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Abstract 

Geometrical effect on single-site ruthenium catalysts, 1,6-Hexanediol (1,6-HD) 

oxidation to ε -caprolactone ( ε -CL) was investigated using (p-cymene)RuCl2(L) 

complexes with phosphine (LP1–P5) and pyridine (LN1–N5) ligands as catalysts. Despite 

similar Ru electron density, the activity of (p-cymene)RuCl2(LP) increases with the 

decrease in phosphine steric hindrance rather than the electronic properties. The 

reaction rate correlates with the pocket-size dimension (𝜃c), defined by the (centroid 

of the p-cymene ring)-Ru-(centroid of 2Cl) angle of the (p-cymene)RuCl2(L) complexes. 

This observation supports an associative interchange mechanism previously proposed 

by computational studies. The readily accessible 𝜃c (≥145°) of these LN complexes 

results in a similar rate, regardless of different LN ligands. For both complexes, the  

ε-CL selectivity depends only on 1,6-HD conversion. Even though bases significantly 

enhance the activity, they readily affect the complex stability. The methyl isobutyl 

carbinol (MIBC) produced during the reaction could competitively react with the Ru 

catalysts, leading to catalyst deactivation, especially when MIBC : 1,6-HD ≥ 2 times. For 

the geometrical effect on single-site tungsten oxide catalysts, acetylene in ethylene-

rich feed can be removed via acetylene/ethylene cross-metathesis over WO3-

supported catalysts at 450 °C, yielding 1,3-butadiene with cyclohexene as a minor 

product. The catalyst must be treated with ethylene at 600 °C to generate a genuinely 

active site of tungsten (IV) alkylidene species (W=CH2). The H2 treatment decreases 

surface W=O concentration, and hence the activity. Raman spectroscopy shows that 

active single-site WO3 species, including mono oxo-WO3 ((O=)W(O-Si)3 and (O=)W(O-Si)4) 

and dioxo-WO3 species (O=)2W(O-Si)2) were generated in 2%WO3/SiO2, while the WO3 

cluster and bulk WO3 exist in 3-5%WO3/SiO2 and 7%WO3/SiO2, respectively. The 
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 II 

5%WO3/NaX and 5%WO3/NaY provide lower activity due to coke formation over the 

acid sites. With high surface area and confined surface silanol of 5%WO3/MCM-41% 

and 5%WO3/SBA-15, in situ TR-EXAFS evidences the formation of only O=W(O-Si)3. This 

species provides an isolated W=CH2 site with relatively higher activity and is less prone 

to coke formation than the WO3 cluster in 5%WO3/SiO2. 

 

Keywords: ɛ -Caprolactone, ruthenium complex, 1,6-hexanediol, oxidation, Cross-

metathesis, Acetylene removal, Ethylene, Tungsten oxide 
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WD-XRF Wavelength Dispersive X-ray Fluorescence Spectrophotometer 

TPR Temperature-Programmed Reduction technique 

NH3-TPD NH3-Temperature Programmed Desorption technique 

DRS-UV Differential Reflectance Spectroscopy 

FT-Raman Fourier Transforms Raman Spectroscopy 

TGA Thermogravimetric Analysis 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Research Motivation 

Enzymes is a biological catalyst, evolving in an environment for millions of 

years [1-5]. Most of enzymes are assembled in vivo from a metal and a three-

dimensional protein network to generate the specific active site [6-9]. The variation of 

metal oxidation states and protein structures can lead to a various electronic and 

geometrical properties to offer the chemo-, regio-, and enantioselectivity for chemical 

reactions in cells [10-16]. In similar manner for catalysis, both electronic and 

geometrical properties of metal complex or metal active site directly affect the activity 

of both homogeneous and heterogenous catalysts [17-21]. Especially, the geometrical 

structure of the catalyst would modulate the feed adsorption kinetics, the site 

selective that leads to the specific regioselectivity [22-25]. Furthermore, the 

geometrical structure influences the electronic properties of the catalysts., especially 

the single-site metal complexes. Though, the geometrical structure of metal single-site 

complex in homogeneous and heterogenous catalysts would be manipulated with 

different parameters.   

For the heterogeneous catalysis having metal complex as a catalyst, the 

geometrical structure of metal complex can be operated by using the different types 

and/or steric hindrance of ligands. In particular for the oxidation-cyclization of diols 

(1,4-buatiol, 1,6-hexandiol, etc..) to form lactone via “Oppenauer process,” the 

geometrical structure of Ru complexes deriving from the ligands has a vast effect. For 

tetrahedral RuL4 catalysts, where L = monodentate phosphine, the complex has a 

large degree of freedom for alcohols and ketones to interact. This leads to the lower 

chance for the reaction and lower rate of cyclization. While the half-sandwich Ru 

complexes had been shown to improve both the activity and cyclization products. 

Since the half-sandwich Ru complexes offer only the bottom halve for the reactants 

to interact/coordinate, the degree of freedom of the complex would be lower leading 

to the higher chance of diols to interact with ketones and also increase the cyclization 

rate. Buntara et al. reported that the use of [(p-cymene)RuCl2]2 and 

bis(diphenylphosphino) ferrocene (DPPF) could enhance 1,6-hexanediol oxidation to 
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ε -caprolactone in acetone [26]. Similarly, Ito et al. examined the oxidation of  

1,4-butanediol using Cp*RuCl[Ph2P(CH2)2NH2-𝜅2-P, N] (cod) complexes in the presence 

of tBuOK [27]. It was suggested that chemo- and enantioselectivity for the Oppenauer 

oxidation could be governed by adding phosphine and amine ligands. Nevertheless, 

the effect of types and steric hindrance of ligands towards the geometrical structure 

of half-sandwich Ru complexes has not been studied. Furthermore, the electronic 

properties deriving from the different ligands has not yet been elucidated as well.  

In sharp contrast, the geometrical structure of supported metal oxide catalysts 

mainly derived from the number of oxo ligands and the silanol anchoring site from the 

supports. This would lead to the dispersion and the formation of the different 

geometrical structures of the single-site metal oxide catalysts. For examples, a 

supported WO3 catalyst could present in various species, including (SiO)4W=O, 

(SiO)3W=O, (SiO)2W(=O)2, polymeric and bulk WO3 species and providing the different 

activity. Schalkwyk et al. reported that 8%WO3/SiO2 (bulk WO3) gave a low activity for 

1-octene metathesis and 7-tetradecene selectivity, compared to 2%WO3/SiO2 

(monomeric WO3) [35]. On the other hand, bulk WO3 seems favorable for isomerization 

and coke formation. In addition to the number of the oxo ligands, the interaction 

between WO3 and the support also influences the activity. Furthermore, the amount 

of silanol of the support could have the direct influences on the generation of single-

site WO3 species in term of both amount and types. Even though, the most active form 

of WO3 for metathesis is the single-site WO3, no one has ever evaluated the different 

activity of this different single-site WO3 species.  

In this thesis, the geometrical effect of single-site Ruthenium and Tungsten 

catalysts on the catalytic activity would be demonstrated. For the single-site  

Ru catalysts, half-sandwich (p-cymene)RuCl2(L) complexes where L = N-donor (LN) and 

P-donor (LP) ligands were selected as a representative for a heterogeneous reaction 

using oxidation-cyclization of 1,6-hexadiol to 𝜀-caprolactone via Oppeneaur reaction. 

The effect of geometrical structures deriving from the different steric hindrance of LN 

and LP on i) the Ru electronic properties, ii) the reaction rate and iii) product selectivity 

was studied. In the heterogeneous catalysis, supported single-site WO3 on various 

supports (SiO2, MCM-41, SBA-15, NaY, and NaX) was prepared and determined the 

catalytic performance for acetylene/ethylene metathesis as a model reaction. The 

effect of the WO3 loadings and silanols from supports on the formation of WO3 species 
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was determined. The geometrical structure of the prepared WO3 catalysts was also 

studied by examined by Extended X-ray absorption fine structure (EXAFS). The 

relationship between the geometrical structure of supported single-site WO3 catalysts 

and activity was demonstrated. 

