After a short while the ben;(}llidene (3) completely disappears and the methylldene (20) starts 

forming. The organometallic product observed at the end of the reaction Is the methylidene (20). 

The alkylidene formed is the kinetic product and the methylidene (20) the thermodynamic 

product.o1 
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Following this, It was concluded that precatalyst (1) will react rapidly with terminal alkenes to form 

the metallacyclobutane intermediate where the groups are arranged in a 1,3-position (14). When 

productive [2+2] cyclo-reversion takes place the kinetically favoured alkyildene (17) product is 

formed. When the reaction times are extended the complex undergoes slow reaction to form the 

metailacyclobutane intermediate where the groups are arranged in a 1 A-position (13). 

In Table 2.3 the different carbene activities are compared. The benzylidene has a higher activiiy 

than the methylidene during metathesis reactions with the same acyclic alkene (reactions 2 and 8). 

In addition the actlvliy of the alkylidene Is greater than the benzylidene (reactions 1 and 9). The 

iype of carbene is not the only factor that determines the rate of the metathesis reactions, the steric 

bulk of the alkene is aiso important. Data from Table 2.3 Indicates that the klnetically preferred 

metailacyclobutane has the substituent of the alkene placed next to the meta1.61 

Table 2.3: Metathesis reactlons with alkenes.51 

Alkene Initiator Product TemprC k ±SDOM"/Umole*sec 

Benzylidene 7 1.48 ± 0.04 x ~ 

2 Benzylidene =:/C4H1 35 -10'2~ 
[RuJ 


3 Benzylidene 7 1.02 ± 0.06 x 10.3

[RU1~ 

4 Benzylidene Ru=CH2 35 2.5 ± 0.2 x 10-4 ~ 
5 Benzylidene 35 3.0 ± 0.4 x 10-4~ 

6 Benzylidene p/~Hs 35 7.6 ± 0.8 x 10-1 ~ [Ru 


7 Methylidene 25 1.64 ±0.1 x 10-4
~ 

8 Methylidene 35 6.10 ± 0.04 x 10-1~ 

9 Alkylidene 7 -7x 10-3~ 

'SDOM Standard Deviation of the Mean 

It was further observed, that metathesis reactions with 1-octene as the substrate, with no solvents 

present and a variation of the alkene: Ru ratio, influences the product formation. The increase of 

the molar ratio of Ru:alkene (1:2000 to 1:100 000) results in a decrease of the percentage PMPs 

formed during the reaction. This can be attributed to the presence of more precatalyst present in 
63 54the smaller ratio reactions, which can generate higher yields and reaction rates.10
• •
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Influence of solvents 

The addition of solvents can have a significant effect on the metathesis reactions of alkenes. It is 

known that precatalyst 1 has a high activity for alkene metathesis and Is tolerant towards oxygen, 

water and solvent impuritles.4•
65 Metathesis reactions done with i-octene and the addition of water, 

butanol and acatlc acid resulted in a decrease in the activity of the catalyst. These solvents have 

the ability to donate a H-ion that can partake in the reaction and deactivate the catalyst by means 

of hydrolyses.6/! The lowest product formation was with the addition of water and butanol. 

Reactions with chlorobenzene and diethyl ether resulted in the highest PMP formations of 63%.66 

Solvent effects on precatalysts 6 (Hoveyda-Grubbs first generation) and 7 (Hoveyda-Grubbs 

second generation) in Figure 2.5 showed that most organic solvents have negative effects on the 

metathesis reactions.l>! Metathesis reactions of i-octene with 6 and 7 with the addition of organic 

solvents (e.g. tolUene, dlethyl ether, acetic acid, tetrahydrofuran (THF), ethanol and dimethyl 

sulphoxide (DMSO)) decreased the PMP formation of the reactlons.l>! Reactions with diethyl ether 

Improved the activity of the reaction, but the SMP fOrmation also Increased thus decreasing the 

selectivity of the catalyst towards PMP fOrmation. 

Influence of different hydrocarbon lengths 

Metathesis reactions with precatalyst 1 and alkenes with different chain lengths were Investigated 

by Booysen.63 The 1-alkenes used during the study were i-pentene, i-octene and 1-decene. The 

formation of PMPs during the metathesis reactions was hlgherfor the i-pentene than fOr the longer 

chained alkenes. The difference in PMP fOrmation for the longer chain alkenes was small. 

Influence of temperature 

The reaction rate of a metathesis reaction can be altered by temperature changes, where the 

catalyst may decompose or altemative products can start to form.io.l>! During the temperature 

increase of precatalyst 1 reactions the product formation (PMPs) decreased but with precatalyst 2 

it increased.10 During the temperature increase the IP formation started to show an increase at 

60·C. The TON of precatalyst 1 decreased with the increase in temperature, but pre catalyst 2 had 

an increase In TON. The same affects were observed during the reactions of precatalysls 23 and 

24. For precatalyst 3 with the hemilabile ligand, no activity fOr 1-octene was observed below 50·C. 

The PMP formation and TON Increases with a temperature increased up to 90'C,l>! 

http:increased.10
http:Booysen.63


NMR Investigations 

During NMR-studles conducted by Jordaan67 and Mtshatsheni6 on 1-octene, three carbene species 

were identified for Gr1 (1) and Gr2 (2) metathesis reactions in CDCI3 at 25'C, 30'C and 50·C. A 

NMR-Investigation was conducted on 1-octene with precatalyst 9 and 10 (Figure 2.7) In CDCh at 

50'C.10 Only three carbene species were observed during the metathesis reaction of 9, but five 

species were observed with 10.10 

These five species were identified as three species for the coordinated benzylidene, methylidene 

and heptylidene. The other two species observed were the decoordinated benzylidene and 

methylidene. The coordinated species of 10 showed similar trends than the species of Gr1 (1). The 

concentretion of the uncoordinated methylldene specie Increased rapidly during the course of the 

metathesis reaction.10 

2.7 Summary 

Metathesis is an organic reactlon that Is mainly used In the industry. Different kinds of metathesis 

reactJons exist but CM and SM reactions were mainly used dUring this study. Numerous amounts 

of catalytic systems can Initiate these alkene metathesis reactfons. Different trensltlon metals 01'1. 
Mo, Rh and Ru) were used for catalytic systems and the ligands attached to these metals were 

varied to optimize the precatalysts. The precatalyst systems that are focussed on in this study are 

the Ru-based systems e.g. Gr1 (i). Gr2 (2) and a precatalyst that Is a variatfon of Gr2. Further 

investigations of hemllabile ligands were conducted by Jordaan10 and Huljsmans50 to Improve the 

stability of Ru precatalysts. The hemllablle precatalyst (3) synthesized by Jordaan10 that showed 

the best results dUring metathesis and was used by van der Gryp54 to determine solvent effects 

and different Ru:1-octene relios. This study will attempt to assess the effect of temperature, 

catalyst load, alkene chain length etc. as to optimize the reactive nature of precatalyst (3). The 

results will be subsequently compared to the results of Gr1 (1) and Gr2 (2) precatalysts. The 

procedures followed will be subsequently discussed in the following chapters. 
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Experimental: 3 

3.1 Introduction 

In this chapter, the experimental procedures followed during the course of the study are discussed 

in detail. The following sections are discussed: § 3.2 elaborates on the solvents and analytical 

techniques, whilst the synthesis of the PUK-Grubbs 2-precatalyst (3) is discussed in § 3.3. In § 3.4 

the procedures for metathesis reactions are discussed; this includes the eXperimental setup, 

experimental method and the GO methods used for the different i-alkenes. Finally the discussion 

of the NMR-methods are provided in § 3.6. 

3.2 Reagents and analytical instruments 

3.2.1 Solvents and reagents 

Table 3.1 summarizes the chemicals used for the synthesis of the PUK-Grubbs 2-precatalyst (3) 

and the metathesis reactions. 

Table 3.1: Reagents and solvents used during the synthesis and metathesis reactions. 

Chemical Supplier Purity 

Benzophenone Fiuka 99% 

n-Butyllithium Sigma Aldrich 2.5M in hexanes 

2-Bromopyridine Sigma Aldrich 99% 

Diethyl ether Labchem 99% 

Pentane Labchem 99% 

Toluene Merck 99% 

Tetrahydrofurane (THF) Saarchem 99.5% 

tert-Butyl hydroperoxlde Fluka 5.5M In decane over 4A mol 
sieves. 

i-Hexene Fluka 96% 

1-Heptene Fluka 97% 

i-Nonene Fluka 95% 

1-Decene Fluka 95% 

Nonane Fluka 99% 

Grubbs catalyst first and second Sigma Aldrich 



THF (Saarchem), toluene (Merck) and diethyl ether (Labchem) were refluxed over 

Nalbenzophenone whereas CaHz was used to dry pentane (Labchem). The THF and toluene was 

then stored over dry molecular sieves (4A) under an Ar atmosphere. 

Dried solvents were used during the synthesis reactions whilst diethyl ether and pentane were 

used directly from the solvent stills. The 1-alkenes were used without any purification during the 

metathesis reactions, 

All the gasses used were supplied by Afrox. 

3.2.2 Analytical Instruments 

)- Infrared spectroscopy (IR) 

IR-spectra were obtained with a Bruker Tensor 27 spectrophotometer. Sample discs were 

prepared by mixing 0.005 g sample and 0.30 g dry KBr together and compressing the mixture Into 

a sample disc. 

)- Nuclear Magnetic Resonance (NMR) 

NMR-specira (lH_, 13C-, and 31p--NMR data) was obtained by using a Bruker Avance 111 ultra shield, 

600MHz. The NMR samples were prepared by dissolving the crystals (15 - 20 mg) in a deuterated 

solvent (CDC!,) and filtered Into the NMR-tube under an inert atmosphere. 

» Mass Spectrometry (MS) 

The molecular mass of the ligand was determined by using the Micromass Autospec TOF mass 

spectrometer to obtain EI-spectra. 

The molecular mass of the precatalyst was determined by using a Bruker Ultraflex 111 TOFfTOF 

Mass Spectrometer. 

» Gas Chromatography (Ge) 

GC analysis was conducted on an Agilent 6890 and 6850 gas chromatograph. The GCs are 

equipped wtth a HP-5 (95% methyl siloxane and 5% phenyl methyl slloxane), caplllary column 



(30 m x 320 j.Jm X 0.25 j.Jm) and a HP-1 methyl siloxane (100%), capillary column (30 m x 320 j.Jm x 

0.25 j.Jm) respectively. The detector ofthe GC was a flame ionisation detector (FID). 


Gas Chromatography/Mass Spectrometry (GC/MS) 


A GCIMS was mainly used for product verification during the metathesis reactions. An Agilent 


6a90N GC with a ZB-1 100% methyl slloxane capillary column (30 m x 320 j.Jm x 1.00 j.Jm) and 

Agilent 5973 mass selective detector (MSD) was used. 

Parameters ofthe MSD were: EI-type, 230'C source, 69.9 eV, 150'C Quadrupole Analyser. 

> Melting point 

A Buchi B-540 was used to determine the uncorrected melting points. 

> Electronic Scanning Electron Microscope (ESEM-EDS) 

A FE! Quanta 200 ESEM Instrument with integrated Oxford Inca 400 Insight EDS (Energy 

Dispersive Spectroscopy) system was used to obtain a semi-quantitave elemental analysis. 

Electron backscatter images were taken of the different catalysts. 

The samples were loaded onto the sample holders containing Cu- and C-strips respectively. The 

C-strtp samples were coated with Pd/Au prior to analysis, where after the samples were inserted 

Into the electron microscope. 

> Thermogravimetric Analyser (TGA) 

A TA 2050 thermogravimetric analyser (TGA) was used to determine the mass changes with a 

variation of temperatures. 

The TGA Pt-sample pan must be cleaned from residue before use whereafter the basket was 

placed into the apparatus and tarred. Thereafter the sample was loaded Into pt-sample pan and 

the analysis was commenced. 

Temperature program: 40 to 900'C at 10'C min-1 



» Differential Scanning Calorimetry (DSC) 

A TA 2010 Differential Scanning Calorimetry (DSC) instrument was used for the measuring of heat 

flow into a substance as a function of temperature. 

Two AI-pans were used for the analysis, where the one served as a reference. The samples were 

weighed Into the pan whereafter the pan was compressed to seal it. The pan was closed this way 

to ensure that the heat was spread evenly. 

Temperature program: 40 to 500'C at 10'C min-1 

3.3 Synthesis of the existing PUK-Grubbs 2-precatalyst1 

3.3.1 Standard techniques 

3.3.1.1 Apparatus for the synthesis ofthe PUK-Grubbs 2-precatalyst 

The synthesis reactions were done under an argon (Ar) or a nitrogen (N2) atmosphere due to the 

Instability of the reactions towards the atmosphere. Vacuum and Schlenk techniques were used 

dUring the synthesis of the PUK-Grubbs 2-precatalyst (3). The experimental setup used for the 

synthesis of the precatalyst is shown In Figure 3.1. The double manifold was used to remove air 

from the glassware by flushing it with Ar, followed by the removal of small amounts of liquid via 

condensation into the solvent traps. Two bubblers which contained silicone 011 were used to 

indicate the flow of the Inert gas? The anti suck back valve prevents pressure building up but also 

air flowing into the inert atmosphere. The solvent traps were cooled with ice and acetone to 

prevent the solvents to enter the vacuum pump. 



:=C==:;~V.cuum 

Figure 3.1: Experimental setup for Schlenk reactions. 

3.3.1.2 Method for the removal of solvents under vacuum 

The solvents were condensed Into the solvent traps from the Schlenk tube during vacuum solvent 

removal. The valve of the Schlenk tube was closed and the vacuum was opened. The Schlenk 

tube valve was slightly opened under vacuum while the reaction mixture was stirred magnetically. 

It should be noted that the valve was not opened fully In order to prevent the solution from being 

sucked into the manifold. While the liquid was cooling down, condensation of the solvent occurred. 

The valve of the Schlenk tube was opened fully when condensation was completed and left open 

until the tube reached ambient room temperature. The Schlenk was then flushed with AI and 

removed from the manifold. 

3.3.1.3. Method for the filtration of a suspension under an inert atmosphere 

The suspension was drawn from the Schlenk into a gas-tight glass syringe under an Inert 

atmosphere. The stainless steel needle was removed and replaced with a clean needle and a filter 

(Acrodisc, membrane GHPP, 0.45 um, diam. 25 mm). The contents were then filtered slowly Into a 

clean Schlenk under an inert atmosphere. 



3.3.1.4. NMR solvent preparation 

The CDCb used for the NMR study was pump freeze dried before use. A Schlenk was filled one 

eight with 4A molecular sieves that was already activated. The CDCb was then added until the 

tube was filled half. The tube was then placed in liquid nitrogen under an inert atmosphere until the 

solvent was frozen. The tUbe was then removed from the liquid nitrogen and carefully placed under 

vacuum. The vacuum was removed at the sight of the first drops of liquid formed. The tube was 

then placed under an inert atmosphere until the solvent was again in liquid form. The procedure 

was repeated three times. 

3.3,2 Synthesis of 1-{2'-pyridinyJ)-2,4-dimethylpentan-3-ol (46) 

u 

()I + 
'>,.. 

44 

Scheme 3.1: Synthesis ofthe alcohol (46). 

The synthesis of the tertianary alcohol 46 was done according to an adopted method proposed by 

Herrmann et al.3 Diethyl ether (100 mL) was cooled down to -78'C In a three neck flask, 

n-Butylllthium {40 mL (2.5M» was added dropwlse to the diethyl ether solution. Bromopyridlne 

(9 mL (43» was dissolved in 25 mL dlethyl ether was added dropwlse to form a lithium pyridine salt 

(44) under inert conditions. The solution turned a dark red colour followed by the addition of 

benzophenone (46). The mixture was stirred 1br 3 hours while the temperature was Increased to 

room temperature. Water was added and the ether layer washed with 50 mL hydrochloric acid 

(HCI. 2M) four times. The acid layer was then neutralized with a sodium hydroxide (NaOH. 2M) 

soJution. The water layer was then washed with 10 mL dlethyl ether four times. Activated charcoal 

was added to the ether and extracted without stirring. The ether that was extracted produced a 

colourless solution. Sodium sulphate (NaS04l was added to dry the solution and filtered. Removal 

of the diethyl ether under reduced pressure gave white flakes ofthe alcohol (46). 

Melting point: 108'C 

Yield: 55% 

lR-spectra: (KBr. em'l) v""'" 3346 (O-H stretch). 3074-3018 (C-H stretch. aromatic). 1591-1572 

(C=C and C=N stretch). 



1H-NMR data: [CDCb, 600 MHz, ppm] OH 8.574 (H1o d), 7.568 (H3 • 2d). 7.222-7.192 (H•• d), 

7.042 (Hz, 2d), 6.258 (OH, s). 

"C-NMR data: [CDCb, 150 MHz] oc 80.84 (Ce), 122.36 (C,). 122.93 (C.), 127.32 (C7) , 

127.93 (Ce). 128.15 (Ce), 136.40 (Ca), 146.13 (Cl), 147.75 (Cia), 163.24 (Ca). 

MS-spectrum: 261 m/z was obtained by using the EI-technlque. 

3.3.3 Synthesis of lithium diphenyl(pyridin-2-yl) methanolate (47) 

46 

Scheme 3.2: Synthesis of the salt (47). 

Alcohol (539 mg (46)) was weighed and dissolved In 20 mL THF. 0.9 mL n-Butylllthium was added 

dropwise to the mixture at room temperature and a precipitate formed immediately. The reaction 

mixture was stirred at room temperature for 2 hours. The solvent was then removed under reduced 

pressure and a white lithium salt (47) was obtained. The salt (47) was washed with 5 mL pentane 

three times and dried under reduced pressure. 

Yield: 85% 

Due to the salts instability no further analyses were done to confirm the product. 



3.3.4 Synthesis of benzylldene-chloro(1,3-bis-(2,4,6-trlmethylphenyl}-2

imidazolidinylidene )-[1-(2'-pyrldinyl)-1,1-diphenyl-methanolatolruthenium (3) 

2 47 

Scheme 3.3: Synthesis of the precata/yst (3). 