 

1.2 Objectives of the study 

1.2.1 To understand the electronic and geometrical effect of the active site on 

the oxidation of 1,6-hexanediol and acetylene/ethylene metathesis. 

 1.2.2 To synthesize a single crystal of new (p-cymene)RuCl2(LN3) complex. 

1.2.3 To understand the promotional effect of the hydrogen donor and added 

bases on the oxidation of 1,6-hexanediol. 

1.2.4 To understand the formation of W4+ alkylidene species upon ethylene 

and 1- hexene treatment. 

1.2.5 To understand the effect of WO3 reduction on the acetylene/ethylene 

metathesis. 

 1.2.5 To understand the effect of surface silanol (Si–OH), Al–OH, and the 

confinement of the WO3 species on the supports for acetylene/ethylene metathesis. 

 1.2.6 To understand the cause of the deactivation of Ru complexes and WO3 

supported catalysts. 

 

1.3 Scopes of the study 

 1.3.1 The oxidation of 1,6-hexanediol using Ru complex as catalysts. 

1.3.1.1 The oxidation of 1,6-hexanediol was examined in a 

homogeneous phase using (p-cymene)RuCl2(L) where L (LP and LN) = tricyclohexyl 

phosphine (LP1), triphenylphosphine oxide (LP2), (2-ethoxyethyl) (diphenyl) phosphine 

oxide (LP3), triphenylphosphine (LP4), bis(diphenyl)phosphinomethane (LP5), pyridine 

(LN1), 4-methylpyrydine (LN2), 4-tert-butylpyridine (LN3), 2,4-dichloropyridine (LN4),  

4-dimethylaminopyridine (LN5), respectively. 

  1.3.1.2 The formation of a new (p-cymene)RuCl2(4-tert-butylpyridine 

(LN3)) complex was verified by X-ray crystallographic refinement, solid-state carbon 

Nuclear Magnetic Resonance Spectroscopy (solid-state 13C-NMR), CHN analysis, and 

matrix-assisted laser desorption ionization-time of flight mass spectrometer (MALDI-

TOF MS). This material is reserved for educational use only, not allowed for commercial use. 
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  1.3.1.3 The electronic effect of the Ru complexes on 1,6-hexanediol 

oxidation was examined by liquid phase X-ray Absorption Near Edge Spectroscopy 

(XANES) using toluene/MIBK (30:1 by volume) as a solvent. 

  1.3.1.4 The structural information of the Ru complexes was determined 

by X-ray crystallographic structure and Proton/Carbon Nuclear Magnetic Resonance 

Spectroscopy (1H and 13C-NMR). 

  1.3.1.5 The oxidation of 1,6-hexanediol was investigated at 110 °C under 

an inert atmosphere (N2) using toluene as solvent and methyl iso-butyl ketone (MIBK) 

as a hydrogen acceptor. 

  1.3.1.6 The effect of the added base on 1,6-hexanediol oxidation was 

investigated by K2CO3, tBuOK, and KOH. 

  1.3.1.7 The deactivation of the Ru complexes was estimated by 

Apesguia estimation, UV-VIS spectroscopy, and 1,6-hexanediol or methyl iso-butyl 

carbinol (1,6-HD or MIBC) spiking technique. 

 

 1.3.2 Acetylene/ethylene metathesis over WO3 supported catalysts. 

1.3.2.1 WO3 supported catalysts were prepared by wet impregnation 

method from ammonium metatungstate precursor. 

  1.3.2.2 Davisil SiO2, Zeolite NaY, Zeolite NaX, MCM-41, and SBA-15 were 

used as support. 

1.3.2.3 The WO3 dispersion and the interaction between WO3 and the 

surface silanol were determined by X-ray diffraction analysis (XRD) and temperature-

programmed reduction technique (TPR). 

1.3.2.4 Acid properties of the catalysts were determined by the  

NH3-Temperature Programmed Desorption technique (NH3-TPD) 

  1.3.2.5 Acetylene/ethylene metathesis was performed in a fixed-bed 

reactor at 200-600 °C by 1%mol acetylene in ethylene at a feed rate of 5-20 mL·min-1 

balanced with inert gas (N2) to obtain a total flow rate of 55 mL·min-1, and contact 

time 80-800 g·h·mol-1. 

1.3.2.6 The electronic effect of the WO3 species over the siliceous 

supports was investigated by in situ W L3-edge Time-resolved X-ray Absorption Near 

Edge Spectroscopy (TR-XANES). 
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1.3.2.7 The structural information of WO3 species was investigated by 

Differential reflectance spectroscopy (DRS-UV), Fourier transform Raman spectroscopy 

(FT-Raman), and in situ W L3-edge Time-resolved Extended X-ray absorption fine 

structure (in situ W L3-edge TR-EXAFS). 

1.3.2.8 The formation of W4+ alkylidene species was examined by 

ethylene treatment and 1-hexene treatment at 600 °C for 2 h using W L3-edge Time-

resolved X-ray Absorption Spectroscopy (TR-XAS). 

1.3.2.9 The deactivation of the catalysts upon the ethylene and  

1-hexene treatment was investigated by Thermogravimetric Analysis (TGA) and in situ 

W L3-edge Time-resolved Extended X-ray absorption fine structure with 1-hexene 

treatment (in situ W L3-edge TR-EXAFS), respectively. 

 

1.4 Benefits of the study 

 The study of an active site’s electronic and geometrical effect on the catalytic 

activity of the oxidation of 1,6-hexanediol using Ru-complex as catalysts and 

acetylene/ethylene metathesis using WO3-supported catalysts will be shed light on 

other important chemical reactions. Moreover, it can pave the way for obtaining 

catalysts with higher efficiency. 
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CHAPTER 2 

THEORY AND LITERATURE REVIEWS 
 

2.1 The oxidation of 1,6-hexadiol to ε-caprolactone  

2.1.1 1,6-Hexanediol [28, 29] 

  1,6-Hexanediol is a double hydroxyl group-containing organic 

compound with the chemical formula of (CH2CH2CH2OH)2 (Scheme 2.1). 

 

 
Scheme 2.1 The structure of 1,6-hexanediol 

 

It is derived from bio-based feedstock in the form of a colorless solid 

which is insoluble in water. Commonly, it was industrially produced from the 

hydrogenation of adipic acid and its ester. Moreover, it could be prepared in the 

laboratory by reducing adipic acid using lithium aluminum hydride (LIAlH4) as a 

reducing agent. However, the preparation in the laboratory is not available because it 

is costly and uneconomical. It can be used as an additive to improve the hardness and 

flexibility of polyesters as building up from a long hydrocarbon molecule. It can also 

be used as a polyurethane chain extender for the high hydrolysis resistance, high 

mechanical properties, and low glass transition temperature. It can be used as an 

intermediate to produce acrylics, adhesives, dyestuffs, unsaturated polyester resins, 

styrene, maleic anhydride, and fumaric acid. 

 

2.1.2 ε-Caprolactone [30-33] 

  ε -Caprolactone is a cyclic ester-containing seven-membered ring 

(Scheme 2.2) forming a colorless liquid that is miscible in most organic solvents and 

water. It was named after the starting chemical caproic acid.  

 
Scheme 2.2 The structure of ε-caprolactone 

 

OH
HO

OO
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Caprolactone is frequently produced by Baeyer-Villiger oxidation of 

cyclohexanone in peracetic acid. It was manufactured on a large scale for a 

biochemical feedstock of caprolactam. Moreover, it can be applied in the polymer 

industry, such as a facile monomer for the plastic with unique properties. Ring-opening 

polymerization of caprolactone would yield polycaprolactone in the bioplastic, 

medical, and surgery sectors. 

 

2.1.3 Adipic acid [33-35] 

Adipic acid, namely hexanedioic acid in IUPAC nomenclature, is an 

organic compound containing a di-carboxylic group with the formula of (CH2)4(COOH)2 

(Scheme 2.3).  

 
Scheme 2.3 The structure of adipic acid 

 

It is produced more than 2.5 billion kilograms yearly for worldwide 

industries, for example, as a precursor for producing nylon-6 and E number food 

additive E355. However, it rarely occurs in vivo. Instead, it can be taken from the 

cyclohexanone and cyclohexanol mixture (KA oil) oxidation via multistep reactions. 

Cyclohexanol can be converted to ketone, its derivative, and nitrous acid. Nitrous oxide 

is equivalently produced in 1/1 of adipic acid through nitrolic acid intermediate. 

Additionally, this reaction can also yield glutaric and succinic acids as by-products. In 

a retrosynthesis, adipic acid was first obtained from fats’ oxidation. Accordingly, its 

name is from the Latin word adeps, adipis, - “animal fat” or adipose tissue. 

 

2.1.4 Oxidation [36] 

  Oxidation is the reaction relating to losing electrons or adding oxygen 

to a molecule, atom, or ion. It occurs as the molecule’s charge increases; the opposite 

is called reduction. As the oxidation takes place, the oxidative series of the molecule 

is progressed (Scheme 2.4).  

 

O

HO
O

OH
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Scheme 2.4 The oxidative series with the degree of the oxidation 

 

It was first pioneered in the study of combustion and fat oxidation by 

Lavoisier. Catalytic oxidation is the oxidation with the catalyst resulting in an enhanced 

reaction rate, e.g., decreased activation energy. It is indicated that the reaction required 

a lower temperature than that of the thermal oxidation (320-540 °C). Conventional 

oxidation commonly uses transition metals with an oxidizing agent such as H2O2, NaOI4, 

peracetic acid, or atmospheric O2 (aerobic oxidation). The oxidation of an alcohol to a 

carbonyl compound has been the center of many organic syntheses. As the oxidizing 

agent is utilized, the selection for the oxidizing agent is crucial. It must not severely 

react to an active site or over oxidize the reactant. The reaction via a radical 

mechanism was not easily controllable; an undesirable competitive reaction from the 

radical mechanism may lead to lower productivity. Some of the oxidation takes place 

without the oxidizing agent called dehydrogenative oxidation. The catalyst would 

change to hydride intermediate, which can be recovered by the reaction with amine 

or olefinic compound. In some cases, the hydrogen evolution would be observed, 

especially for the acceptorless dehydrogenative oxidation. 

 

  2.1.4.1 oxidation’s mechanism [37] 

  The oxidation with the oxidizing agent or autoxidation involves the free 

radical chain mechanism (one-electron process), where the reactant is developed by 

the initiation, propagation, and termination process, as shown in Figure 2.1.  

 

 
 

Figure 2.1 Reaction sequences for autoxidation 

OHn
n H

O

n OH

O[O] [O]

Initiation: Initiator + RH Initiator-H + R

Propagation: R + O2 ROO

ROO + RH R + ROOH

Termination: 2ROO [ROO-OOR] non-radical product + O2
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The reactant would undergo homolytic cleavage by a thermal or 

photolytic event yielding a radical initiator (R·). It reacts with the oxygen molecule to 

peroxy radical compound (ROO·), a compound that abstracts a proton from the 

reactant, producing alkyl peroxide (ROOH). The reaction rate notedly depends on the 

probability of C-H bond breaking (C-H bond strength). Later, the propagation is shut 

down by a reaction between two peroxy radicals forming a non-radical product and 

molecular oxygen. 

Non-radical or hydrogen transfer process has been applied for the 

oxidation of alcohol using Ru-based catalysts. It was first developed after Liu et al. [38] 

examined aerobic oxidation with a hydrogen acceptor via a multistep electron-transfer 

process, as shown in Figure 2.2. 

 
Figure 2.2 Multistep electron transfer process for the oxidation of alcohol 

 

  2.1.4.2 The catalysts for the oxidation of alcohol [39] 

  Transition metal-based catalysts such as Pd, Ru, Fe, Cu, Pt, Au, Ir, and 

Rh with the oxidizing agent or molecular O2 were commonly used in the oxidation. In 

the last decades, metal with the ligand was exploited to achieve regio- and 

enantioselective reactions. The ligands play an important role in electronic and 

structural modification. For example, pyridine-containing palladium complexes can 

activate the reaction that palladium black cannot activate. In polymer media, the 

ligands can also prevent the precipitation of palladium black from palladium (II) 

complexes. 

 

2.1.5 The geometrical effect of Ru complexes on the oxidation of 

1,6-hexanediol to ε-caprolactone 

The demand for ɛ-caprolactone (ɛ-CL) has been steady growth as it is a 

feedstock in polycaprolactone (PCL) and nylon-6 production (> 4 million tons a year) 

OH

H

O

{Ru}

{Ru}
H

H

OH

HO

O

O
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[40, 41]. Due to the biodegradable and biocompatible properties of PCL [42-45], it 

could substitute petroleum-based polymers [46-50], particularly for medical 

applications [51-54]. Typically, ɛ -CL can be produced from the oxidation of  

1,6-hexanediol (1,6-HD), a biomass derivative obtained from the hydrogenation of  

5-hydroxymethylfurfural (HMF) and levulinic acid [55, 56]. Key challenge of this process 

is the oxidation of primary alcohol with consecutive cyclization. Accordingly, single-site 

metal complexes are proposed as a catalyst for effective oxidation under a mild 

condition with facile cyclization via the coordinate mechanism at the metal center. 

Metal oxo complexes, such as ruthenium [57-59], iron [60-62], and cobalt  

[63-65], can act as a catalyst for alcohol oxidation with an oxidizing agent, e.g., H2O2 

and/or NaIO4. This reaction is suggested to proceed via a radical intermediate 

generated from Mn+1=O species [66, 67]. However, the metal oxo complexes generally 

provide a low activity due to the high stability of the reduced metal hydroxide species 

(Mn–OH). While non-oxo Ru complex (LnRu) catalysts promote non-radical oxidation 

via alcohol insertion and ß-hydrogen elimination. The reaction rate is also suppressed 

due to a relatively stable Ru–H intermediate, as reported by Espino et al. [68]. Hence, 

hydrogen acceptors are generally used to convert the Ru-H intermediate. Murahashi 

et al. used PhNO2, p-benzoquinone, and diphenylacetylene as hydrogen acceptors to 

enhance RuH2(PPh3)4 activity [69]. This is similar to the “Oppenauer process” where 

alcohol is oxidized over a metal complex catalyst in the presence of ketone hydrogen 

acceptors [70].  