The precatalyst (3) was synthesised according to a method proposed by Jordaan.' The lithium salt 

(104 mg (47)) and 310 mg Grubbs 2 precatalys! (2) was dissolved in 20 mL THF in a SchIenk 

under an inert (Ar) atmosphere. The solution was stirred for 24 hours at 40·C. The THF was 

removed under vacuum. The resulted product was dissolved in 5 mL toluene followed by liltration 

Into a new Schlenk. The toluene was removed to produce a black solid. 1 mL THF and 30 mL 

toluene was added to the solid before the Schlenk was placed in an ultrasonic bath for 20 min. The 

catalyst then precipitated as a green powder in a dark solution. The green precipitate was then 

washed with 15 mL of pentane live times. The Schlenk was then placed under vacuum to remove 

the pentane and a green solid was obtained (3). 

MeltIng point: The pre catalyst decomposes at 211'C 

Yield: 43% 

IR-spectra: (KBr. em") Ymox 3428 (O-H stretch). 3056-2853 (C-H stretch, aromatic), 1605-1571 

(C"'C and C=N stretch). 

1~ 3 

'H-NMR data: [CDCb, 600 MHz, ppm] OH 6.318 (H3. d). 6.617 (H4• dd). 7.103 (Hs, dd), 

9.557 (Hs. d). 6.924 (H7, dd). 7.191 (H., dd), 6.531 (Hg, dd). 6.702-7.091 

(H,2.14. 10H's). 3.957 (H,s.1S', 4H's), 6.587 (H ,9.19'. 4H's), 2.149, 2.212. 2.559 

i8H's) Carbene signal at 17.055 ppm (Hi, s) 

31p_NMR data; No visible peaks. 

MALDI TOF: 793.261 m/z 
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3. Experimental 

3.4 Metathesis reactions 

3.4.1. General procedures 

Small scale experiments were done to determine the different products and to investigate 

1-alkene reactivity under different conditions such as; different temperatures and catalyst loads. 

The 1-alkenes were not purified before using It during the metathesis reactions. The possible 

products fonned during the metathesis reactions of the different 1-alkenes are given in 

AppendlxA. 

3.4.2. Small scale metathesis reactions 

! 

Figure 3.2: Experimental setup for small scale metathesis reactions. 

The temperature for the reaction was preset and regulated with a temperature controller fitted with 

a thermocouple. The catalyst was weighed In the mini reactor which already contained a stirring 

bar and placed under Ar. The reactor was then closed and sealed (Figure 3.2 steps 1 to 3) . The 

reactor was placed on the magnetic stirrer at the preset temperature for 1 min (6) . For illustration 

steps 4 and 5 are shown next to the heating block. The reactor was opened so that the syringe 

needle could be inserted (the green lid Is pushed in) . Nonane (0.25 mL) was added through the 

septum directly followed by the addition of the 5 mL 1-alkene. A sample (0.2 ~L) was taken and 

Injected onto the GC/FID and the reactor was then closed by pushing the red lid in. The samples 

were taken at various intervals of 1 to 24 hours until the curve reached equilibrium. 
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During the lifetime detenmining reactions, the samples were extracted and added into GC vials. 

The GC vials already contained 0.3 mL of toluene and 2 drops of tert-butyl hydrogen peroxide to 
quench the reaction. The stability detenmining reactions were done at 60'C for two different 

1-alkenes. After the reactions had reached equilibrium, a pre-specified volume of the 1-alkene was 

added again. 

Table 3.2: Amount of precatalyst used for the small scale metathesis reactions. 

Precatalysts PUK-Grubbs 2 Grubbs 1 (mg) Grubbs 2 (mg) 
precatalyst (mg) 

1-Alkenes Catalyst load H211,es 

Precatalyst: H21r,asCY'F,CI Ph 
1-Alkene 	 III Phif'GPh 

r~ Cr',;dcfPCy,piO 
1 iCy,

Ph 	 d 
3 

1-Hexene 1:7000 4.5 4.7 4.8 


1 :9000 3.5 3.7 3.8 


1-Heptene 1:7000 4.0 4.2 4.3 


1 :9000 3.1 3.2 3.3 


1-Nonene 1:7000 3.3 3.4 3.5 


1-Decene 1:7000 3.0 3.0 3.2 


3.4.3. GC method for metathesis reactions 

The small scale experimental samples were analysed on an Agilen! 6890 and 6850 gas 


chromatograph and injected manually. 


The GC settings varied for the different 1-aikenes: 




•• 

3. Experimental 

1-Hexene: 

Inlet temperature :200'C 

N2 carrier gas flow : 2 mL.min,j at 20'C 

Injection volume : 0.21JL 

Split ratio : 50:1 

Oven programme : 60 to 11O'C at 25'C mln'1 

110'Cfor8 min 

Detector : FlO at 250'C 

H2 flow rate : 40 mL.min-1 at 20'C 

Airflow rate : 450 mL.mln-1at 20'C 

An example of a typical GC chromatogram for product formation during a metathesis reaction with 

1-hexene is shown in Figure 3.3 . 

• 	 PMP [5-Dacane) 

9{J 

C,7. c, Nonana 

6. 

50 ~ 

.0 

3' 

C, 
2. 

.!!:.,. 
y" ~ 	 A" 

Tin!e{mln) 0:0 :ltD 3:D ·hD ~H' 6:0 '];D H" !Il' fiJi!.! Ill. III 

Figure 3.3: 	 GC chromatogram during the metathesis reaction of 1-hexene with Gr2Ph (3). The 
conditions being a 1:7000 molar ratio (Ru:Alkene) at 60·C. 

The only difference between the GC settings of the different 1-alkenes was the oven programmes. 



1-Heptene: 

Oven programme : 50 to 11 O'C at 25'C min,l 

110'C for 10 min 


110 to 290'C at 25'C min'! 


290'C for 5 min 


An example of a typical GC chromatogram for product formation dUring a metathesis reaction with 

1-heptene is shown In Figure 3.4. 
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Figure 3.4: 	 GC chromatogram during the metathesis raactlon of 1-heptene with Gr2Ph (3). The 
conditions being a 1 :7000 molar ratio (Ru:Alkene) at 50·C. 

1-0ctene:! 

Oven programme 	 50 to 11 O'C at 25'C min'! 

110'C for 10 min 

110 to 290'C at 25'C min,j 



1·Nonene: 

Oven programme : 60 to 110"0 at 25"0 mln-! 

110"0 for 10 min 

110 to 290"0 at 25"0 min-1 

An example of a typical GO chromatogram for product formation during a metathesis reaction with 

1-nonene is shown in Figure 3.5. 
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Figure 3_5 	 GO chromatogram dUring the metathesis reaction of 1-nonene with GrZPh (3). The 
conditions being a 1 :7000 molar ratio (Ru:Alkene) at 60"0. 

1-Decene: 

Oven programme : 60 to 110'0 at 15'0 min-1 

110"0 for 10 min 

110 to 290'0 at 15"0 mln-! 

300"0 for 20 min 



0 

An example of a typical GC chromatogram for product formation during a metathesis reaction with 

1-decene is shown in Figure 3.S. 
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Figure 3.S: 	 GC chromatogrem during the metathesIs reaction of 1-decene with Gr2Ph (3). The 
conditions being a 1 :7000 molar ratio (Ru:Alkene) at 60·C. 

An internal standard method, with nonane as Intemal standard (IS), was used for the determination 

of the mole percentage of i-alkene converted to the primary and secondary metathesis products 

(PMP and SMP). A calibration curve of the area against volume was plotted to determine the GC 

response factor (RF). The volume of the internal standard was kept constant while the volumes of 

the i-alkenes were varied (Table 3.1). The response factors obtained from the slope of the 

calibration curve for all the alkenes were close to i.OO (Table 3.2). 

RF GC response factor 

V1-Nl<en. volume ofthe alkene at t = 0 

VIS volume of the internal standard at t 0 

Al-Nkene area of the alkene 

Als area of the internal standard 

3.1 



---------

Table 3.2: Calibration data to determine the RF. 

Volume Ratio 

Nonane : 1-Alkene 

0.25: 0.75 0.33 0.35 

0.25: 0.50 0.50 0.50 

0.25: 0.25 1.00 0.93 

0.9 

0.8 . Y'0:96!12l( 
R',.P.~Q03.0.7 

jM 
< 0.5 

0.41
< 

0.3 

0.2 •• 

0.1 ... 

0.2 0.6 0.& 1.2 

Figure 3.7: Calibration curve to determine the RF. 

Table 3.3: RF of the different i-alkenes. 

1-Alkene RF 

1-Hexene 0.96 

1-Heptene 1.00 

1-0ctene 0.98 

1-Nonene 0.98 

1-Decene 0.98 



Determining the mol percentage (mol%) conversion of the 1-alkene to the PMP. IP and SMP. 

3.2 

3.3 

3.4 

Mol alkene 

p density of the alkene 

MW1.Alkene Molecular mass of the alkene 

Mol %1.Alkene Mol percentage alkene formed 

Tl.,AJkene Total mol alkene formed 

The selecllvlty of product formation was determined by: 

3.5 
%SeleC!ivity=( %PiIlP )*100

%(PMP+SMP+IP) 

The TON was determined by: 

3.6TON =(%PMP*(Alkene:Ru)) 
100 

A number of terminal alkenes and by"products were formed during the cross metathesis reactions 

of the 1-alkenes. 

The samples taken from the metathesis reactions that were quenched with tert·butyl·hydrogen 

peroxide contained elevated levers of decane. The reason being that the peroxide is in a decane 

solution. 



3.5 NMR investigation of metathesis reactions 

The precatalysts were weighed unto a filter (cotton wool in a pipette). The precatalyst was then 

filtered through with deuterated CDCb solvent (0.7 mL), which was freeze dried (§3.1.5.1), under 

Nz into a NMR tube. The alkene (0.1 mL) was added shortly before reaction was monitored to keep 

the lnitfal reaction time of the precatalyst with the alkene as short as possible. The reactions were 

conducted at 30'C and monitored for 5 hrs at regular Intervals. The peak Integration values of the 

formed carbenes were normalized against the deuterated CDCb signal. 
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Results and Discussion: 4 

4.1. Introduction 

In this chapter, the results obtained during the study are presented. The synthesis of the 

PUK-Grubbs 2-precatalyst (3) and the results from the Electronic Scanning Electron Microscope 

(ESEM) ofthe different precatalysts (Gr1 (1), Gr2 (2) and Gr2Ph (3)) used, are discussed in § 4.2. 

In § 4.3, the metathesis reactions of the different 1-alkenes are discussed; this includes the results 

obtained for the use of different precatalysts, the effects of temperature and precatalyst load 

(Ru:1-alkene ratio). The lifetime determining reactions of the precatalysts, using two different 

1-alkenes, are given and discussed In § 4.4. In addition, the comparison and summary of the 

i-alkene reactions at 60'C are provided In § 4.5. Finally the NMR-results are presented in § 4.6. 

4.2 Synthesis of existing PUK-Grubbs 2-precatalyst 

All of the synthesis procedures e.g. alcohol (46), salt (47) synthesis and the Gr2Ph (3) synthesis 

were done under an inert atmosphere by using typical schlenk techniques and dried solvents. 

4.2.1 Ligand synthesis 

The method for the synthesis of 46 is discussed in detail in § 3.3.2. The synthesis of the alcohol 

(46) was done by reacting bromopyridlne (43) with n-butyIlithlum In dlethyl ether, which then forms 

the lithium pyridine (44). Benzophenone (45) was then added to 43 to form 46. The yield obtained 

for 46 was a moderate 55%. Verificetlon of 46 was done by MS, IR, 1H-NMR and 13C-NMR 

analyses. The results are presented in Table 4.1, while the spectra are shown in Appendix B. 



Table 4.1; The synthesized alcohol (46). 

• 	 White flakes an product yield 
of 55% 

• 	 Melting point of 108'C 

• 	 Only one part of the phenyl 
ring is numbered due to the 
symmetry present 

IR-spectra;a 	 Vmax 3346 (O-H stretch), 3074-3018 (C-H stretch, aromatic), 1591-1572 

(C=C and C=N stretch) cm-1 

*OH 8.574 (Hj, d, 1H). 7.568 (H3 • 2d. 1H), 7.222-7.192 (H4' d, 11H). 7.042 

(H2, 2d, 1H), 6.258 (OH, s, 1H) ppm 

13C_N MR data:" *oc 80.84 (Ca), 122.36 (C2). 122.93 (C4) , 127.32 (~). 127.93 (c,,), 128.15 

(Cs) , 136.40 (Ca). 146.13 (C1), 147.75 (C10), 163.24 (Os). 

MS-spectrum; 261 m/z (EI-technlque) 

a IR with KBr. 

b The lH-NMR. 600 MHz. 

o 13e-NMR, 150 MHz. 

* Solvent CDCI3• s =singlet. d =doublet 

The values obtained from the NMR correlate well with the values reported by Herrmann et al.1 and 

Jordaan.2 The MS spectrum showed the molecular ion (M+) of 261 mlz, which Indicated that the 

product had the same molecular mass as reported by Herrmann et a/.1 This demonstrates that the 

ligand was synthesized successfully. 

4.2.2 Lithium salt preparation 

The synthesized alcohol (46) and n-buty/llthium was dissolved in THF and stirred to form the 

lithium salt (47). The method for the synthesis of 47 is discussed In § 3.3.3. The synthesis of 47 

resulted in a good yield of 85%, which correlates well with the literature value of 95%.2 It Is 

assumed that during the washing procedure. as discussed In § 3.3.3. the Impurities are removed to 

obtain a white powder. Due to the instability of 47 to air, no further analyses were done to 
characterize the product. The product was used directly for the synthesis of Gr2Ph (3). 



4. Results and discussion 

4.2.3 Precatalyst (3) preparation 

To obtain the precatalyst (3), lithium salt (47) and Gr2 (2) react In a THF solution under inert 

conditions as discussed in § 3.3.4. During the synthesis of pre catalyst 3 (Gr2Ph) a relatively low 

yield of 43% was obtained. The yield obtained is slightly less than found In literature (62.5%), but 

the product synthesized Is pure.2 The lower yield can be attributed to the washing process 

(§ 3.3.4) where some of the precatalyst was removed during the removal of the pentane. 

Characterization of the synthesized precatalyst 3 was done by IR. lH-NMR, 31p_NMR, DSC and 

MAlDI-TOF analyses. The results obtained are given in Table 4.2. while the spectra are shown in 

Appendix B. 

Table 4.2: The ,::vn,fh",,::17,.rl nr·",,,,.t,,lv,::t 

• 	 light green powder with an 
product yield of 43% 

• 	 Decomposition point 211'C 

• 	 Only one part of the phenyl 
rings are numbered due to 
the symmetry present 

3 

IR-spectra:a Vmax 3428 (O-H stretch), 3056-2853 (C-H stretch, aromatic), 1605-1571 

(C=C and C=N stretch) cm-1 

*1iH 6.318 (Hs, d), 6.617 (H4, dd), 7.103 (H5• dd), 9.557 (He, d), 6.924 (H 7, 

dd), 7.191 (He, dd), 6.531 (Hg, dd), 6.702-7.091 (H12.14, 10H's), 3.957 

(H1S,Hi', 4H's) , 6.587 (HI9.19" 4H's), 2.149, 2.212, 2.559 (H21,22.22', 18H's) 

ppm 

Carbene signal at 17.055 ppm (Hi, s) 

31p_NMR data: No visible peaks. 

MALDI TOF: 793.261 mlz 

a IR with KBr. 

b The 1 H-NMR, 600 MHz. 

doublet 

http:vn,fh",,::17,.rl


4. Results and discussion 

The IR-spectrum, obtained by using a KBr-peliet. showed a small alcohol peak at 3428 cm-' that 

was attributed to atmospheric moisture or to the KBr not being dry enough. The 3' P NMR spectrum 

of precatalyst 3 showed no peaks. Gr2 (2) contains a PCY3-groUP, therefore the 3' P NMR showed a 

phosphorus peak. Vllhen the synthesized Gr2Ph (3) is pure, no 3.p NMR peak will be visible. The 

reaction mixture was monitored by means of thin layer chromatography (TLC) to determine 

whether the reaction was completed. The TLC analysis was repeated until the green spot, which 

indicates Gr2Ph (3), did not change. Most of the Gr2 (2) had reacted and the non-reacted reagent 

was removed by Ihe washing process. The IR and NMR-data oblained correlate with Ihe data that 

was reported by Jordaan'> 

The MALDI-TOF MS analysis showed that Gr2Ph (3) had a molecular weight of 793.261 mlz, 

which correlated with the Iheoretlcal calculated molecular weight. 

The decomposition temperature of 211 ' C (as determined by a Buchi B-540) was confirmed with 

the DSC-data (213·C). From the DSC-data it was observed that the peak formed during the 

heating of the sample was an exolhermic process laking place (Appendix 8). 

4.2.4 ESEM and EDS of precatalysts 

During a previous study it was mentioned that different Gr1 (1) batches did not result in repeatable 

results.2 Electronic Scanning Electron Microscope (ESEM) and Energy Dispersive Spectroscopy 

(EDS) was done to determine whether there was a difference between the batches and to compare 

Gr1 (1) with the crystal morphology of Gr2 (2) and Gr2Ph (3) used during the study. In Figure 4.1, 

photos of the different precatalysts are shown to Indicate the colour differences that were 

observed. 

Gr1 (light purple (A)) Gr 1 (dark purple (8)) Gr2 (dark purple Gr2Ph (light green 
brown (e)) (0)) 

Figure 4.1: Indication of the colours of the precatalysts for further reference in the ESEM results. 
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4. Results and discussion 

In Figure 4.2 the different ESEM photos are shown to indicate the differences in the crystal 

morphology of the different precatalysts. 

Gr1 (A) 	 Gr1 (9) 

/ ~\(' 
.- i 

""'-"; 

Gr2 (C) 	 Gr2Ph (D) 

Figure 4.2: 	 ESEM of the different precatalysts are: (A) the Gr1 (1) fine light purple powder, (9) 
Gr1 (1) dark purple-brown crystalline, (C) Gr2 (2) dark purple clustered crystalline 
and (D) Gr2Ph (3) light green crystalline. 