In diols oxidation to lactone, most of these catalysts were limited by the 

cyclization due to a higher degree of freedom around the metal center. Half-sandwich 

non-metal oxo complexes, on the other hand, had been reported to provide higher 

regioselectivity and activity [71]. For example, Heeres et al. reported that the 

combination of [(p-cymene)RuCl2]2 and bis(diphenylphosphino) ferrocene (DPPF) 

promotes 1,6-HD oxidation to ɛ-CL in acetone [72]. Ikariya et al. also successfully used 

Cp*RuCl[Ph2P(CH2)2NH2- к 2-P,N] in the presence of t-BuOK for lactonization of  

1,4-butanediol [27]. They suggested that, in addition to the polyhapto ligand (Cp*), 

phosphine and ammine ligands play a crucial role in enantioselectivity in the 

Oppenauer oxidation. However, excessive oxidation to dicarboxylic acid is often found 

in hygroscopic solvents. Alternatively, using a non-polar solvent could suppress the 

formation of a dicarboxylic acid and enhance the interaction between the complex 
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and the feed (1,6-HD), leading to the higher cyclized product (ɛ-CL). On top of that, 

these unidentate ligands' electronic and geometrical effects on the reaction kinetics 

and cyclization selectivity have not been clarified. Moreover, the mechanism for 

associating the diols with the metal complex has still been debated [73-81].  

Herein, the oxidation of 1,6-HD to ɛ-CL using (p-cymene)RuCl2(L) as a catalyst 

was investigated in a non-polar medium (toluene). The influence of unidentate 

phosphine and ammine ligands (LP and LN) in half-sandwich Ru complexes on the 

activity and ɛ-CL selectivity was determined in the presence of methyl iso-butyl ketone 

(MIBK) as a hydrogen acceptor. XANES was used to determine the electronic structure 

of the complex in the reaction solution. Accessible pocket-site resulting from different 

ligands was evaluated from the crystal structure. The correlation between the 

apparent rate constant with both the electronic and geometrical aspects was explored 

to support a reaction pathway previously proposed by computational studies. The 

effect of bases was investigated, and the cause of the catalyst deactivation was also 

highlighted. 

 

 2.1.6 Literature reviews 

Many researchers have worked on tunable geometrical properties of an active 

specie for a fascinating chemical reaction. It has been a key to attaining new 

opportunities for many syntheses in the decade.  

Benitez et al. (2009) [82] investigated the electronic and geometrical effect of 

Au complexes coordinated with phosphine ligand in allene-dienes cycloaddition. The 

electronic property and their transition state structures were computed by the density 

functional theory (DFT). They found that the [4+3] cycloaddition without Au complexes 

gave the reaction barrier (∆G‡) of 14.6 kcal.mol-1. In contrast, [4+2] cycloaddition would 

be facilitated using phosphine Au complexes giving ∆G‡ ~8 kcal.mol-1. An alkyl shift 

was determined rate-determining step that would occurred with ∆G‡ of 6.1, 6.0, and 

5.7 kcal/mol for [AuP(tBu)2(o-biPh)]+, [AuP(OPh)3]+, and [AuPPh3]+, respectively. This 

suggested that the ability of electron transfer from Au d𝜋-electrons to C p𝜋-orbital 

and their structure leads to a lower ∆G‡ for the cycloaddition reaction.  

Wang et al. (2019) [83] investigated the Pd cluster’s size-dependent electronic 

and electronic effect on aerobic oxidation of benzyl alcohol. A volcano curve of the 

activity and benzaldehyde selectivity vs. Pd particle sizes was observed. It was found 
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that Pd with the size of 4.5 nm provided the highest turnover frequency  

(4.4 x 104 h-1). However, the highest benzaldehyde selectivity (94%) was observed using 

20 nm of the Pd particle size. It implied that an ensemble effect of Pd resulted in a 

shift in benzyl alcohol and its reactive intermediate adsorption energy. The decrease 

in Pd particle size might decrease a work function and increase the adsorption strength 

of benzyl alcohol. 

Kaminsky et al. (1997) [84] applied a chlorinated and fluorinated half-sandwich 

ligand to Ti complexes for styrene polymerization. Cyclopentadienyl (Cp) Ti complexes 

provided a relatively higher activity (207 kg.mol-1.h-1) compared to TiCl3  

(9 kg.mol-1.h-1). As pentamethyl cyclopentadienyl ligand (Cp*) was used, the activity 

decreased to 157 kg.mol-1.h-1 because of the electron donation ability and its steric 

hindrance. Even though methyl-substituted cyclopentadienyl ligand contributed to 

lower activity, the syndiotactic polymerization would be promoted. 

Pal et al. (2018) [85] synthesized Cp* Rh and Ir complexes for the 

dehydrogenation of dimethylamine−borane combined with the DFT calculation and 

spectroscopic evidence. It was reported that Rh complexes provided a relatively higher 

activity (TOF 52 h-1) compared to Ir complexes (3 h-1). This is because the formation of 

Rh(𝜂4-Cp*H) was more favorable for the proton shuttling process during a reversible 

hydride transfer mechanism. 

Yao et al. (2017) [86] synthesized half-sandwich Cp Ir complexes with the Schiff 

base ligands. The 4-trifluoromethyl group coordinated aromatic ligands gave the 

highest norbornene polymerization activity. This suggested that the electron-deficient 

metal center was more promising for the olefin coordination and insertion. Moreover, 

the 2-methylbenzyl-Ir complex offered a higher activity than those of 4-methylalkoxy 

(4-OMe) and 4-trifluorocarbon groups (4-CF3). This is because ortho-substituted groups 

bonded aromatic rings could prevent polymerization’s chain transfer process  

(ß-H elimination). 

Gonell et al. (2020) [87] reported that the trans-effect of Ru complexes plays 

a crucial role in controlling the catalytic activity and stability of the catalyst in CO2 

electroreduction. The coordination of the pyridine ligand assists in a faster Cl 

dissociation rate compared to the N-heterocyclic carbene (NHC) ligand. For this reason, 

a higher CO electroreduction rate of 1000 s-1 was observed. Moreover, the geometrical 

effect was also studied by varying the NHC ligand’s bite angle. They mentioned that 
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closed proximity in the bite angle (90˚) would weaken the trans effect on the Ru 

complexes. This leads to a lower basic metallocarboxylic acid (M−C(O)OH) and a 

slower overall reaction rate.  

Navarro et al. (2020) [88] synthesized (p-cymene) Ru complexes with the 

different pyridylideneamide (PYA) ligands for tuning electronic and structural 

properties. The catalyst was applied for the hydrogen transfer reaction with i-PrOH 

(hydrogen donor) and KOH (base, 100/10/1 substrate/base/catalyst ratio). They found 

that the phenyl coordinated Ru complexes provided a complete conversion within  

4 h. However, the Ru complexes with chelating carbene or zwitterionic PYA provided 

a slower reaction rate. The activity increased with ligand donation ability (phenyl > 

PYA ≈ N-heterocyclic carbene > pyridine). 

Joel et al. (2016) [58] synthesized ruthenium (III) complexes with bidentate  

N, N’-ligands for alcohol oxidation using NaIO4 as an oxidant. They reported that the 

Ru complexes with a p-cymene ring provided complete conversion within 30 min 

compared to those with a benzene ring. This suggested that the p-cymene ring could 

stabilize Ru (VI)=O intermediate upon the oxidation via a radical process. The Ru=O 

intermediate would be reacted with alcohol via ß-H elimination forming Ru(V)-OH 

species. It was then reacted with an adjacent Ru=O for active site recovery. Moreover, 

higher activity was observed for the oxidation of 4-methyl cyclohexanol compared to 

2-methyl cyclohexanol. This was suggested that a less steric hindrance of  

4-methyl cyclohexanol leads to higher feed accessibility.  

Aliende et al. (2012) [68] synthesized arene Ru (II) half-sandwich compounds 

with the functional ligand 4,4′-dimethoxy-2,2′-bipyridine (dmobpy) for transfer 

hydrogenation and alcohol oxidation. In the transfer hydrogenation process, the 

spectroscopic evidence showed that hydridro Ru complex (Ru-H) would be generated 

from ß-H elimination. It could rapidly transfer hydrogen to another carbonyl compound 

yielding alcohol, respectively. Additionally, TOF values of 8400-9000 h-1 were reported 

upon alcohol oxidation using tBuOOH. However, no conversion was observed for the 

oxidation using H2O2 as an oxidant. 

Naota et al. (1998) [69] described the oxidation of alcohol via the hydrogen 

transfer process. The alcohol reacted with the Ru center giving aldehyde and Ru 

dihydride (RuH2). The Ru hydride intermediate was then responded with a hydrogen 

acceptor for recovering and continuing the catalytic cycle. In the reaction without a 
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hydrogen acceptor, the Ru hydride could be retrieved by hydrogen gas liberation. In 

contrast to the conventional oxidation, the hydrogen transfer process was affected by 

steric hindrance around the Ru center, offering a particular chemo selectivity, 

especially for a lactonization. Moreover, this process favored primary alcohol, while 

conventional oxidation preferred secondary alcohol.  

Maria et al. (1996) [89] studied Oppenauer-type oxidations of secondary 

alcohols to ketones. The oxidation was performed in refluxing acetone using 

phosphine or benzyl Ru complexes. This reaction was more favorable for aliphatic 

alcohol. The activity for the oxidation of cyclic alcohol depends on the geometrical of 

the reactant and Ru complex. A higher reactivity of cyclopentanol (90% yield) than 

cyclohexanol (20% yield) could be observed. However, the activity would be 

decreased under wet conditions (H2O > 0.6%) because of the competitive nucleophilic 

addition of water.  

Ito et al. (2007) [27] studied the oxidation of a secondary alcohol and  

1,4-butanediol in acetone using Cp*RuCl[Ph2P(CH2)2NH2-𝜅2-P, N] with tBuOK. Extremely 

high activity for secondary alcohol oxidation would be observed. However, the 

reversible hydrogen transfer of ketone products could lead to the racemization of a 

chiral nonracemic secondary alcohol. Additionally, Cp*RuCl(Ph2P(CH2)2NH2) gave a 

relatively higher yield (>99%) compared to Cp*RuCl(1,5-cyclooctadiene) (<1%). This 

suggested amino ligand could play a significant role in the oxidation of diol. Though 

lactol was an intermediate, only diol and lactone could be observed, as evidenced by 

spectroscopic data. This suggested that lactol was in virtual equilibrium between the 

diol, which was rapidly converted compared to the formation of aldehyde via the 

Tischenko mechanism. 

Ito et al. (2011) [90] examined the oxidation of 2-benzyl-1,4-butanediol in 

acetone at 30 °C for 1 h using Cp*RuCl(Ph2PCH2CH2NH2) as a catalyst. It provided  

ß-benzyl-𝛾 -lactone and 𝛼 -benzyl-𝛾 -lactone with a molar ratio of 77: 23. They 

suggested that using less steric hindrance [(𝜂5-C5H5)Ru(CH3CN)3]PF6 would provide a 

product with non-regioselectivity. In contrast, using methyl-substituted Ru complex 

(Cp*RuCl(Ph2PCH2CH2NH2)) would positively affect the regioselectivity. Moreover, a 

structural change in its phosphine-nitrogen ligand also improved selectivity. They also 

mentioned that the diol and lactol intermediate were interconverted in the oxidation. 
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The lactol could act as a hydrogen acceptor in the reaction without tBuOK, promoting 

disproportionation into the diol and isomeric lactones. 

Buntara et al. (2011) [26] investigated the conversion of 1,6-hexanediol to 

caprolactone using, 1,1’- bis(diphenylphosphino)ferrocene (DPPF) and methyl iso-butyl 

ketone (MIBK) as a hydrogen acceptor. It was the first study on the oxidation of  

1,6-hexanediol. Using MIBK instead of acetone could increase the reaction temperature 

due to the higher boiling point and hence the reaction rate. Moreover, the oxidation 

of 1,6-hexanediol proceeded entirely with high selectivity. However, the primary form 

of catalysts was not evaluated since DPPF can act as a ligand of the Ru complexes 

during the reaction. 

 

2.2 Acetylene/ethylene metathesis  

2.2.1 Ethylene [91] 

Ethylene, chemical formula C4H4, is the simplest olefinic hydrocarbon 

containing a single C=C bond (H2C=CH2). It is colorless, flammable, and sweet in taste 

and odor, naturally found in natural gas, petroleum, and plant hormones during 

ripening. Ethylene is a crucial chemical for the petrochemical industry. It can be 

produced from natural gas, ethane, propane, and naphtha cracking at 800-900 °C, giving 

a mixture of light gases. The melting point of ethylene is −169.4 °C, and while boiling 

point is −103.9 °C. 

The commercial process increases the most considerable use of ethylene 

beyond one-half of all hydrocarbons. It is commonly used as a monomer in ethylene 

polymerization for a higher hydrocarbon and plays a significant role as a chemical 

feedstock for other worthy derivatives. The ethylene polymerization yields 

polyethylene, a polymer in domestic and household, especially for the packaging, 

coating, and container. The ethylene polymerization is carried out under high pressures 

and temperatures, giving low-density polyethylene (LDPE), which has different 

properties than the high-density polyethylene (HDPE) yielded from the polymerization 

over Ziegler-Natta catalysts. 
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2.2.2 Acetylene [92] 

 Acetylene, known as ethyne, is the simplest hydrocarbon with the triple bond 

in the acetylenic series or alkynes. It is a colorless and flammable gas frequently used 

as burning fuel in oxyacetylene welding and metal cutting. It is also a raw material for 

manufacturing many organic chemicals and plastics. 

 Pure acetylene is colorless gas holding a pleasant odor. Generally, it is prepared 

from the reaction between calcium carbide and water. However, traces of phosphine 

gas can be yielded as a side product causing a pungent garlic-like odor. Acetylene is 

readily decomposed into its elements, releasing heat. However, the acetylene 

decomposition could or could not give an explosion, depending on its place 

conditions. For example, pure acetylene gas under pressure above 15 pounds per 

square or in liquid or solid form can explode with extreme violence. Mixtures of 

acetylene in the atmosphere are explosive over a wide range of air concentrations, 

from about 2.5-87%. As it is burned with a particular air concentration, acetylene flame 

gives a pure white light. It can use to illuminate during the lack of electric power, for 

instance, buoys, lamps, and traffic signals. The heat combustion of acetylene produces 

a significant amount of energy. Thus, it is correctly applied for a torch with the highest 

oxyacetylene flame temperature (~6,000 °F, or 3,300 °C) over a known other mixture 

of combustible gases. 

 

2.2.3 1,3-Butadiene [93] 

 1,3-Butadiene, the unsaturated hydrocarbon molecule with the simple 

chemical formula (CH2=CH)2 (Scheme 2.5a). By the number of the double bond and 

its structure, it is the simplest conjugated diene with four carbon atoms. It is a colorless 

gas easily condensed to a liquid at a high concentration under ambient conditions. It 

is also industrially used as a monomer for synthetic rubber. Though it can be 

decomposed suddenly in the atmosphere, it is still found in the ambient air in urban 

and suburban areas from motor vehicle pollution. Butadiene can be found in another 

isomer, 1,2-butadiene, from the accumulation of double bonds in its carbon chain 

(Scheme 2.5b). 
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Scheme 2.5 The structure of a) 1,3-butadiene and b) 1,2-butadiene 

 

It can be used to produce synthetic rubber such as SBR, SBS, and thermoplastic 

rubber. It can be used for the domestic household to make shoes, wheels, parts for 

the car industry, adhesives and sealants, asphalt, and polymer modification. 

Industrially, it was produced as a by-product of ethylene manufacturing from the 

steam cracking process. It was then separated by feeding into a butadiene extraction 

unit or extractive distillation process. 