It can be seen from Figure 4.2 that there is a difference between the crystaliinaty of precatalysts 

Gr1 (1), Gr2 (2) and Gr2Ph (3). There is, however, no significant difference between the different 

Gr1 (1) batches A and 9, except for the colour and crystal size that could be observed. 

The semi-quantitative elemental analysis indicates a relative percentage of atoms present in the 

molecular structure of the precatalysts, shown in Table 4.3. These values were compared to the 

theoretical values, shown in Table 4.4. For the calculation of the theoretical values no hydrogen 

atoms were taken into account. 
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The reason for this is that it is difficult to observe the excited state of hydrogen due to the fact that 

hydrogen has only one orbital with an electron. The values displayed in Table 4.3 and 4.4 are 

based on atomic percentage. 

Table 4.3: The semi-quantltative elemental analysis of the different 
catalysts. 

Catalyst C(%) N (%) 0(%) P(%) CI (%) Ru(%) 

Gr 1 (1) 90.11 0 0 3.61 4.40 1.88 
Gr2 (2) 86.36 7.51 0 1.31 3.41 1.40 

Gr2Ph (3) 81.24 10.39 5.36 0 1.67 1.35 

Table 4.4: 	 The theoretically determined values for the atomic 
percentages of the precataiysts. 

Catalyst 	 C(%) N (%) 0(%) P ("/oj CI ('Vo) Ru(%) 

Gr 1 (1) 89.58 0 0 4.17 4.17 2.08 

Gr2 (2) 88.46 3.85 0 1.92 3.85 1.92 


Gr2Ph {3} 88.46 5.77 1.92 0 1.92 1.92 


An instrumental deviation of 1% was obtained during the analysis of the precatalysts with EDS. 

From both tables it is clear that there Is no substantial difference between the values determined 

from EDS analysis as compared to the theoretical calculated values. It shoUld be taken Into 

account that the composition of the precatalysts in terms of N- and O-atoms differ from each other. 

For instance, GrZPh (3) has one O-atom and three N-atoms, but GrZ (2) has no O-atoms and two 

N-atoms. The difference between the experimental and theoretical valUes, especially in the N- and 

o values, can however be explained by the fact that EDS analysis is only an approximate analysis 

technique and is not as accurate as other chemical analyses techniques such as elemental 

analysis. The difference In reactivity between the two Gr1 (1) batches could possibly be attributed 

to a difference in the crystal size. This should however be Investigated In detail In future stUdies. 

4.3 Metathesis 

4.3.1 Introduction 

The metathesis of 1-alkenes In the presence of the Gr1 (1), GrZ (2) and GrZPh (3) precatalysts 

were Investigated and compared. The Influence of the precatalyst load (Ru:1-alkene retio) and 

tempereture was evaluated for the different 1-alkenes and precatalysts. These different conditions 

were used to determine the optimum conditions for the highest reactivity with the least amount of 

secondary metathesis- (SMP) and isomerization product (IP) formation. 



4. Results and discussion 

The formation of primary metathesis products (PMP), SMPs and IPs were monitored during the 

metathesis reactions of the 1-alkenes. Possible products that can be formed during the metathesis 

of 1-octene are summarized in Table 4.5. Details of the possible products for the metathesis of 

1-hexene, 1-heptene, 1-nonene and 1-decene are illustrated In Appendix A (Schemes 2 to 5). 

Table 4.5: Possible reactions for 1-octene during metathesis.3 

Reaction Substrate' Products' 

Primary metathesis 
Selfmetathesis C=C7 C=C+ C7=C7 (PMP)b 

Isomerizatlon C=C7 G,=C6+ C3=C5 + C4=C4 (IP)" 

Secondary metathesis 

G,=C7+ C=C6+ C=G, + 
Cross metathesis C=C7 + G,=C6 Cs=C7 (SMP)d 

Selfmetath esis G,=C6 G,=G, + C6=C6 

Oligomerisation C=C7 C16, G,o etc (OP)' 

• The hydrogens are excluded for simplicity. 
b Primary metathesis products (PMP) refer to the self metathesis products of 1-octene I.e. C=C7 

and C=C 
" Isomerization products (IP) refer to the double bond isomerizaUon reaction of terminal to intemal 

alkenes. 
d Secondary metathesis products (SMP) refer to the metathesis of the isomerization products of 

1-octene 

, Oligomerization refers to repeated reactions of the SUbstrate with itself. 


4.3.2 Reproducibility of metathesis reactions 

The experimental error for the metathesis reactions was obtained by repeating the reaction four 

times under the same conditions of 60'C and a precatalyst load of 1:7000 (Ru:1-hexene) with 

Gr1 (1) throughout the study. In Figure 4.3 the repeatable results are illustrated as the PMP 

formation during the metathesis reaction against time. A standard deviation of 0.77% and an 

experimental error of 6.77% were obtained, thus indicating the reproducibility of the results. This is 

in the order of what was obtained (0.68% standard deviation and 2.00% experimental error) by van 

der Gryp4 for 1-octene reactions with Gr1 (1). 
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Figure 4.3: 	 The metathesis reaction of i-hexene with Gri (1) at 60'C with a 1:7000 Ru:i-hexene 
ratio. Reaction 1 (+), reaction 2 (1..), reaction 3 (0) and reaction 4 (L;;.). 

The metathesis reactions were conducted at precatalyst loads of 1:7000 and 1:9000 (Ru:alkene), 

as were used In previous studles,2··,5 Metathesis reactions were compared at a constant 

temperature of eo·c. This Is the temperature that accommodates the boiling points of the different 

i-alkenes. Metathesis reactions with Gr2Ph (3), using a precatalyst ioad of 1:7000 at temperatures 

lower than SO'C resulted in no product formatlon.4 

4.3.31-Hexene metathesis reactions 

4.3.3.1 Introduction 

During the metathesis reactions of i-hexene the concentration of the 1-alkene decreased While the 

PMPs. SMPs and IPs Increased. The product formation was monitored by GC-FID analysis. The 

PMPs formed during the metathesis reactions were found to be ethylene (~) and S-decene (CIO). 

while the possible SMPs formed during the reactions are given In Appendix A (Scheme A.2). 

The precatalysts were evaluated at two different temperatures (SS'C and 60'C) and precatalyst 

loads (1:7000 and 1:9000) during the metathesis reactions. The comparison between different 

precatalysts at constant experimental conditions Is discussed In §4.3.3.2 to §4.3.3.3. Only two 

temperatures were used, mainly due to the low boiling point of the i-hexene (63·C). 



4. Results and discussion 

4.3.3.2 Effect of temperature on the metathesis reactions 

The Influence of reaction temperature on the 1-hexene metathesis reactions with the different 

precatalysts at a precatalyst load of 1 :7000 (Ru:alkene) is shown in Figure 4.4 to Figure 4.6. The 

results obtained during the metathesis reactions of 1-hexene with Gr1 (1) at 55'C and 60'C are 

shown in Figure 4.4. 
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Figure 4.4: 	 The PMP, SMP and IP formation from 1-hexene at temperatures of 55'C (t) and 
60'C (A ) for Gr1 (1) reactions. 

An Increase in reaction temperature resulted In an increase In the rate at which the 1-hexene is 

converted to the metathesis products. The metathesis reactions resulted in a 16 mol% PMP 

formation at 55'C within one hour, whereas 27.5 mol% PMPs were formed at 60'C. The selectivity 

for the PMP formation decreased from 100% to 98.39% with a temperature Increase from 55 'C to 

60'C, due to a small amount of SMP formation of 0.5 mol%. This might have been the result of 

isomerization of the 1-hexene to form IPs, which Is direcUy converted to SMPs due to self- and 

cross metathesis reactions. No change occurred in the IP formation between the two temperatures 

due to the rapid conversion into SMPs. The effiCiency of the catalyst can be described by the 

turnover number (TON) of the metathesis reactlon. 5 
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4. Results and discussion 

TON Is defined as the amount of 1-alkene molecules that are converted to metathesis products by 

one molecule of catalyst. An increase In TON from 1123 to 1924 is obtained with an increase in 

temperature from 55 'C to 60·C. 

The results obtained from the metathesis reactions using Gr2 (2) under the same reaction 

conditions as for Gr1 (1) , resulted In similar trends, but with higher PMP formations (Figure 4.5). 
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Figure 4.6: 	 The PMP, SMP and IP formation from 1-hexene at temperatures of 55'C (t) and 
60'C (A ) for Gr2 (2) reactions. 

The product formation for the 55'C reaction was found to be 55 mol% at 583 min as the equilibrium 

of the reaction was reached . The metathesis reaction conducted at 60'C had a PMP formation of 

70.8 mol% at 34 min at which time the reaction was at equilibrium. This ind icated that the Increase 

In temperature Increases the reaction rate and therefore shortens the time needed to reach 

equilibrium. 'Mth an increase In temperature, the PMP formation increased by 5.5 mol%, the 

selectivity and TON increased by 2.8 mol% and 386 respectively. The selectivity changed from 

77 .5 mol% to 80.3 mol%, whilst the TON increased from 4726 to 5113 . 
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4. Results and discussion 

No IP formation was observed during either of these reactions. Indicating that the small amount of 

IPs that might have formed had rapidly been converted into SMPs. This ciarifies the distinct 

Increase In the SMP fonnatlons. 

The results obtained during the metathesis reactions of 1-hexene with Gr2Ph (3), with a precatalyst 

load of 1:7000 (Ru:1-hexene), is shown In Figure 4.6. 
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Figure 4.6: 	 The PMP, SMP and IP fonnation from 1-hexene at temperatures of 55'C (+) and 
60'C (.A ) for Gr2Ph (3) reactions. 

Although the Gr2Ph (3) reaction rate was very slow, a noticeable difference between the rates at 

the two temperatures were observed during these metathesis reactions. For the metathesis 

reaction at 60 'C, an Increase In the reaction rate, TON, selectivity and PMP formation was 

observed. The increase in selectivity from 79.2 mol% 10 87 .1 mol% Indicated that the metathesis 

reaction at a higher temperature with precatalyst 3 (Gr2Ph) favours the self metathesis of 

1-hexene, thus Increasing the PMP fonnation from 66.9 mol% at 55 'C to 70.4 mol% at 60·C. As 

the activity increased as a result of increasing temperatures, the lifetime of the catalyst was 

shortened. 
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4. Results and dlscu8810n 

The Isomerization reaction of the 1-hexene was preferred at 55 ·C. where the Isomers are then 

converted to SMPs by means of cross- and self metathesis reactions. The cross metathesis occurs 

between the IPs and 1-hexene and the self metathesis of different IPs form the SMPs as shown in 

Scheme 2.3. 

4.3.3.3 Effect of precatalyst load on the metathesis reactions 

The difference between the precatalyst loads of 1:7000 and 1 :9000 (Ru:1-hexene) on the 

metathesis reactions investigated at 60'C for 1-hexene with the precatalysts (Gr1 (1), Gr2 (2) and 

Gr2Ph (3)) are presented In Figure 4.7 to Figure 4.9. In Figure 4.7 the results obtained during the 

Gr1 (1) metathesis reactions are shown. 
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Figure 4.7: 	 The PMP, SMP and IP formation from 1-hexene with precatalyst loads of 1 :7000 (t) 
and 1:9000 ( .... ) for Gr1 (1). 

An increase of the precataiyst load from 1 :7000 to 1 :9000 resulted in only slight differences for the 

Gr1 (1) metathesis reactions. The reaction rate, TON (1924 to 1380), PMP (7.8 moi%) and SMP 

formation (0 .4 mol%) decreased with the Increase in precatalyst load. 
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4. Results and discussion 

This is the result of less catalyst available In the reaction mixture to Initiate the 1-hexene 

conversion to PMPs. For the decrease In the SMP formation the selectivity of the 1 :9000 

precatalyst load reactions were slightly Increased. 

The difference between the precatalyst loads obtained for the metathesis reactions of 1-hexene 

with Gr2 (2) at 60·C Is shown In Figure 4.8. 
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Figure 4.8: 	 The PMP, SMP and IP formation from 1-hexene with precatalyst loads of 1 :7000 (t) 
and 1 :9000 (A ) for Gr2 (2). 

As the precatalyst load was increased, a slight increase was observed In the TON (5113 to 5351), 

selectivity (80.3% to 83.3%), PMP formation (73 mol% to 76.4 mol%) and IP formation (0 mol% to 

5.9 mOI%). The Increase in the selectivity of the precatalyst towards the PMP formation resulted In 

the decrease of SMP formation (8.5 mol%) during the 1 :9000 reactions. The PMP formation for the 

1 :7000 reactions occurred at a faster rate than for the 1 :9000 reactions due to the larger amount of 

precatalyst available in the 1 :7000 reaction mixtures. 
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4. Results and discussion 

The increase observed in the IP formation for the 1 :9000 reactions can be attributed to the fact that 

there is less catalyst present in the reaction mixture to convert Into the SMPs when compared to 

the 1 :7000 reactions. This Is the reason for the 0 mol% IPs during the 1 :7000 reactions with the 

elevated SMP formation. 

The metathesis reactions of 1-hexene with Gr2Ph (3) at 60 'C with a variation In Ru:1-hexene ratios 

are shown In Figure 4.9. 
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Figure 4.9: 	 The PMP, SMP and IP formation from 1-hexene with precatalyst loads of 1 :7000 (.) 
and 1:9000 (. ) for Gr2Ph (3). 

As the precatalyst load increased, less of the Gr2Ph (3) was present In the reaction mixture for the 

1 :9000 ratio reaction . The reaction rate for the 1 :7000 precatalyst load reactions was higher and 

the equilibrium for the reaction started to take place after nine days. For the 1 :9000 precatalyst 

load reaction, the start of equilibrium for the reactlon was observed after eleven days and 

increasing amounts of competing isomerization reactions occurred , thus forming more SMPs. The 

decrease in reaction rate resulted in a decrease of TON, whilst the Increase in SMP formation 

resulted In the decrease of selectivity towards the PMP formation. 
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4. Re8ults and dl8cu881on 

4.3.3.4 Pre-treatment of Gr1 metathesis reactions 

In the Improved metathesis reactions of Gr1 (1) with 1-hexene, the precatalyst was heated at 60'C 

for 10 min as a pre-treatment step, where after the 1-hexene and nonane was added. 

1-Hexene reactions with Gr1 (1) at 60'C with a precatalyst load of 1 :7000 (Ru:alkene) showed an 

increase In PMP formation (Figure 4.10) after the pre-treatment of the precatalyst. This result was 

also observed by RoscherB when using 1-octene with a precatalyst load of 1 :9000 (Ru:alkene) and 

a 10 min pre-treatment period at 60·C. Reactions 1 to 3 were pre-treated, while reactJon 4 was a 

neat metathesis reaction of 1-hexene with Gr1 (1). 
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Figure 4.10: The PMP, SMP and IP formation for different Gr1 (1) metathesis reactions: 1 (+), 
2 (A ), 3 (_) and 4 (0). 

After the pre-treatment of the precatalyst (reactions 1 to 3) the PMP formation, lifetime, TON and 

reactJon rate increased significantly when compared to reaction 4. A slight increase of selectivity 

resulted in an Insignificant decrease of SMP formation. The heating process of the precatalyst, 

before the metathesis reaction commences, can be described as an actJvation of the precatalyst, 

therefore a preliminary investigation was done on the pre-treated Gr1 (1). 
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This effect can also be seen when the results of Figure 4.3 and Figure 4.4 are compared. The 

result of the 60'C metathesis reectlon In Figure 4.4 has a higher PMP formation and this was the 

result of pre-treatment with heat. This pre-treatment time is shorter than 10 minutes and this is the 

reason for a lower PMP formation when compared to the results from Figure 4.10. 

The pre-treatment of Gr1 (1) with heat resulted In an improvement of product formation and was 

also studied under ESEM-EDS to determine differences In the crystal structures. Other analytical 

techniques (lR, TGA and DSC) were used to verify any possible differences that might have 

occurred during the pre-treatment (Appendix B). 

The ESEM and EDS of Gr1 (1) was done after It was pre-treated with heat and then compared to a 

non-treated sample in Figure 4.11 and Table 4.4. 

E F 

Figure 4.11: ESEM of Gr1 (1) after different pre-treatment conditions. 

E was not submitted to any pre-treatment, but F was heated for 40 min at 60·C. The reason for the 

pre-treatment was due to the differences in the activity and lifetime of the metathesis reactions of 

Gr1 (1). From Figure 4.11 it is evident that there is no significant difference in the crystalline 

morphology after the precatalyst had been pre-treated. 

In Table 4.6 the EDS results for the pre-heated precatalyst are given for different heat treatment 

periods. No hydrogen atoms were taken Into account. 



Table4.S: The semi-quantltative elemental analysis of Gr1 (1) under 
different condrtlons. 

Time (minutes) C('Yo) P (%) CI ('Yo) Ru(%) 

0 90.11 3.61 4.40 1.88 

5 92.55 3.00 3.03 1.43 

10 92.57 3.02 3.05 1.36 

20 91.56 3.38 3.43 1.64 

40 91.96 3.12 3.43 1.50 

From Table 4.6 it is clear that the period of heat treatment had no significant influence on the 

atomic composition of the precatalyst. From the DSC no exothermic or endothermic processes 

were observed before the decomposition point that was observed at 206'C for the precatalyst 

(Appendix B). The TGA results showed no indication of any mass loss at around 60°C but the first 

mass decrease was observed at 20S'C (Appendix B). From the IR-spectra no differences were 

observed, thus indicating that no noticeable change took place dUring the pre-treatment of Gr1 (1) 

(AppendiX B). 

These observations led to the conclusion that no activation of the precatalyst took place due to the 

fact that the PCY3-grouP was still coordinated unto the Ru-metal. In § 2.5, Scheme 2.15 the 

activation of the precatalyst (1 to 11) Is demonstrated. 

4.3.3.5 Summary of 1-hexene metathesis reactions 

In Table 4.7 the effect of the three precatalysts under different reaction conditions are compared in 

terms of the selectivity (S), activity, kinltlat and TON. The klnlll.t values were determined from the 

initial slope of the PMP formation reaction curves. The same procedUre was used for the 

determination of the klnttiot values for all the other metathesis reactions. The PMP, SMP, IP, Sand 

TON values given in Table 4.7 are based on the last values obtained during the reactions. 