 

2.2.4 Cyclohexene [94] 

 Cyclohexene is an unsaturated hydrocarbon containing a six-membered carbon 

ring with the formula of C6H10. It is a colorless liquid with a pungent odor. It is used as 

an intermediate for a variety of industrial processes. However, it is not stable upon 

long-term storage under exposure to the light and air forming peroxide derivatives. It 

is commercialized by the partial hydrogenation of benzene established by the Asahi 

Chemical company. Firstly, the benzene can be converted to cyclohexylbenzene by 

acid-catalyzed alkylation and cyclohexene as a side product. Nonetheless, 

cyclohexylbenzene is used as a chemical feedstock to produce phenol and 

cyclohexanone. The successive hydration of cyclohexene also gives cyclohexanol, 

which is dehydrogenated to give cyclohexanone, a precursor to caprolactam, 

respectively. The oxidative cleavage of cyclohexene with hydrogen peroxide over 

tungsten catalyst yields adipic acid. It is also a precursor to the synthesis of maleic 

acid, dicyclohexyladipate, and cyclohexene oxide. Moreover, it can be used as a 

painting and polymer industry solvent. 

 

2.2.5 Metathesis [95] 

Metathesis, probably named a bond displacement reaction, involves an 

exchange of bonds between two molecules resulting in the products with an identical 

binding association. The bond between two molecules can be both ionic and covalent. 

Traditionally, one product can be precipitated from the metathesis reaction. The 

a)

C

b)

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 18 

double decomposition is frequently encountered in old literature, where the name is 

more exclusively mentioned whenever one of the substances is separated from the 

solvent (by the ligand or ion exchange in the solid-state system). 

2.2.5.1 Olefins metathesis 

Olefin metathesis is the organic reaction, usually found in the 

petrochemical process, caused by the reorganization of the olefins by the 

fragmentation and recombination of carbon-carbon double bonds (Scheme 2.6).  

 

 

 
Scheme 2.6 A representation of olefins metathesis 

 

However, it often produces unwanted hazardous products because of 

the relatively active olefinic compounds. The olefin metathesis can be activated by 

the organometallic complexes and metal oxide catalysts, for example, Ti complexes, 

Re complexes, Ru complexes, MoO3, Re2O7, and WO3-based catalysts. The metathesis 

is commonly activated over a heterogeneous catalyst in the industrial process. 

Nonetheless, a well-defined organometallic complex seems to be more active than 

those solid-supported catalysts. The heterogeneous catalysts can be prepared from in 

situ activations of its metal salt, such as metal halide, together with organoaluminium 

or organotin compounds (WCl6–EtOH–EtAlCl2). The supports were commercially used 

to prepare a well-dispersed catalyst. Commercial catalysts are often based on 

molybdenum and ruthenium. At the same time, a well-defined organometallic 

complex is mainly exploited in small-scale production or academic research. 

The homogeneous-based catalysts are categorized as Schrock-type 

catalysts and Grubbs-type catalysts. Schrock-type catalysts are mainly composed of 

molybdenum (VI)- and tungsten (VI)-based centers coordinated alkoxide and imido 

ligands, as shown in Figure 2.3.  

 

 

+R1 R2
R3 R4 +R1 R3

R2 R4
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Figure 2.3 Molybdenum (VI)- and tungsten (VI)-based centers coordinated alkoxide and 

imido ligands. 

 

Grubbs catalysts are ruthenium (II)-based carbene complexes modified 

with an isopropoxy-benzylidene ligand. It was commercialized under the name of the 

Hoveyda–Grubbs catalyst (Figure 2.4). 

 

 
Figure 2.4 Hoveyda–Grubbs catalysts 

 

2.2.5.2 Olefin metathesis’ thermodynamic 

As the olefin metathesis causes a slight change in enthalpy (yielding 

new olefinic products with a similar structure), the product distributions are commonly 

related to the entropy change, according to the Le Chatelier’s Principle. For example, 

cross- and ring-closing metathesis with alpha-olefins, a reverse reaction, ethenolysis, is 

possible under high ethylene pressure (high ethylene concentration), as shown in 

Scheme 2.7.  

 

 
Scheme 2.7 1-Butene/propylene cross-metathesis 

 

  Similarly, the reverse reaction of ring-opening metathesis is more 

favorable at high alpha-olefins concentration. Additionally, the ability of ring strain 

release is also a driving force for ring-opening metathesis (Scheme 2.8).  
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Scheme 2.8 Cycloheptene/ethylene ring-opening metathesis 

 

The ring-closing metathesis of a bulkier macromolecule was kinetically 

performed under high dilution conditions. The ring-closing metathesis for five- or six-

membered rings seems more enthalpically favorable. Moreover, from Thorpe–Ingold 

effect, the reaction rate for intra-molecular cyclization would be enhanced by a steric 

hindrance of the molecule. Thus, bulkier higher olefins could be more favorable than 

those from light olefins. 

2.2.5.3 Olefin metathesis mechanism [96] 

Hérisson and Chauvin firstly proposed the mechanism of alkene 

metathesis over transition metal oxide catalysts. Typically, a direct [2+2] cycloaddition 

between two olefins is hindered by a structural forbidden (two-body collision), 

consequently in high activation energy. Chauvin’s mechanism involves the [2+2] 

cycloaddition over a metal alkylidene, forming a metallocyclic intermediate. 

Subsequently, it was decomposed by a cycloelimination, giving a new alkene and 

alkylidene active site (Figure 2.5). The association with d-orbitals of metal can decrease 

the activation energy - a modest temperature. 

 

 
 

Figure 2.5 Olefins metathesis’ mechanism 
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2.2.5.4 Heterogeneous catalysts for the olefin metathesis 

A supported heterogeneous metal oxides of group VI and group VII, 

such as molybdenum, tungsten, and rhenium, are often employed in industrial 

processes. WO3-supported silica was firstly used for propene self-metathesis in the 

Triolefin process developed by Phillips. On the other hand, a reverse reaction 

produced propylene was commercialized by ABB Lumus Technology at Houston’s 

approach. An alpha olefins production for plasticizers and detergents was developed 

by Shell Higher Olefins Process (SHELL). MoO3/Al2O3 or WO3/SiO2-based catalysts were 

used in the worldwide olefins production with the efficiency of 1.2 million tons/year. 

However, with the production condition and a wide-ranging olefins feed, WO3 was 

frequently used because of its poisoning resistivity (from sulfide and oxygenated 

compounds) and reproductivity. 

WO3 over SiO2 support exists in various forms; mono-oxo, di-oxo WO3, 

and polymeric WO3, as shown in Figure 2.6. At high WO3 loading, the polymeric WO3, 

which is less active than those mono- and dioxo WO3, can be formed [97]. 

 
Figure 2.6 A molecular structure of a) di-oxo, b) mono-oxo, and c) polymeric WO3 

 

2.2.5.5 Diel-Alder reaction [98] 

  Diels-Alder reaction involves in [4+2]-cycloaddition between a 

conjugated diene and a dienophile (alkene/alkyne) in 4𝜋-electrons of diene and 2𝜋-

electrons of dienophile. The driving force for the reaction depends on the formation 

of new energetically stable σ-bonds compared to the π-bonds. For an alkynyl 

dienophile metathesis, the alkynyl adduct can also act as a dienophile in case it is not 

too sterically hindered. Moreover, the reaction between diene and dienophile could 

cumulate the double bond forming a substituted allene (no conjugated system). With 

an easy operation, it is the most prevailing synthetic method for unsaturated six-

membered rings such as cyclohexene. It can also perform in the reaction between the 

a) b) c)
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heteroatom-containing diene or the dienophile (nitrogen or oxygen atom) in an 

alternative synthesis of a six-membered ring heterocyclic compound. 