Table 4.7: 	 Comparison between the different precatalysts for 1-hexene metathesis 
reactions. 

Ru: PMP SMP IP 

T Alkene (mol (mol (mol
Precatalyst 	 %5' TON 

ee) ratio %) %) %) 
3.58 (±0.22) x 

Gr1 (1) 55 1 :7000 16 o o 100 1123 10-4 

3.82 (±0.24) x 
Gr2 (2) 1:7000 67.5 19.6 o 77.5 4727 10-4 

5.23 (±0.52) x 
Gr2Ph (3) 1:7000 66.9 17.5 o 79.2 4683 10-6 

6.17 (±0.41) x 
Gr1 (1) 60 1:7000 27.5 0.5 o 98.4 1924 10-4 

6.15 (±0.76) x 
1:7000* 45.8 0.1 o 99.8 3206 10-4 

6.22 (±0.44) x 
1 :7000* 55.3 0.1 o 99.8 3873 10-4 

8.55 (±0.83) x 
1 :7000' 51.4 0.1 o 99.8 3600 10-4 

1.50 (±0.17) x 
Gr2 (2) 1 ;7000 73.0 17.9 0 80.3 5113 10-3 

1.22 (±0.45) x 
Gr2Ph (3) 1:7000 70.4 10.4 0 87.1 4926 10" 

5.24 (±0.59) x 
Gr1 (1) 1;9000 19.7 0.1 0 99.8 1380 10-4 

1.09 (±0.18) x 
Gr2 (2) 1;9000 76.4 9.4 5.94 83.3 5351 10'" 

5.63 (±0.48) x 
Gr2Ph (3) 1:9000 44.5 15.5 0 74.1 3117 10-6 

* Gr1 	 results. 

VVhen comparing the results of the three different precatalysts at 55'C, Gr2 (2) indicated the best 

PMP formation, the highest reaction rate and TON. The selectivity for the Gr1 (1) reactions were, 

however. the best, although in the rest of the categories its performance reflected to be poorly 

when compared to the other two precatalysts used. This supports the fact that the incorporation of 

a NHC-lIgand Improved the activity and stability of the precatalyst? 

The selectivity and PMP fonnation of Gr2Ph (3) and Gr2 (2) were almost the same, but the 

reaction rate was significantly lower for the Gr2Ph (3) than for the Gr2 (2) reaction. For these 

conditions (55'C, 1 :7000 precatalyst load) with 1-hexene the precatalyst with the best 

perfonnance. in tenns of TON, kioltlol and PMP fonnation, is Gr2 (2). 



4. Results and discussion 

As discussed In §4.3.3.2, the Increase in the reaction temperature resulted in an increase of 

reaction rates, TON and PMP formation. These trends were observed because of the increasing 

collisions between the molecules at higher temperatures. The SMP formation for Gn (1) and 

Gr2 (2) also increased with the temperature increase. 

When the results of the other metathesis reactions at 60'C were compared with the results of the 

improved Gr1 (1) reactions, the selectivity of the Improved Gr1 (1) was the highest. The TON of the 

pre-treated Gr1 (1) showed an increase when compared to the Gr1 (1) reactions Without the 

pre-treatment, but remains lower than the Gr2 (2) and Gr2Ph (3) reactions. 

The different Ru:1-alkene ratios are discussed in §4.3.3.3 for the separate precatalysts. The same 

trends were observed for the different precatalysts. When the molar ratio was Increased, the 

concentration of the catalyst decreased in the reaction mixture, resulting in lower activity. The 

variation of the precatalyst loading (1 :7000 and 1 :9000) showed no significant changes in the 

reaction rates, TON and selectivity of the Gr1 (1) metathesis reactions, but for the Gr2Ph (3) 

reactions the selectivity, TON, reaction rate and PMP formation decreased significantly. The 

selectivity, TON and PMP formation for the Gn (i) and Gr2Ph (3) reactions decreased, but for the 

Gr2 (2) reactions an increase was observed. 

During a metathesis study of 1-hexene at 60'C with a Grubbs 2 type precatalyst, a PMP formation 

of 54.1 mol%, iP formation of 34.7 mol% and SMP formation of 12.1 mol% was observed. The 

Ru:1-hexene ratio used was 1:1000.6 In terms of the PMP formation, these results are not as good 

as the Gr2 (2) and Gr2Ph (3) used dUring this study. It seems that a decrease In the Ru:1-hexene 

ratio of the precatalyst increases the Isomerization reactions and thus result in a decrease of the 

selectivity of the precatalyst. The same observation can be made when comparing the results of 

the Gr2 (2) results of different precatalyst ratios at a constant temperature. 

A study regarding the variatlon of the Ru:1-alkene ratio with 1-{)ctene at 25'C with Gr1 (1) revealed 

an Increase In PMP formation with an increase of Ru present in the reaction mixture,3 The SMPs 

however also Increased for these Gr1 (1) metathesis reactions. The observation was not made for 

the Gr2 (2), which led to the conclusion that 1 :9000 Is the optimum ratio for the Gr2 (2) metathesis 

reactions at 60'C. 



4.3.41-Heptene metathesis reactions 

4.3.4.1 Introduction 

During the metathesis reactions of i-heptene the concentration of the i-alkene decreased while 

the PMPs, SMPs and IPs Increase. The product formation was monitored by GC analysis. The 

PMPs formed during the metathesis reactions were found to be ethylene (G.2) and 6-dodecene 

(C12) while the SMPs formed during these reactions are given in Appendix A (Scheme A.3). 

The precatalysts were tested at three different temperatures (60'C, 70'C and 80'C) and iwo 

precatalyst loads (1 :7000 and 1 ;9000). The comparison beiween different precatalysts at constant 

experimental conditions are discussed in §4.3.4.2 to §4.3.4.3. 

4.3.4.2 Effect of temperature on the metathesis reactions 

The difference beiween the metathesis reactions of i-heptene with the pre catalysts (Gr1 (1), 

Gr2 (2) and Gr2Ph (3)) are shown in Figure 4.12 to Figure 4.14. The results obtained for the 

reactions with Gr1 (1) at 60'C, 70'C and 80'C are illustrated in Figure 4.12. 



4. Results and discussion 
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Figure 4.12: 	 The PMP, SMP and IP formation from 1-heptene at temperatures of 60 'C (t), 
70 'C (A ) and 80'C (_) with Gr1 (1). 

For an increase in the reaction temperature a lower activity and lifetime of the precatalyst was 

observed in Figure 4.12. The equilibrium was reached in 23 min for the 80 'C metathesis reactions, 

but it took the 60 'C reaction 217 min to reach equilibrium. At 70'C the reaction reached a 

maximum PMP formation of 13.3 moi% after 23 min. A decrease in the reaction rate was observed 

after 23 min for the PMP formation, which resulted in an additional 0.5 mol% PMP formation after 

258 min. At higher temperatures the lifetime of the precatalyst was shorter due to the fact that 

Gr1 (1) decomposed faster at higher temperatures (>50·C)." Competing metathesis reactions, 

such as isomerization , were also observed with an increase in reaction temperatures. 

The increasing isomerization reactions resulted in a 7 mol% increase in IP formation , which then 

resulted in an increase of SMP formation at 80·C. Furthermore an increase in the by-products 

resulted in the decrease of the selectivity of the reaction towards PMP formation. 
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4. Results and discussion 

The results obtained for the metathesis reactions of 1-heptene with Gr2 (2) at different 

temperatures are shown in Figure 4.13. 
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Figure 4.13: 	 The PMP, SMP and IP formation at temperatures of 60 'C (.) , 70 'C (A ) and 
80'C (. ) with Gr2 (2) . 

In general a temperature increase resulted in an increase of the reaction rate, PMP formation, TON 

and selectivity. A significant Increase of PMP formation towards 70 'C of 21.5 mol% was observed , 

but only a slight increase was observed at 80'C (2.1 mOI%). The highest PMP value for the 60 'C 

reaction was obtained at 294 min (67.3 mol%), where after the PMPs decreased significantly with 

20.5 mol% to 46.8 mol%. The sudden decrease In PMPs resulted in an increase in SMP and IP 

formation of 18.2 mol% and 2.6 mol% respectively. This observation can be attributed to the high 

initial reaction rate, which results in high levels of ethylene being formed . The reactors us.ed are 

closed systems and ethylene build-up was possible. According to Janse van Rensburg at a/.,'o the 

ethylene coordinates to the Ru-metal carbene, which results in the formation of hydride species 

(Scheme 4.1 (60». 
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4. Results and discussion 
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Scheme 4.1: The evaluated decomposition mechanism for the methylldene specie.10 

The active species (48 and 49) are lost and the fonnation of the inactive metathesis species (51) 

takes place. This 14 electron species (51) has two coordination sites on the Ru and could follow 

different decomposition pathways.10 

These hydride species (50) causes isomerization products to fonn through a hydride 

decomposition mechanism (Scheme 4.1). The decrease In IPs at 70'C resulted in the significant 

decrease in SMP fonnation and an increase in the selectivity towards the fonnation of PMPs. 

An increase in PMP formation showed that more products were fonned for every molecule of 

precatalyst present In the reaction mixture, resulting in an increase of TON. The SMP fonnation at 

80'C was the highest and is attributed to the decomposition of the precatalyst at high 

temperatures? This leads to an increase in isomerization reactions and prevents high PMP 

fonnation. The metathesis reaction conducted at 70'C showed the highest PMP fonnation and 

selectivity, thus being the optimum temperature for the Gr2 (2) reactions with a precatalyst load of 

1 :7000. 

The results obtained for the metathesis reactions of 1-heptene with Gr2Ph (3) at different 

temperatures are shown in Figure 4.14. 
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4. Results and discussion 
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Figure 4.14: 	 The PMP, SMP and IP formation from 1-heptene at temperatures of 60'C (+), 
70'C (.a. ) and BO'C (_) with Gr2Ph (3). 

The temperature Increase of the metathesis reactions resulted in a significant Increase in PMP 

formation at 70'C and a slight Increase at BO'C of 24 .2 mol% and 4.4 mol%, respectively, when 

compared to the PMPs formed at 60·C. A selectivity increase of 25.7% and 11%, respectively, was 

observed for the metathesis reactions at 70 'C and BO·C . The TON of the different reactions 

showed an Increase of 1424 and 30B, whereas the formation of SMPs decreased. The initial 

reaction rate of the metathesis reaction at BO'C was the highest (4.56 x 10-4 mol.s-'), where the 

maximum PMP formation was obtained within 3 days (61.5 mol%). Although the reaction reached 

equilibrium earlier than the other two reactions, more SMPs (34.9 mol%) were formed which in tum 

reduced the selectivity of the reaction. 

No isomerization products were observed for the metathesis reactions conducted at BO·C. Only an 

increase of SMP formation occurred, which was the result of the IPs being converted by cross- and 

self metathesis. The reason for this observation is attributed to the rapid conversion of the IPs to 

SMPs. The metathesis reaction at 70'C obtained high amounts of PMPs with a high selectivity, 

lifetime and smail amounts of SMPs. 



4. Re8ults and dl8cus81on 

The reactions conducted at 70'C were observed to be the optimum conditions for the reaction. For 

the metathesis reaction at 60'C, it was observed that PMP formation increased up to 52 .2 mol% 

and then decreased to 42.8 mol%. This observation was the result of the ethylene formation In the 

reactor. The ethylene coordinates to the catalyst, forming hydride species that increased 

Isomerization reactions (Figure 4.14) .'° The effect of the occurring isomerization reactions can be 

observed through the Increase In IP and SMP formations. 

4.3.4.3 Effect of precatalyst load on the metathesis reactions 

The effect of the Ru: 1-heptene ratio variation on the metathesis reactions was Investigated at 60'C 

for Gr1 (1), Gr2 (2) and Gr2Ph (3). The precatalyst ratios used for the study were 1 :7000 and 

1:9000 (Ru:1-heptene). which are presented in Figure 4.16 to Figure 4.17. The metathesis 

reactions ofGr1 (1) with 1-heptene at these precatalyst loads are shown In Figure 4.16. 
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Figure 4.16: The PMP, SMP and IP fonnatlon from 1-heptene at precatalyst loads of 1 :7000 (+) 
and 1 :9000 (A ) with Gr1 (1). 
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4. Results and discussion 

Differences In the PMP formations were observed during the variation of the precatalyst loads for 

the metathesis reactions of Gr1 (1) . The PMP formation decreased due to the fact that less 

precatalyst was available In the reaction mixture to be able to react with the 1-heptene. The 

decrease In precatalyst concentration also resulted in a decrease of the initial reaction rate 

(6.37 x 10" to 2.98 x 10" mol.s·') and TON (2631 to 1370) of the metathesis reactions. The IP 

formation increased but did not have any effect on the SMP formation. The reason for this 

observation can be that most of the precatalyst decomposed before the cross- and self metathesis 

reaction could convert the IPs to form SMPs or that the precatalyst was only selective towards 

PMP formation at these reaction conditions. 

The metathesis reactions of Gr2 (2) with 1-heptene for different precatalyst loads at 60'C are 

shown in Figure 4.16. 
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Figure 4.16: 	 The PMP. SMP and IP formation from 1-heptene at precatalyst loads of 1:7000 (+) 
and 1 :9000 ( .It. ) for Gr2 (2). 
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4. Results and discussion 

A slight decrease In the reaction rate (1.09 x 10.3 to 8.73 x 10~ moi.s·') and IP formation (5.46% 

decrease) was observed when the amount of precatalyst, for the metathesis reactions with 

1-heptene were decreased from 1 :7000 to 1 :9000. The decrease In IP formation resulted in the 

decrease of SMP formation due to the lower concentration of IPs that could be converted to the 

SMPs during cross- and self metathesis reactions. The selectivity of Gr2 (2) at a precatalyst load of 

1 :9000 showed an Increase when less SMPs are formed and the competing reactions decrease to 

form higher amounts of PMPs. 

The metathesis reactions of Gr2Ph (3) with 1-heptene for different precatalyst loads at 60'C are 

shown in Figure 4.17. 
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Figure 4.17: 	 The PMP, SMP and IP formation from 1-heptene at precatalyst loads of 1 :7000 (t) 
and 1 :9000 ("' ) for Gr2Ph (3). 

An increase of 25 .3 mol% for PMP formation, 33.6% for selectivity and 1769 for TON was 

observed at a precatalyst load of 1 :9000. The reaction rate, SMP and IP formation decreased for 

these metathesis reactions with 0.8 x 10.5 moi.s·' , 30.4 mol% and 3.7 mol% respectively. 
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The TON of the reaction Increased while there was less catalyst present In the reaction mixture to 

convert the 1-heptene to PMPs. This means that more i-heptene molecules were converted to 

products per precatalyst and that this conversion to products took longer because of the lower 

concentration of precatalyst, resulting In the lower reaction rate ofthe metathesis reactions. 

The decrease In IP fonnatlon resulted in a decrease in 8MP fonnation. which in tum led to an 

Increase in selectivity towards the PMP formation of the metathesis reaction with a precatalyst load 

of 1 :9000. During the metathesis reaction with a 1 :7000 precatalyst ratio, a similar trend was 

observed for the reaction at 60'C as shown In Figure 4.13. indicating that the decomposition 

effect, due to the ethylene accumulation, was prominent for the Gr2-type precatalysts used in this 

study for 1-heptene metathesis. 

4.3.4.4 Summary of 1-heptene metathesis reactions 

In Table 4.8 the three precatalysts (Gr1 (1), Gr2 (2) and Gr2Ph (3» are compared In tenns ofthe 

selectivity (8), TON, klnllfal and product formations under different reaction condltlons. 



4. Results and discussion 

Table 4.8: Comparisons between the different precatalysts for 1-heptene metathesis 
reactions. 

Ru: PMP SMP IP 
0/05'T Alkene (mol (mol (mol k1nltlalPrecatalyst TON 

('e) ratio %) %) %) (mol.s·i ) 

6.37 (±1.63) 
Grl (1) 60 1 :7000 37.6 2.2 0 94.5 2631 x 10'" 

1.09 (±0.14) 
Gr2 (2) 1:7000 46.8 36.5 5.46 52.7 3278 x 10" 

2.23 (±0.34) 
Gr2Ph (3) 1:7000 44.1 47.7 4.2 46.0 3089 x 10.5 

2.98 (±0.63) 
Gr1 (1) 1 :9000 19.6 1.3 1.8 86.3 1370 x 10'" 

8.73 (±1.13) 
Gr2 (2) 1 :9000 57.8 35.6 0 61.9 4044 x 10'" 

1.43 (±0.82) 
Gr2Ph (3) 1 :9000 69.4 17.3 0.5 79.6 4858 x 10-5 

3.74 (±0.73) 
Gr1 (1) 70 1:7000 13.8 0.3 0 98.2 966 x 10'" 

1.40 (±0.21) 
Gr2 (2) 1:7000 68.3 11.3 0 85.8 4783 x 10.3 

2.38 (±O.12) 
Gr2Ph (3) 1 :7000 64.5 20.5 4.9 71.7 4513 x 10.5 

3.23 (±0.5Z) 
Gr1 (1) 80 1 :7000 16.1 0.5 7.0 68.1 1129 x 10'" 

3.69 (±0.12) 
Gr2 (2) 1 :7000 48.9 37.1 0 56.8 3420 x 10'" 

4.56 (±0.36) 
Gr2Ph 1:7000 48.5 36.5 0 57.0 3397 x 10'" 

• Selectivity calculated towards the PMPs. 

The increase in temperatures from 60'C to 70'C for the metathesis reactions, resulted in an 

increase of PMP formation for Gr2 (2) and Gr2Ph (3), but the opposite was observed for the 

Gr1 (1) reactions. This observation can be explained by the fact that Gr1 (1) decomposes at the 

higher temperatures and that the other two precatalysts are more tolerant towards the higher 

temperature.9 In general the reaction rates for the Gr2 (2) reactions were higher than those of the 

other two precatalysts under the stated reaction conditions. The observation between the reaction 

rates of Gr1 (1) and Gr2 (2) metathesis reactions were made by Jordaan.2 The exception was the 

metathesis reaction with Gr2Ph (3) at 80'C, where the reaction rate was the highest of the three 

precatalysts. 