  The highest occupied MO of the diene (HOMO) and the lowest 

unoccupied MO of the dienophile (LUMO) overlapping thermally occurs in Diels-Alder 

Reaction because it is afforded in the orbitals with similar energy (Figure 2.7). The 

reaction can be facilitated by an electron-withdrawing group, CHO, COR, COOR, CN, 

C=C, Ph, or halogen, on a dienophile due to the lower energy of LUMO. On the other 

hand, the diene should possess an electron-donating group for increasing HOMO 

energy. 

 

 
 

Figure 2.7 HOMO-LUMO of Diels-Alder reaction. 

 

2.2.6 The geometrical effect of WO3 species on acetylene/ 

ethylene metathesis 

Ethylene is an essential chemical building block widely used for polymerization 

in polymer synthesis. It is traditionally produced from the naphtha steam cracking 

process at high temperatures (~700 °C), where hydrocarbon feedstock is thermally 

cracked to ethylene, propylene, and butene with a trace of polyunsaturated products, 

such as acetylene and butadiene [99-102]. However, high purity ethylene is particularly 

required for polymerization because polyunsaturated impurities readily poison the 

Ziegler–Natta catalyst, leading to a rapid deactivation [103-107]. Accordingly, selective 

hydrogenation of acetylene is typically applied for high purity ethylene treatment, 

exploiting expensive platinum and palladium catalysts. However, competitively 
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This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 23 

excessive ethylene and acetylene hydrogenation to low-valued ethane and coke 

formation were very common. 

One of the promising routes to selectively remove acetylene from the 

ethylene-rich feed is the cross-metathesis of acetylene/ethylene to produce  

1,3-butadiene worthily. In addition to selective removal of acetylene, the  

1,3-butadiene formed are valuable feedstocks for butadiene-styrene and acrylonitrile-

butadiene-styrene copolymers. For acetylene/ethylene cross-metathesis, T. Ioan-

Teodor et al. [108] successfully applied ruthenium carbene complex under the 

homogeneous system with approximately 70% selectivity of 1,3-butadiene. However, 

relatively high pressure (11-14 bar) and low temperature (80 °C) were required, and 

the catalyst can be readily deactivated due to acetylene polymerization. While 

naphtha steam cracking is operated at low pressure (<2 bar) and high temperature 

(>700 °C), it is unlikely that such a homogeneous system can be practically applied. 

Alternatively, heterogeneous catalysts, such as tungsten oxide (WO3), 

molybdenum oxide (Mo2O3), rhenium oxide (Re2O7), and their mixed oxide have been 

reported for metathesis. WO3 supported catalyst is the most promising for low-

pressure/high-temperature metathesis due to its high stability, low feed sensitivity, and 

toxicity. It was suggested that the activity was increased with time and stable after 2 h 

indicating WO3 was a pre-catalyst for the propylene metathesis, suggesting that the 

olefin can reduce WO3 to form tungsten alkylidene species [109]. However, not all WO3 

was uniformly active since the activity was decreased with the formation of bulk WO3, 

in contrast to monomeric WO3, formed by strong interaction with the supports [110]. 

Mono- and di-oxo WO3 were found at low metal loading and more active than those 

polytungstate at a high loading [97]. In a supportive manner, 1-octene metathesis using 

8wt.%WO3/SiO2 provides low 7-tetradecene selectivity, as compared to that of 

2wt.%WO3/SiO2 [111]. While bulk WO3 preferably promotes isomerization and coke 

formation.  

To obtain highly dispersed mono- and di-oxo WO3, low loading WO3 on support 

with a high surface area, would be considered. The surface OH groups (silanol) adjacent 

to the active W site assisted in styrene metathesis giving the higher conversion [112]. 

Moreover, to activate mono-oxo Mo(IV) species with propene, the silanol-assisted 

pathway is more kinetically accessible than the non-OH-assisted mechanism [113]. The 

silanol not only assisted in the activation but also affected the structural stabilization 
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of the surface metal oxide species. Therefore, the amount and type of silanol over the 

surface would be essential to improve the activity. Furthermore, introducing the Lewis 

acid site (Al3+) can improve the catalytic performance of WO3/Al-MCM-41 for  

1-butene/ethylene cross-metathesis attributing to the maximum monomeric WO3 

species and the higher metal-support interaction [114]. However, the cross-metathesis 

of acetylene/ethylene over supported WO3 catalysts has never been reported.  

In this work, the selective acetylene/ethylene cross-metathesis using WO3-

supported SiO2, MCM-41, SBA-15, NaY, and NaX, were investigated for selective 

acetylene removal from the ethylene-rich feed. The effect of pretreatment conditions 

(ethylene and H2 treatment) and WO3 loading on the formation of active WO3 and 

W=CH2 species were investigated using Raman and Time-Resolved X-ray Absorption 

Spectroscopy (TR-XAS). The role of the supports with Al-OH and confined structure on 

the dispersion of WO3 active sites was also studied. The proximity of W=CH2 species 

was also highlighted. 

 

2.2.7 Literature reviews 

Ioan-Teodor et al. (2012) [115] studied acetylene/ethylene metathesis using 

Hoveyda-Grubbs second-generation catalyst. It was found that acetylene conversion 

and 1,3-butadiene selectivity were increased with the ethylene/acetylene molar ratio. 

However, 1,3-butadiene selectivity was limited at 50% at 80 °C with 10 mg catalyst in 

20 mL CH2Cl2, ethylene/acetylene=32.5 mix at a total pressure of 14 bar. Moreover, 

the catalyst deactivation would be observed from the formation of propylene, butene, 

C5 dienes, and C6 polyunsaturated. 

Debecker et al. (2013) [109] prepared WO3-SiO2-Al2O3 catalysts by an aerosol 

process for ethylene/butene cross-metathesis. They found that the catalysts prepared 

from the aerosol process had a higher metal dispersion (0.5W atoms·nm-2) than the 

conventional impregnation (1.0W atoms·nm-2). It offered a higher surface area, and the 

strong interaction between WO3 and SiO2-Al2O3 support forming a short W=O bond 

which was not easily reduced by H2. Furthermore, this catalyst was found to be the 

most active for propene metathesis (65 mmol·g-1·h-1) compared to the conventional 

WO3-SiO2-Al2O3 (45 mmol·g-1·h-1) and WO3/SiO2 (2 mmol·g-1·h-1), respectively. They 

suggested that electron-withdrawing Al would deliver a positive effect on the 

formation of the carbene. 
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Chauvin et al. (2015) [110] investigated the effect of surface tungsten oxide 

(WO3) species on isopropanol dehydration. The formation of WO3 species was 

controlled by WO3 loading and evaluated by the spectroscopic method. They found 

that the surface WO3 species (di-oxo or mono-oxo WO3) could be generated at  

0.7 atom W·nm-2. At higher WO3 surface density, amorphous or crystalline WO3 could 

be formed. The lower WO3 dispersion led to a lower isopropanol conversion and TOF 

(WOx surface species ≈ amorphous WO3 > crystalline WO3). 

Lwin et al. (2016) [97] investigated the effect of surface tungsten oxide (WO3) 

species on propylene metathesis. The formation of WO3 species was examined by in 

situ spectroscopy. At below 8% WO3 loading, mono- and dioxo WO3 were present as 

an active site for propylene metathesis. However, polymeric WO3 was obtained at 

higher WO3 loading. The catalyst with the predominant dioxo-WO3 species gave the 

highest propylene conversion compared to the others. An acidity of WO3, especially 

polymeric WO3, was also attributed to propylene dimerization, isomerization, and 

polymerization. 