This observation can be due to the higher available energy because of the higher temperature, 

resulting In an easier dissociation of the hemilablle ligand to create an open coordination site for 

i-heptene to coordinate to the Ru-metal centre. These reaction conditions {a precatalyst load of 

1:7000 at 80'C} were found to be the optimum conditions for the metathesis reactions of i-heptene 

with Gr2Ph (3). 

For the metathesis reactions at 60'C with Gr2 (2) and Gr2Ph (3), the lower temperatures showed 

an increase in the IP formation which led to an Increase in SMP formation and a decrease in 

selectivity towards the PMP formation. At higher temperatures (80'C to iS0'C) Gr2 (2) 

decomposes to a hydride specie (50) and the efflclency of the catalyst decreases.11 The 

decomposition resulted in an Increase in IP and SMP formation due to the isomerization reactions 

for the metathesis reactions of i-alkenes with Ru-based precetalysts. 

With an Increase of the Ru:alkene ratio, the precatalyst concentration in the reaction mixture 

decreased, leading to a decrease In catalyst and SUbstrate contact, which in tum led to a decrease 

in activity of the reaction. The opposite was observed for the Gr2 (2) and Gr2Ph (3) precatalysts. 

The explanation for this observation could be that the precatalyst load of 1:9000 is the optimum 

ratio for these metathesis reaetlons. The optlmum conditions resulted In an increase in selectivity, 

TON and PMP formation, whilst the SMP and IP formation decreased. 

The decomposition reactions, due to the occurrence of ethylene accumulation In the reactor, had 

the largest impact on the metathesis reactions of i-heptene with precatalysts Gr2 (2) and 

Gr2Ph (3) at 60·C. As previously stated the ethylene reacts with the metal carbenes, which then 

results In the formation of hydride species and the decomposition of the precatalysts.1o This 

observation was not made for the Gri (1) reactions due to the slower reaetlon rates. The reason 

for this observation was that the reactions conducted with precetalysts (Gr2 (2) and Gr2Ph (3» 

resulted In higher PMP formations than for the Gr1 (1) metathesis reactions, which resulted in 

higher levels of ethylene formation within a closed system. 

4.3.5 1·Nonene metathesis reactions 

4.3.5.1 Introduction 

During the metathesis reactions of i-nonene the concentration of the i-alkene decreased while the 

PMPs, SMPs and IPs increased. The product formation was monitored by GC analysis. The PMPs 

formed during the metathesis reactions were found to be ethylene (C0 and 8-hexadecene (C1S), 

while the SMPs formed during the reactions were hydrocarbons of Cs to CIS as shown in 

Appendix A (SchemeA,4). 
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The metathesis reactions were only conducted at one temperature, namely 60'C, due to substrate 

availability. The comparison between different precatalysts at constant experimental conditions is 

discussed In §4.3.5.2. i-Nonene was used as received until the results of the first reactions with 

Gr1 (1) were obtained, thereafter the i-nonene was purified. The i-nonene was purified by filtering 

it through an alumina column under Nz to remove the 1-hexanol before using it for the metathesis 

reactions. The alumina was dried at 600'C overnight prior to use. 

4.3.5.2 Reactions at 60'C and 1 :7000 precatalyst load 

The metathesis reactions were initially performed without the pUrification of the i-nonene, which 

led to the observation that no significant products were obtained for reactions with Gri (1). In the 

MSD chromatogram (Figure 4.18) it was indicated that i-hexanol was the only oxygenated 

impurity present in the i·nonene mixture. For the sample injected into the MSD, nonane was used 

as a solvent. A neat sample of the nonane was tested to determine whether any impurities were 

present that could influence the product formations, but none were observed. 

9f) - .. 1-Nonene 

8(} ----+ Nonana 

1. 

f->1·Hexanol 

1 
Time (mtn) ",0 5:11 6,6 7.6 R;1l to: 0 11:0 13:6 IJ: 

Figure 4.18: 	 An example of a MSD chromatogram of the unpurified i-nonene prior to use in the 
metathesis reaction. 

The ratio of the peak areas between the i-hexanol peak and that of the 1-nonene was 0.58% 

before purification_ After purification the ratio decreased to 0.29% of i-hexanol present in the 

mixture. 



4. Results and discussion 

After purification of the 1-nonene, metathesis reactions with Gr1 (1) were performed and a 

significant amount of product formation was observed (Figure 4.19). 
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Figure 4.19: 	 The PMP, SMP and IP formation from unpurified (t) and purified 1-nonene (t ) with 
Gr1 (1). 

A significant difference could be observed between the reactions with the purified and unpurified 

1-nonene. After a large amount of 1-hexanol (0.29%) was removed the reaction rate, TON, 

selectivity, PMP and IP formation increased. Studies conducted on the metathesis reactions of 

1-octene with Gr1 (1), Hoveyda-Grubbs first (6) and second (7) generation precatalysts, in the 

presence of water, ethanol and butanol revealed the effect of solvents on product formation.3.' 

From these studies It was evident that the presence of solvents such as alcohols impedes product 

formation . It is believed that these solvents donate a H-ion which can partake In the reaction and 

deactivate the catalyst by means of hydrolysis.3 

80 



4. Results snd discussion 

The results obtained for the metathesis reactions of purified 1-nonene with Gr2 (2) at 60'C, are 

shown in Figure 4.20. 
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Figure 4.20: The PMP, SMP and IP formation during the metathesis reaction of purified 
1-nonene for Gr2 (2). 1-Nonene (+), PMP (4 ), SMP (. ) and IP (0). 

During the metathesis reaction of 1-nonene with Gr2 (2). a significant amount of PMPs 

(78.3 mol%) were formed within 273 min before the reaction equilibrium was reached . This 

Indicated a high reaction rate due to the high product formation within a short time. The self 

metathesis reaction of 1-nonene was found to be the preferred reaction, due to the low IP and 

SMP «5 mol%) formations and the high PMP formation. The efficiency of the catalyst at the stated 

reaction conditions was high, as a high TON (5438) was obtained for the reaction. A decrease of 

0.6 mol% In the PMPs was observed while an Increase In the SMP formation of 1.24 mol% was 

observed. 

The results obtained for the metathesis reactions of purified 1-nonene with Gr2Ph (3) at 60'C, are 

shown In Figure 4.21. 
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Figure 4.21: 	 The PMP, SMP and IP formation from the purified 1-nonene for Gr2Ph (3). 
1-Nonene (+), PMP ( 4 ), SMP (. ) and IP (0). 
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During the metathesis reaction of 1-nonene with Gr2Ph (3), only a small amount of PMPs 

(12.8 mol%) were fonmed within a 6 day period before the equilibrium of the reaction was reached. 

This Indicated that the reaction rate was extremely slow (1.28 x 10-ll moJ.s·1). The selectivity 

(81.6 mol%) for the reaction Was moderate, with a small amount of 8MP and IP fonmation 

(2.4 mol% and 0.5 mol%). The efficlency of the precatalyst under the stated reaction conditions 

was low as Indicated by a loW TON of 898. The low concentration of 1-hexanol present In the 

1-nonene reaction mixture led to the low PMP fonmation. 

4.3.5.3 Summary of 1-nonene metathesis reactions 

In Table 4.9 the three precatalysts (Grl (1), Gr2 (2) and Gr2Ph (3)) are compared in tenms of the 

selectivity (8), TON, i<JnlHal and product fonmations at 60'C with a precataiyst load of 1:7000 

(Ru:1-nonene). 

Table 4.9: 	 Comparisons between the different precatalysts for 1-nonene metathesis 
reactions at 60'C with a 1:7000 Ru:1-nonene ratio. 

PMP SMP IP 
Precatalyst (mol %) (mol %) (mol %) %S· TON kmltlal (mol.s·i ) 

Gr1 (1) 

(unpurified) 
 3.0 1.5 0.3 62.4 212 5.50 (±0.63) x 10-5 

37.7 0.7 5.1 86.9 2642 4.35 (±0.55) x 10"' (purified) 
77.7 3.1 0 96.1 5438 8.15 (±2.05) x 10"' Gr2 (2) 
12.8 2.4 0.5 81.6 898 1.28 (±0.52) x 10-ll 

calculated towards the PMPs. 

Gr2Ph (3) 

After the purification of the i-alkene, the PMP fonmations, reaction rates, selectivity and TON of the 

Gr1 (1) and Gr2 (2) metathesis reactions were significantly higher than for the Gr2Ph (3) 

precatalyst. \!\then the alcohol concentration within the i-alkene mixture was decreased, the 

negative effect Was not noticeable when using the Grubbs precatalysts 1 and 2. This can be 

attributed to the fact that the low concentrations of H-Ions fonmed have no impact on the 

dissociation of the PCy3""group; thus having no Influenca on the decomposition of the catalysts. 

Dinger and Moli2 suggested that the Grubbs precatalysts fonm a hydride when primarY alcohols are 

present during the reaction. These reactions are Increased at elevated reaction temperatures. The 

hemilabile ligand creates the open coordination site more easily towards the lower concentration of 

i-hexanoi in ratio to the 1-nonene, which increases the decomposition process of the catalyst. No 

further purifications were attempted due to the Ilmited amount of 1-nonene available. 



4. Results and discussion 

4.3.6 1·Decene metathesis reactions 

4.3.6.1 Introduction 

During the metathesis reactions of 1-decene the concentration of the 1-decene decreased while 

the PMPs. SMPs and IPs Increased . The product formation was monitored by GC analysis. The 

PMPs formed during the metathesis reactions were found to be ethylene (~) and 9-octadecene 

(C18), while the SMPs formed during the reactions were of varying hydrocarbon lengths as given in 

Appendix A (Scheme A.S). The precatalysts were tested at three different temperatures. The 

comparison between the different precatalysts at constant experimental conditions is discussed in 

§4.3.6.2. The 1-decene was used as received. 

4.3.6.2 Effect of temperature on the metathesis reactions 

The Influence of reaction temperature (60 'C, eo'c and 100'C) on the 1-decene metathesis 

reactions with the different precatalysts and a precatalyst ratio of 1 :7000 (Ru:1-decene) are shown 

in Figure 4.22 to Figure 4.24. The results obtained for the metathesis reactions of 1-decene with 

Gr1 (1) for a precatalyst load of 1 :7000 at different temperatures are shown In Figure 4.22. 
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Figure 4.22: 	 The PMP, SMP and IP formation from 1-decene at temperatures of 60 ' C (.) 
80'C (A ) and 100'C (_) with Gr1 (1). 
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The initial reaction rate was high for the first 20 to 30 min, where after the rate decreased and the 

maximum PMP product formation was obtained at 120 to 150 min. The trend for the metathesis 

reaction of Gr1 (1) with 1-decene Is comparable to the reaction trend observed at 30'C for the PMP 

formation of 1-decene reactions as studied by Booysen.13 Booysen13 observed that the reaction 

rate decreased after an hour and the maximum PMP formation obtained was 52 mol%. The 30'C 

reaction was monitored for 5 hours and the reaction only reached equillbrium after 

4 hours. The equilibrium for the metathesis reactions conducted at the higher temperatures (60'C, 

ao'c and 1OO'C) was reached earlier due to the increase in the activity of the catalyst. 

The PMP formation increased for reaction temperatures 60'C and 100'C, but a significant 

decrease In the 8MP (0.7 mol%) formation was observed for the 100'C reaction. This increase in 

8MP formation resulted in the decrease of the reaction selectivity. The reaction at ao'c was not as 

successful as the reactions at 60'C and 100'C, but PMP formation of 29.8 mol% was still 

observed. The competing reaction at 80'C was the Isomerization reaction, whIch led to elevated IP 

formation of 15.1 mol%. 

8MP formation was observed at the 80'C reaction, but it was at the same level as the other 

temperature reactions (60'C and 100·C). The low 8MPs Indicate that the cross- and self 

metathesis reactions at 80'C are slower and thus not the competing factors for the low PMP 

formation. During the self- and cross metathesis reactions of the IPs, 8MPs were formed and this 

resulted in a low selectivity ofthe catalyst towards PMPs. 

The difference between the PMP formations and reaction rates of the metathesis reactions 

conducted at 50·C. 80'C and 100'C can be due to pre-treatment as discussed in § 4.3.3.4. The 

reaction at 50'C had the same improved results as the reactions with 1-hexene in terms of the 

conversion of alkenes. The IP and 8MP formation for the reactions with 1-decene was higher than 

for the 1-hexene reactions, but this can be attributed to alkene chain lengths. Th,e result obtained 

at 100'C was also due to the pre-treatment with heat, because it was assumed that the catalyst 

would decompose and the equilibrium was reached earlier in the reaction. The assumption was 

made because Forman et al.' stated that the catalyst decomposes at temperatures higher than 

50·C. The Gr1 (1) metathesis reaction at 80'C was repeated where similar results were obtained. 

The optimum conditions for the metathesis reactions with 1-decene and Gr1 (1) were found to be 

at 100·C. This reaction had the highest PMP formation (60.3 mol%). TON (4218), reaction rate 

(1.40 x 10" mol.s·l ) and a high selectivity (81.4%) with the lowest 8MP formation of3 mol%. 

The results obtained for the metathesis reactions of 1-decene with Gr2 (2) for a precatalyst load of 

1 :7000 at different temperatures are shown in Figure 4.23. 
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4. Results and discussion 
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Figure 4.23: 	 The PMP. SMP and IP formation from 1-<1ecene at temperatures of 60 'C (+) 
80'C (A ) and 100'C (a l with Gr2 (2). 

The increase in reaction temperature resulted in an increase in TON from the 60'C to the 80'C 

reactions (4648 to 4779). but a decrease In the TON at 100'C (TON of 4421) was observed. The 

optimum temperature for the PMP formation during metathesis reactions with Gr2 (2) and 

1-decene was observed to be 80·C. For the reaction conducted at 80'C the amount of IPs 

decreased from 3.36 moi% to 2.36 moi% due to cross- and self metathesis reactions. converting 

the IPs to SMPs. A 23.2 mol% increase was observed for the SMPs. For the metathesis reaction of 

1-decene with Gr2 (2) at 80·C. a significant amount of PMPs were formed within 100 min before 

the reaction equilibrium was reached or decomposition of the precatalyst took place . This indicated 

a high reaction rate (6.61 x 10-4 mol.s·') as indicated by the high product formation within a short 

period of time. The PMP. SMP and IP formed during each of the metathesis reactions resulted in 

selectivities of 71.9% (60·C). 71 .4% (80'C) and 70 .4% (100·C). Therefore 80'C was the optimum 

temperature for the metathesis reaction. This can be attributed to the fact that the reaction had the 

highest PMP formation (68 .3 mol%). TON (4779) and reaction rate with the lowest IP formation of 

2.4 mol%. The selectivity was only a moderate 71 .4%. 

85 



4. Results and discussion 

The results obtained for the metathesis reactions of 1-decene with Gr2Ph (3) for a precatalyst load 

of 1 :7000 at different temperatures are shown in Figure 4.24. 
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Figure 4.24: 	 The PMP, SMP and IP formation from 1-decene at temperatures of 60'C (t) 
80' C (. ) and 100'C (a ) with Gr2Ph (3). 
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Graph A shows where the i-alkene conversion was completed for the metathesis reactions at 

60'C and 80·C. From FIgure 4.24 it appears that the i00'C reactlon did not reach completion. In 

graph B only the first two days of the metathesis reactions are shown to illustrate that the reaction 

at 100'C did indeed reach equilibrium. The same enlarged Illustration for C was given to 

demonstrate the PMP formation of the 100'C metathesis reac!lon in D. 

The PMP formation for the metathesis reactlon of i-decene with Gr2Ph (3) decreased from 60'C to 

80'C with 21.9 mol% and for the 100'C reactIon it decreased with 3.2 mol%. The IP formation for 

the reaction at 80'C increased from the beginning of the reac!lon from 0.62 mol% to 6.84 mol% 

and this resulted in the increase of the SMPs during the reaction from 2.54 mol% to 39.6 mol%. 

The optimum temperature for metathesis reactions with Gr2Ph (3) was 60'C where the highest 

PMP formation (7004 mol%), selectivity (85.2%) and TON (4931) occurred. Furthermore at these 

conditions the lowest SMP (11.7 mol%) and IP (0.6 mol%) formations were observed. VlAthin the 

first day the metathesis reactlon at 100'C produced the maximum PMPs (67.2 mol%) and had the 

highest reactlon rate. The PMP formations of the other temperatures after a day were 6.7 mol% 

(60'C) and 29.3 mol% (80·C). 

The effect of the ethylene, as discussed for the metathesis reactlons of 1-heptene, on the PMP 

formation was observed for the 80'C metathesis reaction of 1-decene with Gr2Ph (3). This was 

however not observed for the 60'C and 100'C reactions. For the 100'C reactlons the samples 

were taken at shorter time Intervals, thus preventing the accumulation of ethylene In the reactor 

due to pressure release during sampling. The reason for sampling at shorter time Intervals was 

due to the fast reaction rate at 100·C. The reaction rate for the 60'C reactlons were much slower, 

therefore resulting In the slower formation of ethylene. Although the reaction rate of the 80'C 

reactions was faster than for the 60'C reactions, sampling was not done as regularly as for the 

100'C reaction. This resulted In an ethylene accumulation In the reactor. 

4.3.6.3 Summary of 1-decene metathesis reactions 

In Table 4.10 the effects of different precatalysts with 1-decene under different conditions are 

compared In terms of the selectivity, activity, product formation and TON. 
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Table 4.10 Comparisons between the different precatalysts for 1-decene metathesis reactions. 

PMP SMP IP 
P recatafyst TeC) (mol%) (mol 'Yo) (mol%) ·%5· TON 

Gr1 (1) 60 55.8 3.7 6.1 85.1 3903 1.25 (±0.30) x 

Gr2 (2) 66,4 25.9 2.5 71.9 4648 4.15 (±1.09)x 10-4 

Gr2Ph (3) 70.4 11.7 0.6 85.2 4931 3.69 (±0.66) x 10-8 

Gr1 (1) 80 29.8 3.7 15.1 61.3 2086 7.22 (±1.90) x 10-4 

Gr2 (2) 68.3 25.0 2.4 71.4 4779 6.61 (±0.26) x 10-4 

Gr2Ph (3) 48.5 39.6 6.8 51.1 3395 1.29 (±0.82) x 10.5 

Gr1 (1) 100 60.3 3.0 10.7 81,4 4218 1,40 (±0.23) xi 0-3 

Gr2 (2) 63.2 23.1 3.5 70.4 4421 5.39 (±0.26) x 10-4 

Gr2Ph (3) 67.2 21.2 1.3 74.9 4705 9.69 (±0.66) x 10.5 

• Selectivity calculated towards the PMPs. 

From Table 4.10 It is clear that the metathesis reactions for precatalysts Gr1 (1) and Gr2Ph (3) 

were least efficient at 80'C in terms of PMP formation. but it was the optimum temperature for the 

PMP formation of Gr2 (2) metathesis reactions with 1-decene. The optimum temperature for PMP 

formation for Grl (1) and Gr2Ph (3) were at 60'C and 100'C respectively. At optimum conditions 

for PMP formation. the performances of the catalysts were efficient. (wfth TON of 3979 (i). 

4779 (2) and 4931 (3». Gr2Ph (3) had the longest lifetime when compared to Gr1 (1) and Gr2 (2) 

Indicating that the replacement of the PCY3-groUP with the N"O-ligand improves the lifetime and 

stability at higher temperatures. The increase in lifetime Indicated that the complex was more 

stable. which resulted In a slower decomposition of the catalyst. The initial rate at which products 

were formed was slow and competing reactions started to increase with the extended lifetime of 

Gr2Ph (3). The selectivity of the three precatalysts was the highest at 60'C, but Gr1 (1) had the 

highest selectivity. followed by Gr2Ph (3) and Gr2 (2). 

4.4 Comparison of 1-alkene metathesis reactions 

To compare the synthesized complex Gr2Ph (3) to Gr1 (1) and Gr2 (2), during metathesis 

reactions, the same reaction conditions were used: 60'C with a precatalyst load of 1 :7000 

(Ru:alkene). The temperature was chosen to compare the precatalysts at the highest temperature 

possible due to the low boiling point of 1-hexene. 

No metathesis products were observed with Gr2Ph (3) for metathesis reactions conducted at 

temperatures lower than 50·C. This observation was made after a reaction time of 420 min and 

with a precatalyst load of 1 :7000 (Ru:alkene): 



The data obtained at the comparative conditions are used to compare the 1-alkenes as shown in 

Table 4.11. 

Table 4.11: 	 Comparisons between the different precataiysts for i-alkene metathesis 
reactions at 60'C with a 1 :7000 Ru:1-alkene ratio. 

PMP SMP IP 
(mol (mol (mol 

Precatalyst Alkene %) %) %) %S' TON klnttJal (mol.s·1) 

Gr1 (1) Hexene 27.5 0.5 0 98,4 1924 6.17 (±0,41) x 

Gr2 (2) 73.0 17.9 0 80.3 5113 1.50 (±0.17) x 10-3 

Gr2Ph (3) 7004 iDA 0 87.0 4926 1.22 (±0,45) x 10.5 

Gr1 (1) Heptene 37.6 2.2 0 94.5 2631 6.37 (±1.63) x 10-4 

Gr2 (2) 46.8 36.8 5.5 52.7 3278 1.09 (±0.14) x 10-3 

Gr2Ph (3) 44.1 47.7 4.2 46.0 3098 2.23 (±0.34) x 10.5 

Gr1 (1) Nonene 37.7 0.7 5.1 86.9 2642 4.35 (±0.55) x 10-4 

Gr2 (2) 77.7 3.1 0 96.1 5438 8.15 (±Z.05) x 10-4 

Gr2Ph (3) 12.8 2.4 0.5 81.6 898 1.28 (±0.52) x 10-6 

Gr1 (1) Decene 56.8 2.9 3.0 90.5 3979 1.25 (±0.30) x 10-3 

Gr2 (2) 66.4 25.9 2.5 71.9 4648 4.15 (±1.09) x 10-4 

Gr2Ph (3) 7004 11.7 0.6 85.2 4931 3.69 (±0.66) x 10-6 

• Selectivity calculated towards the PMPs. 

During the metathesis reactions of 1-hexene with precatatysts (Gr1 (1), Gr2 (2) and Gr2Ph (3», no 

IP formation was obseNed but the formation of SMPs was however, stili obseNed. This Indicated 

that there were IPs formed during the metathesis reactions. The IPs could have been converted to 

SMPs through cross· and self metathesis reactions, but it was only formed In low concentration. 

The metathesis reactions with the four i·alkenes resulted in the selectivity of the Gr1 (1) reaction 

to be the highest, and the PMP formation and TON of almost all the Gr2 (2) reactions to be the 

highest. Literature supports this obseNation as It was stated that the replacement of the 

PCy,-group with a NHC-ligand improves the activitY and stability of Gr1 (1).14 

After the replacement ofthe PCy3-grouP of the Gr2 (2) precatalyst with a WO hemilablle ligand, the 

lifetime Increased and PMP formation was almost the same as for the Gr2 (2) reactions. This 

shows that the hemilablle ligand Is an improvement on the lifetime of the reactions conducted with 

Gri (1) and Gr2 (2). An increase of TON was also obseNed when compared to the Gr1 (1) 

reactions but similar to those of the GrZ (2) reactions. 



Metathesis reactlons conducted by Huijsmans5 with 1-octene and Gr2Ph (3) at 60'C with a 

precatalyst load of 1:9000, showed that the catalyst had a very high activlty due to the formatlon of 

83 mol% PMPs within the first hour, where after equilibrium was reached after 995 min. 

The equilibrium was not reached as quickly as for the metathesis reactions of 1-hexene, 

1-heptene, 1-nonene and 1-decene with Gr2Ph (3). The highest PMP formations were obtained in 

the metathesis reactions with 1-hexene (70.4 mol%) and 1-decene (70.4 mol%). The PMPs formed 

were only observed after 24 and 25 days, respectively, indicating that the activity was lower than 

observed for 1-octene reactions and that the equilibrium was reached later. 

The difference in the PMP formation between the 1-alkenes used in this study and 1-octene is 

attributed to the different experimental setups. The 1-octene reactions that were conducted in a 

larger reactor with a bubbler system, by Jordaan2 and Huijsmans5
, prevented the ethylene 

accumulation in the reactor. The metathesis reactions conducted on the small reactor was In a 

closed system, causing ethylene to accumUlate which could have influenced the reaction 

negatively by suppressing the PMP formation, due to catalyst decomposition. The ethylene 

coordinates to the Ru metal and forms a hydride species (50), resulting in the decomposition of the 

catalyst.10 For the smaller scale reactions the Initial rate of PMP formation decreased after 4 days 

and the SMPs started to Increase for the 1-hexene and 1-decene reactions. These ethylene effects 

on the metathesis reactlons were observed mainly for 1-heptene and 1-decene reactions with 

Gr2 (2) and Gr2Ph (3). This might be due to the moderate and high reaction rates for the 

conversion ofthe 1-alkenes to PMPs. 

Mtshatshenl15 Investigated the metathesis reactions of 1-octene with Gr1 (1) and Gr2 (2) by using 

the small scale reactors. The RU:1-octene ratio used was 1:100 at a reaction temperature of 50'C 

In the presence of chlorobenzene (PhCI). The PMP formation for the 1-octene reactions were 

higher (40 mol%) than for the 1-hexene (27.5 mol%), 1-heptene (37.6 mol%) and 1-nonene 

(37.7 mol%) reactlons, but lower than for the 1-decene (56.8 mol%) metathesis reactions, 

indicating that the metathesis reactions of Gr1 (1) with the longer alkene chains results In higher 

PMP formations than for the shorter chain lengths. Higher PMP formations for the metathesis 

reactions In this study were expected because the temperatures were higher than the reactions 

conducted by Mtshatsheni.15 The PMP formation of the Gr2 (2) reaction was 47 mol% and the IP 

formation 10 mol% at 50'C, whereas higher PMPs were formed for 1-hexene (73 mol%), 

1-heptene (46.8 mol%) and with 1-nonene (77.7 mol%). The metathesis reactions at 50'C and 

100'C were monitored for 300 min by Mtshatshenl15 and no ethylene effects were observed, 

although the small reactors were used. 
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During a previous study' it was observed that the addition of the solvent PhCI gives rise to 

optimum metathesis activity when compared to other solvents (E~O, cyclohexane and 

nitrobenzene) In the metathesis reactions of Gr1 (1).3 

The combination of the bubbler system and an inert atmosphere were used during the metathesis 

reactions of 1-octene to prevent catalyst decomposition. Ethylene accumulation in the large system 

was prevented by the use of a bubbler and N2. This prevented the Gr1 (1) and Gr2 (2) catalysts 

from forming carbonyl specles.12 These carbonyl species can be converted into the hydride 

species (50) leaving the catalyst inactive for metathesis reactions. 

Metathesis reactions for 1-octene with Gr2 (2) monitored for 420 min at different temperatures 

resulted in no ethylene decomposition of the catalysts.2The increase in temperature resulted in an 

increase In the PMP fonmatlon, but an increase in the SMPs was also observed.2 The PMP 

increase was observed for the 1-heptene and 1-decene reactions, but not for the SMP fonmations. 

The reason for these observations was because of the ethylene effects on the catalysts 

decomposition. The Gr1 (1) reactions were also monitored for the time mentioned and the highest 

PMP fonmation was obtained for the 35'C reactions. The higher temperatures (60'C, 70'C and 

80'C) resulted in a lower PMP fonnatlon due to the decomposition of the catalyst at higher 

temperatures? This observation was, however, not made for i-hexene and 1-decene metathesis 

reactions at higher temperatures. The results obtained for these reactions can be due to the 

pre-treatment of the precatalyst that increased its stability towards higher temperature reactions. 

Similar observations were made for the metathesis reactions of 1-hexene and 1-heptene. 

Metathesis reactions with i-octene and Gr2Ph (3) at different temperatures (50'C, 60'C, 70'C, 

80'C, 90'C and 100'C) and a precatalyst load of 1 :7000 were investigated by van der Gryp' for 

420 min. An increase in the PMP fonnations were observed for the temperatures up to 90'C where 

after a dramatic decrease was observed. The maximum PMP fonnation was obtained for the 

reaction conducted at 80'C, but this reaction also had the highest SMP ronmatlon. 

Jordaan2 observed that cis and trans PMP confonmations ronmed during a metathesis reaction of 

1-octene and Gr1 (1) at 25'C. The two confonners were also observed by van der Gryp' for 

metathesis reactions of 1-octene with Gr2Ph (3) at temperatures ranging from 50'C to 100·C. The 

different PMP confonners were only observed for the metathesis reactions of 1-nonene in this 

study. The two confonmers were present at the first observation of PMP fonnation. As the PMP 

concentrations increased dUring the reaction, only one product peak was visible (Figures 3.3 to 

3.6). The same observation was made for the metathesis reactions of 1-octene with Gr2Ph (3) at 

60'C by Huijsmans.5 The reason for this being that the Volatility of the conronmers is similar. 

http:specles.12


The oven programs were changed to determine if the conformers could be separated, but with no 

success. 

The reaction rate of the Gr1 (1) reactions are different for the different alkene lengths. From the 

data in Table 4.9 it seems that the shorter the alkene chain length the slower the metathesis 

reactions. The observation made for the metathesis reactions conducted with precatalysts Gr2 (2) 

and Gr2Ph (3) was that the reaction rates are slower for the longer 1-alkenes. These two 

precatalysts have large ligands attached to the Ru metal and the stencal hindrance may have an 

Influence on the reaction rate of the longer 1-alkenes. Grubbs and Ulman16 observed that the effect 

of the sterle bulk of the SUbstrate and the ligands, coordinated unto the Ru metal, has an Influence 

on the reaction rates. 

The low concentration 1-hexanol present in the 1-nonene mixture has a large impact on the 

metathesis reactions with Gr2Ph (3) and not on the other two precatalysts used. This is the reason 

for the 12.8 mol% PMP formation for the 1-nonene metathesis reactions. The equilibrium for the 

metathesis reaction was reached early (6 days) at a low temperature, while the equilibrium was 

reached after a longer penod of time for the other 1-alkene metathesis reactions with Gr2Ph (3). 

4.5 Catalyst lifetime metathesis reactions 

To determine the lifetime of Gr2Ph (3), an additional 2.5 mL of the 1-alkenes were added when 

most of the 1-alkenes Were converted, as discussed in § 3.4.2. Only one addition of the 1-alkenes 

was made to determine whether the precatalysts were still active after equilibrium was reached. 

The results obtained were compared to the performance of Gr1 (1) and Gr2 (2) to determine the 

lifetime improvement of the hemilabile ligand coordinated onto the Ru-metal centre, precatalyst 

Gr2Ph (3), shown in Figure 4.25. 
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4. Results and discussion 
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Figure 4.25: The lifetime determining metathesis reactions with Gr1 (1). Gr2 (2) and Gr2Ph (3) 
for the PMP formation for 1-hexene (t) and 1-heptene (.t. ) reactions. 
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4. Results and discussion 

The graphs in Figure 4.26 show the PMP formation In the metathesis reaction with the 

precatalysts (Gr1 (1). Gr2 (2) and Gr2Ph (3» and the time It takes the precatalysts to convert the 

1-alkenes to maximum PMP formation. From Figure 4.26 (the PMP formation of the 1-heptene 

reaction with Gr2Ph (3» and Figure 4.26 (the 1-heptene conversion and SMP and IP formations) it 

appears that the time of the experimental data point for the first addition (10.7 days) coincides with 

the time of the first experimental data point of the second addition (10.81 days) . The reason for is 

that the time axes of the figures are In days, although the second reaction was only commenced a 

few hours after the first reaction reached equilibrium. 

The lifetime determining reaction of 1-hexene with Gr2Ph (3) was repeated, but the PMP fonnatlon 

was stili low, with no activity observed after the second addition of 1-hexene. The lifetime 

determining reaction for 1-heptene with Gr2Ph (3) shows that the catalyst Is still active when 

1-heptene was added for the second time. The reaction rate decreased during the second addition 
5from 1.45 x 10. mol.s·' to 6.66 x 10'" mol.s·' due to the Increase In the Ru:1-alkene ratio . lMlen 

looking at the PMP fonnation for the Gr2Ph (3) reaction, the PMPs started to decrease after five 

days. This might be attributed to the ethylene accumulation In the mini reactor. The ethylene 

formation as discussed In Scheme 4.1, results In the formation of the catalyst hydride (60) and 

promotes the Isomerization reaction. 

The graphs in Figure 4.26, Illustrate the SMP and IP fonnatlon as well as the decrease In the 

1-heptene. 
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Figure 4.26: 	 The alkene conversion (+) as well as the SMP (~ ) and IP (. ) formation from 
1-heptene at 60'C with Gr2Ph (3) . 

From the data In Figure 4.26 it can be seen that the metathesis reaction of 1-heptene reached 

equilibrium conditions, while the PMPs started to decrease as it was converted to SMPs. 
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During the second addition the reaction rate was slower, which resulted in a slower ethylene 

formation and the decomposition of some of the catalyst, thus resulting in no decrease in the PMP 

formation. The IP and SMP formations decreased as the ratio of Ru:1-alkene increased as 

discussed for Figure 4.17. 

In addition the metathesis reaction of 1-heptene at 60'C in §4.3.4.2 was conducted in a 5 mL 

reactor. The rate of these reactions were slower with less PMPs formed (6.8 mol%) than for 

reactions conducted in larger reactors. The lifetime determining reactions were conducted in a 

10 mL reactor where there was a larger volume available for the ethylene to accumUlate in, 

resulting in a larger PMP conversion. 

In Table 4.12 the product formations, reaction times, selectivity and TON of each addition is 

shown. 

Table 4.12: Comparisons between the different precatalysts for the lifetime determining 
reactions for and 1-hexene at 60·C. 

Precatalyst Addition Alkene Time 
(min) 

PMP 
(mol 
%) 

SMP 
(mol 
%) 

IP 
(mol 
%) 

S 
(%) 

TON klnillal 
(mol.s-1) 

Gr1 (1) Hexene 61 32.7 1.7 0 95.2 2292 9.11 (±1.81) 

X 10-6 

2 135 0.3 0.3 0 51.7 18 

1 Heptene 82 50.0 3.5 0 93,4 3499 7.67 (±0.63) 

x 10-4 

2 142 0.5 2.3 0 18.2 36 

GrZ (2) Hexene 497 55,4 4.3 0 92.8 3879 1.20 (±O.23) 

x 10-3 

2 590 0.5 0.2 0 70.6 35 

1 Heptene 391 44.5 4,4 0 91.1 3117 7.50 (±0.35) 

x 10-4 

2 650 0.7 0.5 0 57.0 48 

GrZPh (3) Hexene 24097 37 4.9 0 88,4 2592 6.73 (±0.30) 

x 10-6 

2 41261 0.3 0.7 0 31.7 21 

1 Heptene 15405 46,4 43.9 4.5 51,4 3251 1,45 (±0.S7) 

x 10.5 

2 49605 47.5 0.1 0 99.8 3321 6.66 (±0.7S) 

x 10-6 



The general observation was that the reaction rate and TON decreased after the addition of the 

1-alkenes. This could be due to the fact that the Ru:alkene ratio becomes larger when a sample is 

extracted, leading to less catalyst to perform the metathesis reaction or that a percentage of the 

catalyst has decomposed. This also has an Impact on the PMP formation and selectivity of the 

reactions. The lifetime reaction of 1-heptene with Gr2Ph (3) showed an increase in the PMP 

formation after the second addition of the i-alkene. 

Gr2Ph (3) showed an increase In lifetime for the i-heptene reactions, thus meaning it was still 

active after the second addition, when compared to Gri (i) and Gr2 (2). The metathesis reactions 

for Gr1 (1) were active for 61 min. with 1-hexene and 82 min. with 1-heptene. Gr2 (2) was active 

for 497 min. with 1-hexene and 391 min. for 1-heptene, whilst Gr2Ph (3) was active for 24097 min. 

(16 days) with i-hexene and 49 605 min. (34 days) for 1-heptene. From these observations it could 

be said that the synthesized Gr2Ph (3) showed an imprOVement in catalyst lifetime. The optlmum 

PMP formation for the 1-heptene reactions with Gr2Ph (3l was at 2.75 days with a TON of 4129 

and a selectivity of 73.7%. After 2.75 days, however, the ethylene reacted with the precatalyst and 

isomerization reactions decreased all of these values. 

4.6. NMR characterization of carbene species 

In addition a lH-NMR inVestigation was conducted to IdentifY the carbene species dUring the 

metathesis reactions of 1-hexene and 1-octene with Gr1 (i) and Gr2Ph (3l in deuterated 

chloroform (CDCla). These reactlons were investigated with a precatalyst load of 1:40 

(Ru:1-alkene) at 30·C. The metathesis reaction of i-octene with Gr1 (1) was done to compare to 

the results obtained in a previous study of which the reaction temperature was 30'C, and a 

300MHz NMR instrument was used? Scheme 4.2 illustrates the formation of the carbene species 

that were formed during the metathesis reactions. 

H H H
1-....lk.ne2 RU=ci RU=ci + RU=ci 

'Ph 'Cn 'H 

Benzylidene A1kylldene M.lhylld.ne 

Scheme 4.2: 	 The formation of the aikylldene and methylidene species during the metathesis 
reaction with a i-alkene. 

4.6.1. NMR investigation of Gr1 

The carbene species formed dUring the metathesis reactions ofthe 1-octene and i-hexene at 30'C 

with Gri (1) are illustrated in Figure 4.27 and Figure 4.28, respectively. 
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Figure 4.27: 	 The lH-NMR spectra for the carbene proton resonance signals of a 1-octene 
metathesis reaction with Gri (1) at 30'C in CDC!,. 

'\.----"------Hr' '--.--l--Ir-"'----- t=25mln 
->;.-........-----:--I--II-''---iH-''---- l=22mln 

--........------,.+-11-''---1--.1--''---- 1=19mln 
-----'------t-l--ft-' '----l--''---- !"'16mln 

----'------+-IY'-----f-''---- t=12mln
-----'-------+1-' '----t-'''---- !=9mln 

::;:::=,;=~;::,=::;:,:::::::":::::;:=r,:"';;:::::;,=::::::,;:==;=:;: 1=8mln 
20.2 20.0 19.8 19.6 19.4 19.2 19.0 ppm 

Figure 4.26: 	 The lH-NMR spectra fur the carbene proton resonance signals of a i-hexene 
metathesis reaction with Gr1 (1) at 30'C in CDC!,. 

Three carbene peaks were already present at the reaction times of 11 min fur the i-octene and 

8 min for the i-hexene metathesis reactions. The Ho.-proton (H*) of the carbene ligand is influenced 

by the group attached to the carbene C-atom. The chemical shift fur the Ho.-carbene proton (H*) for 

benzylidene of Gri (1) was observed as a singlet at a high &-value (lower magnetic field) of 

20.06 ppm. The chemical shift for the H",-carbene proton for heptyUdene was observed as a triplet 

signal at a &-value of 0 19.35 ppm. For the methyUdene the chemical shift for the 

H",-carbene proton (H*) was observed as a singlet at a lower &-value (higher magnetic field) of 

1) 19.00 ppm. The resonance values obtained for the different carbene species correlated with the 

results of Jordaan et al.17 



The heptylldene and methylidene resonance signals were observed after the first 14 min of the 

metathesis reaction conducted at 25c G In GOGIa with i-octene and Gr1 (1). The observation of the 

different carbene species after a short reaction time Illustrates a fast reaction rate for these 

metathesis reactionsY The changes In the Intensity of the resonance signals during the course of 

the metathesis reactjons of 1-octene and 1-hexene with Gr1 (1) are illustrated in Figures 4.29 and 

4.30. 

(c) /) = 19.00 ppm 

Figure 4.29: 	 The tH-NMR spectra of the carbene proton (Ha) area of a 1-octene metathesis 
reaction with Gr1 (1) at 30'G in GOGb. 

Figure 4.30: The tH-NMR spectra of the carbene proton (Ha) area of a 1-hexene metathesis 
reaction with Gr1 (1) at 30'G in GOGb. 



For both of these metathesis reactions with Gr1 (1), a decrease of the benzylidene was observed 

with a simultaneous increase in the alkylidene and methylldene formation. This suggests that the 

benzylidene was converted Into the other two carbene species. All of the benzylidene was 

converted after 46 min for the 1-octene reaction and after 17 min for the 1-hexene reaction. 

The heptylidene signal showed a significant increase within 11 min followed by a gradual decrease 

for 5 hours during the 1-octene metathesis reactions as shown in Figure 4.29 (b). The pentylidene 

signal (Figure 4.30 (b» showed a significant increase within 8 min and then a gradual decrease for 

101 min during the i-hexene metathesis reactions. 

This observation can be due to the decomposition of the catalyst during the metathesis reactions. 

For both of the i-alkene metathesis reactions the benzylidene was rapidly converted into the 

alkylldene species, but the formation of the methylidene was slower. Ulman and Grubbs16 

observed that the alkylidene species was more reactive when compared to the methylldene during 

the metathesis reactions of alkenes with Gr1 (1). The same trend was observed by Jordaan et alP 

The methylldene formation for the 1-octene and i-hexene had a gradual increase for the first 

79 min (Figure 4.29 (e)) and 58 min (Figure 4.30 (e), respectively, for the metathesis reactions. 

During the metathesis reactions of 1-octene and i-hexene the benzylidene was converted to the 

alkylldene and methylldene species. The conversion of the benzylidene to the alkylldene was 

faster than the methylldene formation. The rapid formation of the alkylidene species, the kinetically 

favoured species, was also observed by Ulman at al.,16 during the investigation of the metathesis 

reactions of linear alkenes with Gr1 (1). The results obtained are in correlation with what was found 

in literature. This confirms that the correct experimental method was followed. 

Figure 4.31 shows an Illustration of the alkene resonance signals, with C and D depicting the 

terminal- and Intemal alkenes, respectively. 



A-Cs 

o 

6.0 

8 - Cs 

o c c 
'-1---t---' '--___Jvu'·L..___ 1=25mln 

~'-t_-I--"''--__--'AA.M~___ 1=22mln 

_____,·....-t-_f----''--___Jvu'·L.___ l=19mln 

!=16mln 

r ........,_+--' '--___IVV·'-___ !=12mln 

::;=;:==:::::;;:::;::;::::;::::::;::~:::::;:::::-;::_=..~~.::;:::::::;:::::;::=;: 1=8mlnI I ) 1 j I I 
6.0 5.8 5.6 5.4 5.2 5.0 4.8 ppm 

Figure 4.31: The lH-NMR spectra of!he alkene resonance signal of 1-octene (A) and i-hexene 
(8) ofthe metathesis reaction with Gr1 (1) at 30'C in CDCIa. 

It should be noted that the NMR-spec!ra does not specify the amount and type of in!ernal- and 

tennlnal alkenes present, but a wide variety of alkenes were funned during the metathesis 

reactions of i-octene and 1-hexene with Gri (1). This figure illustrates that metathesis products 

were observed within the first 11 min (i-octene) and 8 min (i-hexene) of the reactions with Gr1 (1). 



4.6.2. NMR investigation of Gr2Ph 

The carbene species that was formed during the metathesis reactions of 1-octene and 1-hexene at 

30'C with Gr2Ph (3) in CDCb are illustrated in Figure 4.32 and Figure 4.33 respectively. 
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Figure 4.32: 	 The 1H-NMR spectra of the carbene proton signal of a 1-octene metathesis 
reaction with Gr2Ph (3) at 30'C in CDCb. 
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Figure 4.33: 	 The lH-NMR spectra of the carbene proton signal of a 1-hexene metathesis 
reaction with Gr2Ph (3) at 30'C in CDCh. 

The H",-proton resonance signal of the carbene proton of the benzylidene of Gr2Ph (3) appears at 

a O-value of 17.06 ppm and no other resonance signals were observed in the carbene resonance 

signal area (O-values of 21 to 15 ppm). The changes in the signal Intensity during the course of the 

metathesis reactions of 1-octene and 1-hexene with GrZPh (3) are illustrated in Figures 4.34 and 

4.35. respectively. 

(1) /) =17.18 ppm 

Figure 4.34: The lH-NMR spectra of the carbene proton (Ha) area of a 1-octene metathesis 
reaction with GrZPh (3) at 30'C in CDCh. 
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Figure 4.35: 	 The 1H-NMR spectra of the carbene proton (H~) area of a 1-hexene metathesis 

reaction with Gr2Ph (3) at 30'C In CDCb. 

The metathesis reactions with Gr2Ph (3) showed an increase In benzylidene for 9.5 and 4.7 hours 

for 1-octene and 1-hexene respectively, where after a gradual decrease was noted for the 

1-hexene reaction. For the metathesis reaction of two different 1-alkenes with the same precatalyst 

(Gr1 (1)), the same trends were observed for the formation of carbene signals. These observations 

can then also be assumed for the Gr2Ph (3) metathesis reaction. 

It was anticipated that the benzylidene will decrease while being converted Into the alkylidene and 

methyIidene and that a chemical shift will be observed for the different species. A NMR 

Investigation of a hemilabile ligand (8) conducted by Jordaan2 at 50'C in CDCb, showed five 

different carbene resonance signals. These peaks correlate well with the group coordinated to the 

metal centre for benzylidene, rnethylldene and heptylidene (Scheme 2.16 nr 3,33,36) as well as 

the de-coordinated form of the benzylidene and methylidene carbenes (Scheme 2.16 nr 27,31, 

32). 

The only carbene peak observed was at the Il value of the benzylidene signal as stated in § 4.2.3 

(Table 4.2). The change of the resonance signal intensity of this benzylidene signal resembles the 

methylidene carbene profile of the Gr1 (1) reactions. This might be attributed to the different 

carbene signals coinciding at a &-value of 17.06 ppm. 

Figure 4.36 shows an illustration of the alkene resonance signals, with C and 0 depicting the 

terminal- and Internal alkenes respectively. 
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Figure 4.35: 	 The tH-NMR spectra of the alkene resonance signals of 1-octene (A) and 
1-hexene (8) for metathesis reactlons with Gr2Ph (3) at 30'C In CDCh. 

Although only one carbene resonance signal was observed, alkene metathesis did occur. It is well 

known that metathesis products are formed during metathesis reactions conducted with 

Gr1 (1).11,13,15-17 As illustrated in Figure 4.31 one can observe the terminal- and Intemal alkenes. In 

Figure 4.35 the intemal alkenes (D) are present, but In small amounts at 14 and 20 min. The 

increase in the signal Intensity demonstrates the formation of more metathesis products, thus 

confirming that metathesis products were formed for the Gr2Ph (3) reactions. 



From these two figures the observation can be made that the rate at which the metathesis prcducts 

are fonned for the Gr1 (1) reactions are faster than for the Gr2Ph (3) metathesis reactions. This 

observation was also made for the metathesis reactlon with i-hexene, i-heptene, 1-nonene and 

1-decene in § 4.3. 

From § 4.4 it was also observed that the reaction rates are dlffurent for these two precatalysts. Van 

der Gryp' stated that metathesis was not possible for Gr2Ph (3) reactlons at temperatures below 

50'C when Using a precatalyst load of 1:7000. These metathesis reactions were monitored for 

420 min at 30'C and no products were observed. Frcm the NMR study conducted at 30'C, 

metathesis products were fonned with a precatajyst load of 1 :40 (Ru:1-alkene). This means that 

the amount of catalyst available in the reaction mixture at this low temperature is important for 

metathesis products to form. 

In Figure 4.37 and Figure 4.38 chromatograms are shown to illustrate the metathesis products 

fonned during the reactions of i-hexene and 1-octene at 30'C In the presence ofCDCb. 
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Figure 4.37: 	 A chromatogram of the NMR inVestigation of 1-hexene with Gr2Ph (3) at 30'C in 
CDCh. 
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Figure 4.38: 	 A chromatogram of the NMR Investigation of 1-octene with Gr2Ph (3) at 30 'C in 
CDCI3. 

From Figure 4.38 A and B It was observed that the formation of Intemal alkenes was slow during 

the metathesis reacUons for 1-octene and 1-hexene. The formation of the SMPs (nonene and 

tridecene) was observed to be high from Figures 4.37 and 4.38 when compared to the PMP 

formations. The increase in the concentration of the catalyst might result in the formation of 

metathesis products but It also Increases the isomerization reacUons. Jordaan17 and van 

Sckalkwyk3 also made the observation that the increase in the concentration of catalyst available in 

the reacUon mixture increases the Isomerization reactions which then results in an Increase in SMP 

formations. This indicates that although only one carbene was observed during the 

NMR-investigation and not five as stated In a previous study with a similar type of precatalyst 

(hemilabile precatalyst), metathesis products were still obtained . From the metathesis reactions of 

Gr2Ph (3) with the 1-hexene a larger amount of SMPs were observed for the lower temperature 

reactions, thus correlating with the observation made during the NMR Investigation. 

As stated in § 4.4, the different conformers (cis and trans) for the 1-octene reacUons were 

observed by Jordaan2 and Figure 4.38 Is an illustration of this observation. The SMP products 

shown in Figure 4.38 also show that a distincUon can be made between the different conformers. It 

was also observed from the metathesis data obtained from 1-hexene reacUons that no distinction 

could be made between the conformers, as illustrated in Figure 4.37. 

105 



4.7. Closing remarks 

Three main aspects were addressed In this chapter, which include; 

1) the synthesis of Gr2Ph (3) for the confinnation of repeatability, 

2) the catalytic perfonnances of,Gr1 (1), Gr2 (2) and Gr2Ph (3) for the metathesis reactions of 

dH'ferent i-alkenes (1-hexene, 1-heptene, i-nonene and i-decene) and 

3) the characterization of the actlve species present during the metathesis reactions with 

precatalyst 3 by means of NMR. 

The Gr2Ph (3) precalalyst was successfully synthesized and characterized as mentioned in § 4.2. 

Furthermore it was found that the metathesis reactions of the different 1-alkenes with precatalysts 

1, ~ and 3 were strongly Influenced by temperature effects. The metathesis reactlon with Gr1 (1) 

were more selective towards the PMP fonnation than Gr2 (2) and Gr2Ph (3), thus Indicating that 2 

and 3 have a higher SMP and IP fonnation. Metathesis reactlons with Gr1 (1) could be improved 

when the precatalyst was pre-treated with heat. This change in the preparation method resulted in 

an Increased lifetime and a higher PMP formation. The Initial reactlon rate of Gr1 (1) was higher 

than for the other two precatalysts, but the lifetime of Gr2 (2) and Gr2Ph (3) was longer. 

The NMR investigation was done to detennine the dH'ferent actlve species present during 

metathesis reactions of 1-octene and 1-hexene with precatalyst 3. It was found that metathesis 

reactlons conducted at 30'C and a 1:40 Ru;alkene ratio had a product fonnation which was high in 

SMPs and IPs. It was found that the products were formed through a mechanism where only one 

carbene species was present. 

4.8. References 

1. 	 Herrmann, W.A., Lobmaler, G.M., Prienneier. T" Mattner, M.R. and Scharbert. B•• J. Mo/. 

Cata/. A: Chern., 1997, 117.455 

2. 	 Jordaan, M., Experimental and Theoretical investigation of New GrublJs..type 

Catalysts for the Metathesis ofAlkenes, Ph.D thesis, (North-West University), 2007 

3. 	 van Schalkwyk, C., Die Katalitiese Sinlese van Unie~re Alkene via 'n Metatesereaksie, 

Ph.D thesis. (Potchefstroomse Universiteit vir Christelike Hoer Onderwys), 2001 



4. 	 van der Gryp, P., Separation of Grubbs-based catalysts with nanofiltration, Ph.D 

thesis, (North-West University), 2008 

5. 	 Huijsmans, G.A.A., Modelling and synthesis of Grubbs-type complexes with 

hemilabile ligands, M.Sc dissertation, (North-West University), 2009 

6. 	 Roscher, P., Mode/lering en sintese van Grubbs-tipe komplekse met imienligande, 

M.Sc dissertation, (North-West University). 2009 

7. 	 Haung, J., Schanz, H.-J., Stevens, E.D. and Nolan, S.P., Organomeiallics, 1999, 18,2370 

8. 	 Bal. C.-X., Zhang, W.-Z. and He, R. :r International Conference of Functional 

Molecules. 2005. Dafian, 269 

9. 	 Fonnan, G.S., McConnell, A.E .• Tooze, R.P., Janse van Rensburg, W., Meyer, W.H.• Klrk, 

M.M., Dwyer, C.L. and Serfonteln, D.W., Organometallics. 2005, 24,4528 

10. 	 Janse van Rensburg, W., Steynberg, P.J., Meyer, W.H•• Kirk. M.M. and Fonnan, G.S., J. 

Am. Chem. SaG•• 2004, 126, 14332 

11. 	 Mahahle. M.M.D., Isomerization of Alkenes using Metal Carbenes 8Jld Related 

Transition Complexes, Ph.D thesis, (Potchefstroom University for Christian Higher 

Education),2005 

12. 	 Dinger, M.B. and MoL, J.C•• Organometallics, 2003, 22, 1089 

13. 	 Booysen, K.M.A., Metathesis and Transalkylation In Tandem Catalysis, Ph.D thesis. 

(North-West University), 2007 

14. 	 Ritter, T., HeJI, A., Wenzel, A.G., Funk, T.W. and Grubbs, R.H., Organomeiallics, 2006,25, 

5740 

15. 	 Mtshatshenl, K.N.G.• Metathesis of alkenes using ruthenium carbene complexes, M.Sc 

dissertation, (North-West University), 2005 

16. 	 Ulman, M. and Grubbs, R.H., Organometallios, 1998,17.2484 

17. 	 Jordaan, M., van Heiden, P., van Slttert, C.G.C.E. and Vosloo, H.C.M., J. Mol. Catal A: 

Chem., 2006, 254,145 





5. Conclusions and recommendations 

Conclusions and recommendations: 5 

6.1 Conclusions 

5.1.1 Introduction 

The main aim of this study was to optimize the metathesis reaction conditions for pre catalyst 

Gr2Ph (3), first synthesized by Jordaan\ by using different 1-alkenes for metathesis reactions and 

comparing the results obtained to those at Gr1 (1) and Gr2 (2). Jordaan1 found that 3, with the 

WO hemilablle I1gand, increased the lifetime and activity during the metathesis reactions of 

1-octene In comparison to Gr2 (2). This study detemnined if the same conclusions could be made 

for other i-alkenes as was made for i-octene by Jordaanl and van der Gryp.2 

5.1.2 Repeatibility of Gr2Ph (3) 

The synthesis of ligand 46 and precatalyst 3 were successfully done with yields of 55% and 43% 

respectively. The moderate yield for the precatalyst was the result of the washing procedure 

whera some of the product was extracted together with the pentane. 

5.1.3 Metathesis reactions of 1-alkenes 

Metathesis reactions with i-octene and precatalyst 3 were studied by Jordaani and van der Gryp? 

Both reported an improvement in the pre catalyst lifetime for the reactions. 

The anomalies observed during the metathesis reactions, were the Improvement of the Gr1 (1) 

product fomnations and lifetime, the alcohol effect on hemilabile precatalysts and the Influence of 

ethylene on the product fomnatfons. The Gri (1) reactions showed an increase in the catalyst's 

lifetime and activity with the pre-treatment of heat (60·C). This could be due to the stabilization of 

the P-C degradation during the pre-treatment and this prevents a quick decomposition during 

metathesis reactions at the higher temperatures (55'C and 60'C). From the i-nonene metathesis 

reactions it could be seen that the coordination of the alcohol onto the hemllabile precatalyst (3) 

results into the decomposition of the pre catalyst when lower concentrations are present in the 

reaction mixture than for the Gr1 (1) and Gr2 (2) precatalysts, as discussed in § 4.3.4.2. The 

reason for this might be that, the dissociation of the hemllabile ligand to create the open 

coordination site is more likely to occur than the dissociation of the P·CY3·groUP fomn Gr1 (1) and 

Gr2 (2) when alcohols are present. 



The reactions conducted in the small scale reactors has the disadvantage of a closed system. 

which leads to the accumulation of ethylene which in tum resulted in the decrease of the amount 

of PMPs present at the end of these reactions. This was mainly observed for the metathesis 

reactions of 1-heptene and 1--decene with the Gr2-type precataiysts. The mechanism for this 

observation is shown in Scheme 4.1. This occurs during the reactions with the Gr2-type 

precatalyst because of the high TONs resulting In an Increase In i-alkene conversions. 

Metathesis reactions for the four different 1-alkenes and three different prcatalysts. at different 

temperatures with a precatalyst ratio of 1 :7000 are summarized in Table 5.1. 

Table 5.1: The metathesis reactions conducted at a Ru:alkene ratio of 1 :7000. 


Hexene Heptene Decene
Nonene IITemperature l 55'C 60'C 60'C 70'C 80'C 60'C 60'C 80'C 100'C 

Gr1 (1) 

PMP (mol%) 16 27.5 37.6 13.8 16.1 37.7 55.8 29.8 60.3 

SMP (mol%) 0 0.5 2.2 0.3 0.5 0.7 3.69 3.7 3.0 

IP (mol%) 0 0 0 0 7.0 5.1 6.1 15.1 10.7 

S (%) 100 98.4 94.5 98.2 68.1 86.9 85.1 61.3 81,4 

TON 1123 1924 2631 966 1129 2642 3903 2086 4218 

• k,nlil., (mol.s,l) • 3.58 6.17 i 6.37 3.74 3.23 4.35 12.5 7.22 14.0 
x104 (±0.22) (±0,41) I (±1.63) (±0.73) (±0.52) (±0.55) (±3.00) (±1.90) (±2.30) 

Gr2 (2) 


PMP (mol%) 67.5 73 46.8 68.3 48.9 77.7 66.4 68.3 63.2 


SMP (mol%) 19.6 17.9 36.5 11.3 37.1 3.1 25.9 25.0 23.1 


IP (mol%) 0 0 5,46 0 0 0 2.5 2.4 3.5 


S (%) 77.5 80.3 52.7 85.8 56.8 96.1 71.9 71.4 7004 

i 

TON 4727 5113 3278 4783 3420 5438 i 4648 4779 4421 

~nI1l., (mol.s·l) 3.82 15.0 I 10.9 14.0 3.69 8.15 l 4.15 6.61 5.39 I 
x 10' i (±0.24) (±1.70) (±0.14) (±2.10) (±0.12) (±2.05) (±1.09) (±0.26) (±0.26) . 

Gr2Ph (3) 


PMP (mol%) 66.9 7004 44.1 64.5 48.5 12.8 70.4 48.5 67.2 


SMP (mol%) 17.5 10.4 47.7 20.5 36.5 2.4 11.7 39.6 21.2 


IP (mol%) 0 0 4.2 4.9 0 0.5 0.6 6.8 1.3 


S (%) 79.2 87.1 46.0 71.7 57.0 81.6 85.2 51.1 74.9 


TON 4683 4926 3089 4513 3397 898 ! 4931 3395 4705 


1<JnI1lal (mol.s·l ) 5.23 12.2 22.3 23.8 456 I I 3.69 12.9 96.9
1.28 
x iDS (±O.52) (±4.50) (±3AO) (±1.20) (±36.0) (±0.52) (±O.66) (±8.20) (±6.60) 
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5. Conclusions and recommendations 

From the data [IIustrated in Table 5.1 it can be saId that GrZ (2) Is an Improvement on Gr1 (1) 

metathesis reactions as stated by different research groups that the NHC-Ilgand improves the 

lifetime and reactivity,:l-5 The results obtained from Gr2Ph (3) reactions, is an Improvement on 

Grl (1) reactions in temns of the PMPs and TON, but not the selectivity and the initial reaction 

rates. The Initial reaction rates of the Gr1 (1) reactions, where a PCy,-group is coordinated to the 

Ru, Is faster than the precatalysts with a NHC-ligand. This NHC-ligand stabilizes the precatalyst, 

resulting in a slower dissociation reaction than for the Grl (1) reactions. In addition to the 

NHC-ligand coordinated to the Ru, the GrZPh precatalyst has an additional ligand (WO-ligand) 

that stabilizes the precatalyst. The PMPs, SMPs, IPs, TON and selectivity of Gr2Ph (3) is in the 

same order as for the Gr2 (2) metathesIs reactions. The Gr2-type precatalysts produced the best 

product fomnations at higher temperatures, whereas precatalyst 1 decomposes at these 

temperatures (80'C and 1OO'C), when a 1 :7000 ratio was used. In temns of the optimum 

conditions for the Ru:alkene ratios, no significant differences were observed between 1 :7000 and 

1 :9000 reactions. 

The need in the Industry and aim of research groups is to find a precatalyst with a longer lifetime, 

higher TON and tolerable towards impurities. It has been found that precatalyst 3 Is an 

improvement towards the lifetime and TON. 

5.1.4 NMR Investigation of carbene species 

The method for the NMR Investigation was confirmed by using Gri (1) and 1-octene In CDCh at 

30'C and then comparing the results to that of Jordaan at a/" and Mtshatsheni.7 The three 

carbene signals were visible in the range of 20 to 16 ppm of the j H NMR-sprctra for both of the 

metathesis reactions of i-octene and 1-hexene. A single carbene signal was observed at 

17.2 ppm for the benzylidene, methylldene and alkylidene, for the metathesis reactions of 

1o.()ctene and 1-hexene with precatalyst 3. This observation can be attributed to the carbene 

species COinciding at this /i-value of 17.2 ppm or that the mechanism takes place via an altemative 

route. The NMR Investigation of a hemllabile precatalyst 9 and 10 by Jordaanj resulted in the 

fomnatlon of five different carbene specIes. An alternative reason for the one carbene signal might 

also be that 3 is not hemilablle during metathesis reactions of 1-alkenes. The product fomnation for 

the Gr1 (1) reactions were faster than for the GrZPh (3) reactions as illustrated In Figures 4.31 

(§ 4.6.1) and 4.36 (§ 4.6.1). The metathesis products obtained for these metathesis reactions 

resulted in a high concentration of isomerization products present in the reaction mixture. The 

increase of the precatalyst concentration led to a decrease in selectivity towards the PM P 

fomnatlon and was also observed by Jordaan 1 and van SchalkwYk. B 



5.2 Recommendations 


Further Investigations are needed to clarify some of the anomalies observed during this study: 


• 	 Since preheating of Gr1 (1) seems to Increase the activity and lifetime of the precatalyst, It 

would be useful to understand what changes takes place during the pre-treatment of the 

precatalyst. 

• 	 To Investigate if pre-treatment with heat can change the lifetime and activity of other Ru 

precatalysts. 

Determination of the decomposing mechanism for the hemllablle precatalysts In the 

presence of alcohols. 

• 	 Since metathesis of the Gr2Ph (3) took place at the low temperatures used during the 

NMR-Investigatlon without the observation of the alkylldene and methylldene complexes, it 

will be Interesting to determine the mechanism followed to obtain the products. 

• 	 The synthesized precatalyst used dUring this study was compared to Gr1 (1) and Gr2 (2) 

during the metathesis reactions of i-alkenes. Metathesis reactions for ROMP, RCM and 

ADMET will have to be Investigated and compared to the results of Gr1 (1) and Gr2 (2) 

reactions. 
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Appendix A 

Appendix A: 


During the metathesis of alkenes different reactions can occur, as illustrated in Scheme A.1. The 

different reactions consist of isomerization, cross-metathesis and self-metathesis reactions. For 

example: 1-octene can undergo isomerization to 2-,3- and 4-octene. These isomerization products 

can undergo cross-metathesis to form SMPs. The SMPs can undergo isomerization, primary and 

secondary metathesis. The process of metathesis can be repeated until ~ to C,• alkenes are 

formed. Longer carbon chain alkenes can be formed by oligomerization reactions,l.2 

Primary 2C"Gr = C:=C + Cr=Cr 

self-metathesis 1 

Isomerization 1 

Secondary 2~=Cs -- er~ + Cs=Gs 

self-metathesis 1 2Ca=Cs -- C,=C, + Cs=Cs 

Secondary C=Cr + ~=C6 -- C=~ + C=Gs + ~=Cr + Cs=Cr 

cross-metathesis 1 C=Cr + C,=Cs -- C=C3 + C=Cs + C3=Cr + Cs=Cr 

C=Cr + C.=C. -- C=C. + C.=Gr 

~=Gs + C3=CS = ~=C3 + ~=Cs + Ca=Gs + Cs=Gs 

C2=Gs + C.=C. erc. + C.=Gs 

Dlmerlsatlon 1 

Primary 2C=C4 C=C+C4=C4} 
{self-metathesis 2 	 2C:=Cs C=C+ Cs=Cs 

2C<>Cs C:=C+ Gs=Cs 

Isomerization 2 

Scheme A.1: Possible products formed during the metathesis reactions of i-octene, 



=
Secondary 

self·metathesls 2 

Secondary 

cross-metathesis 2 

Dlmerisatlon 2 

Primary 

self·metathesls 3 

Isomerization 3 

Secondary 

self-metathesis 3 

Secondary 

cross-metathesis 3 

Dlmerlsatlon 3 

Trlmerlsatlon 3 

Scheme A.1 cont: 

C=C5 + C,"'C. C::C3+ C=C. + C3=Oo + C,=C6 

0;,=C5 = C,=C. = O;,=Ca + 0;,=C4 + Ca=C5 + C,=C5 

=0;'=C5 + Ca=C. 0;,=C3+ o;,=C. + C3=C5 + C.=Cs 

20;,=C5 -- 0;,=0;, + C5=C5 


2C3=C. -- Ca=C3 + C.=C4 


2C=C. -- C=C + C.=C. 


{2C=Cs -- C=C + CS=C5} 


20;,=C3 -- 0;,=0;, + Ca=C, 

C=C5 + o;,=C. = C=o;, + C=C4 + 0;,=C5 + C4=C5 

C=Cs + Ca=Ca = C=C, + C,=C5 

0;,=C4 + C,=C, = C2=C, + C3=C4 

Possible products fonned during the metathesis reactions of 1-octene. 



Primary 

self-metathesis 4 

IsomerizatIon 4 

Secondary 

self-metathesis 4 

Secondary 

cross-metathesis 4 

Dlmerisation 4 

Trlmerisatlon 4 

Primary 

self-metathesis 5 

Isomerization 5 

Secondary 

self-metathesis 5 

Secondary 

cross-metathesis 5 

Dlmerlsatlon 5 

Trimerlsation 5 

Tetramerlsatlon 5 

Scheme A.1 cont: 

2C=G, -- C=C + G,=G, 

C=G, 

2C=G, -- Ce 

Possible products fonned during the metathesis reactions of 1-octene. 



Primary 2C=C:.: -- C=C + C:.:=C:.: 

self-metathesis I) 

Isomerization I) 

Secondary 

self-metathesiS I) 

Secondary 

cross-metathesis I) 

Dlmerisation I) 	 2C=C:.: ---+ Cs 

Ollgomerlsation I) 	 3C=C:.: --l>- Cg 

4C=C:.: ---+ CI2 

5C=C:.: --l>- CjS 

6C=C:.: ---+ CjS 

Scheme A.1 cont: Possible products formed during the metathesis reactions of 1-octene. 

Metathesis reactions with 1-hexene, 1-heptene, 1-nonene and 1-decene also give a range of 

different metathesis products. The different reactions are illustrated in Schemes A.2, A.3, A.4 and 

A.5. 



1-Hexene 

Primary 2C=Cs 

self-metathesis 1 

Isomerization 1 

Secondary 

self-metathesis 1 

Secondary C=Cs + ~=C, = C=C2 + C=C, + ~:;Cs + C.=Cs 

cross-metathesis 1 C:;C5 + C3=C3 = C=C3+ Cs=Cs 

~=C. + C3=Cs OrCs + C3=C. 

Dlmerisation 1 

Scheme A.2: Possible products formed during the metathesis reactions of 1-hexene. 

1-Heptene 

Primary 

self-metathesis 1 

Isomerization 1 

Secondary 2~=Cs -- ~=~ + C5=C5 

self-metathesis 1 2C3=C. -- C3=C3 + C.=C. 

Secondary C=C. + ~=C5 = C=~ + C=Cs+ ~=C6 + C5=Cs 

cross-metathesis 1 C=Cs + C3=C4 = C=C3 + C=C. + Cs=C. + C.=Cs 

OrCs + C3=C, = OrC, + ~=C. + C3=C5 + C,=C5 

Dimerisatlon 1 2C=Cs -- C1. 

Scheme A.3: Possible products formed during the metathesis reactions of 1-heptene. 



1·Nonene 

Primary 

self·metathesls 1 

Isomerization 1 

Secondary 

self·metathesis 1 

Secondary 

cross·metathesis 1 

Dimerlsatlon 1 

2C=C, -- C=C + C,=C, 

2CrC7 G.z=G.z + C7=C7 

2Ca=C, -- Ca=Ca + Ce=C, 

2C~=C5 -- C4=C4 + C5=Cs 

C=C, + G.z=C7 ==== C=G.z + C=C7 + CrC, + C7=C, 

C=C, + C:!=Cs ==== C=Ca+ C=Cs + C:!=C, + Cs=C, 

C=C, + C4=C, = C=C4+ C=C, + C.=C, + C,=C, 

G.z=C7 + C:!=Cs = G.z=C:! + C2=C, + C:!=C7 + C,=C7 

G.z=C7+ C4=CS ==== G.z=C4 + G.z=C, + C4=C7 + CS=C7 
C:!=C, + C,=Cs = Ca=C, + Ca=C5 + C4=C, + C,=C, 

2C=C, -- Ct, 

Scheme A.4: Possible products fonned during the metathesis reactions of i-nonene. 

1-Decene 

Primary 2C=C. -- C=C + C.=Cs 

self-metathesis 1 

Isomerization 1 	 C=Co -- G.z=C, -- C:!=C7 --»- C4=C, 

-- C5=C, 

Secondary 2G.z=Ca -- CrG.z + Ca=Ca 
self-metathesis 1 2Ca=Cr -- C:!=Ca+ C7=C7 

2C4=Ca -- C4=C4 + C6=C, 



Secondary 	 C=c" + c,,=C. = C=c" + C=Ca + c"=c,, + C.=c" 

cross-metathesis 1 	 C=Cg + Ca=~ = C=Ca + C=~ + C3=c" + ~=c" 

C=Cg + C,,=C. = C=C" + C=C. + C"=c,, + C.=C. 

C=Cg + CS=CS C=Ca + C,=c" 

c,,=C. + Ca=C7 = c,,=Ca + c,,=C7+ Ca=C. + C7=C. 

c,,=Ca + C,,=Ca = erC" + c,,=C. + C,,=Ca + c.=c" 

c,,=C. + CS=C5 = erCS + C5=Ce 

C3=C7 + C,,=C. = C3=C" + Ca=Ca + C,,=C7 + Ca=C7 

C3=~ + C5=CS G,,=CS + Cs=C7 

Dlmerisation 1 	 2C=c" -- c"o 

Scheme A.S: Possible products formed dUring the metathesis reactions of 1-decene. 
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Appendix B: 

CopIes of the spectra used durIng this study: 
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Spectrum B.1: The IR-spectrum of ligand 46. 
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The IR-spectrum of precataiyst 3. 
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The IR-spectrum of precatalyst 1 without pre-treatment. 
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Spectrum B.4: The IR-spectrum of precatalyst 1 with heat pre-treatment of 10mln. 

1H NMR-spectra 
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Spectrum B.5: lH NMR spectrum of ligand 46. 
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Spectrum B.6: lH NMR spectrum of precatalyst 3. 

13C NMR-spectra 

...... 

Spectrum B.7: 13C NMR spectrum of ligand 46. 



NMR-spectra 

Spectrum B.8: 13p NMR spectrum of precatalyst 3. 
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MS-spectra 
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Spectrum B,9: MS chromatogram of ligand 46. 

MALDI-TOF MS-spectra 
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Spectrum B.10: MALDI..TOF MS chromatogram of precatalyst 3. 
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DSC-data 
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Spectrum B.11: 	 Graph ofthe DSC-data of precatalyst 3. 
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Spectrum B.12: 	 Graph of the DSC-data ofprecatalyst 1. 
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spectrum B.13: Graph of the TGA4:lata of precatalyst 1. 