Chan et al. (2019) [116] synthesized pyridine oxo tungsten complex supported 

SiO2 catalysts for nonene metathesis. They suggested W=O species were a pre-catalyst 

acquiring an activation. Upon removing pyridine ligands, the activity was increased  

(14-28 min-1) compared to fresh catalysts (0.01 min-1). They also suggested that the 

catalysts with higher OH group density were more effective for forming active tungsten 

(IV) alkylidene species in olefins without allylic C–H group via a proton-assisted 

initiation mechanism. However, both olefins with and without the allylic group were 

involved in a critical proton-transfer process. 

Handzlik et al. (2021) [113] studied the formation of an active molybdenum 

species and the effect of the surface silanol group combined with the DFT calculation. 

They suggested that the alkylidene Mo species were generated from the olefinic 

reduction of dioxo-Mo (VI) species to mono-oxo Mo (IV) species. It was then reorganized 

to Mo (VI) alkylidene species. They also mentioned that this silanol-assisted 

mechanism was more favorable than the others, such as the pseudo-Wittig mechanism, 

2-hydrogen shift mechanism, allyl mechanism, and oxidative coupling mechanism. 
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CHAPTER 3 

Research methodology 
 

3.1 Reagents 

Chemicals Grade of 

Purity 

Manufactures 

1. Dichloro (p-cymene) ruthenium (II) dimer 

2. Triphenylphosphine (PPh3) 

3. Triphenylphosphite (P(OPh)3) 

4. Tricyclohexylphosphine (PCy3) 

5. 4-Dimethylaminopyridine 

6. 1,6-Hexanediol 

7. Adipic acid 

8. Potassium tert-butoxide (tBuOK) 

9. Potassium carbonate (K2CO3) 

10. (2-Ethoxyethyl) (diphenyl) phosphine 

oxide 

11. 4-tert-Butylpyridine 

12. 4-Methylpyridine 

13. 2,4-Dichloropyridine 

14. 4-(Trifluoromethyl) pyridine 

15. Toluene 

16. Potassium hydroxide (KOH) 

17. ε-Caprolactone (ε-CL) 

18. Methyl iso-butyl ketone (MIBK) 

19. 1-Methyl-2-pentanol (MIBC) 

20. Dodecane 

21. Deionized water 

22. Hydrochloric acid 

23. Pyridine 

24. Dichloromethane 

25. Petroleum ether 

100% 

99% 

97% 

100% 

98% 

97% 

99% 

98% 

99% 

100% 

96% 

99% 

97% 

97% 

99.8% 

85.5% 

99% 

99% 

98% 

99% 

- 

37% 

99% 

99.98% 

- 

99.9% 

Aldrich 

Sigma-Aldrich 

Aldrich 

Aldrich 

Fluka 

Aldrich 

Acros Organics 

Aldrich 

Rankem 

Aldrich 

Aldrich 

Aldrich 

Aldrich 

Aldrich 

Carlo Erba 

Carlo Erba 

Acros Organics 

Emplura 

Aldrich 

Acros Organics 

- 

Carlo Erba 

Carlo Erba 

Fischer 

Carlo Erba 

Carlo Erba 
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26. Methanol 

27. Ethanol 

28. Air-zero 

29. High purity N2 

30. Ultra-High purity N2 

31. Ammonium metatungstate hydrate 

32. Davisil® SiO2 

33. Zeolite NaY (Si/Al=200) 

34. Zeolite NaX (Si/Al=1) 

35. Triblock copolymer Pluronic P123 

36. Hydrochloric acid 

37. Sulfuric acid 

38. Tetraethyl orthosilicate (TEOS) 

39. Sodium silicate 

40. Cetryltrimethylammonium bromide 

(CTAB) 

41. 1-Hexene 

99.0% 

99.99% 

99.99% 

99.999% 

99.9% 

99.9 

- 

- 

- 

37% 

96% 

99% 

30-50% 

96% 

99% 

RCI Labscan 

Praxair 

United Industrial Gas 

United Industrial Gas 

Fluka 

Aldrich 

Carlo Erba 

Carlo Erba 

Aldrich 

Carlo Erba 

Carlo Erba 

Aldrich 

Aldrich 

Aldrich 

Carlo Erba 

 

3.2 Apparatuses 

 1. Laboratory glassware 

 2. Hotplate and stirrer 

 3. Hot-air oven 

 4. Dual manifold 

 5. Horizontal tube furnace 

 6. NMR tube 

 7. Filter paper, Whatman, No. 41 

 8. 4 Digits precision weighing balance, Mettler Toledo, ME403 

 9. Micropipette, Mettler Toledo 
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3.3 Experimental procedure 

3.3.1 the oxidation of 1,6-hexanediol using Ru complex as 

catalysts 

 3.3.1.1 Synthesis of (p-cymene)RuCl2(L) 

  The typical structure of Ru complexes ((p-cymene)RuCl2(L)) with a 

particular ligand (L) was represented in Scheme 3.1.  

 
Scheme 3.1 a short representation of Ru-complexes 

 

The ligands (L) were designated as LP (for phosphine-based) and LN (for pyridine-

based), composing a variety of ligands as shown in Table 3.1. 

 

Table 3.1 a series of the ligands LP and LN 

  
 

The Ru complexes were synthesized similar to those reported in the literature 

[117-123]. Briefly, for LP, (p-cymene)RuCl2(LP1) was synthesized from 1 mmol ([Ru(p-

cymene)Cl2]2 and 2 mmol tricyclohexylphosphine in 60 mL of methanol refluxing 

under an inert atmosphere at 60 °C for 1 h to obtain a red crystal. (p-cymene)RuCl2(LP2) 

was synthesize from 1 mmol ([Ru(p-cymene)Cl2]2 and 2 mmol triphenyl phosphite in 

100 mL of hexane. The solution was refluxed for 5 h and evaporated to obtain a red 

crystal.  

(p-cymene)RuCl2(LP3) was synthesized from 1 mmol ([Ru(p-cymene)Cl2]2 and 2 mmol  

(2-ethoxyethyl)(diphenyl) phosphine oxide in 40 mL dichloromethane under an 

ambient condition overnight. The red-brown crystal was washed several times with 

LP Phosphine Ligands LN Pyridine Ligands
LP1 P(Cy)3 LN1 Pyridine
LP2 P(OPh)3 LN2 4-methylpyridine

LP3 PO(Ph2)(C2H5) LN3 4-tert-butylpyridine
LP4 PPh3 LN4 2,4-dichloropyridine
LP5 bis(diphenylphosphino)methane LN5 4-dimethylaminopyridine
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diethyl ether. (p-cymene)RuCl2(LP4) was synthesized from 1 mmol ([Ru(p-cymene)Cl2]2 

and 1 mmol triphenylphosphine in 25 mL of methanol. The solution was stirred under 

an ambient condition for 1 h to obtain a red-brown crystal. The crystal was washed 

several times with methanol and diethyl ether and dried at 60 °C. (p-cymene)RuCl2(LP5) 

was taken from Asst. Prof. Dr.Nararak Leesakul, Department of Chemistry and Center 

for Innovation in Chemistry, Faculty of Science, Prince of Songkla University. 

For pyridine-based ligands, (p-cymene)RuCl2(LN1) was synthesized by the 

reaction of 1 mmol ([Ru(p-cymene)Cl2]2 and 2 mmol pyridines in 30 mL toluene under 

refluxing for 3 h to obtain a yellow crystal. It was filtrated and washed with hexane, 

respectively. (p-cymene)RuCl2(LN2) was synthesized from 1 mmol [Ru(p-cymene)Cl2]2 

and 4 mmol 4-methylpyridine in 200 mL methanol. The solution was refluxed for 4 h 

to obtain a red crystal. (p-cymene)RuCl2(LN4) and (p-cymene)RuCl2(LN5) were 

synthesized from 1mmol [Ru(p-cymene)Cl2]2 and 2 mmol 2,4-dichloropyridine or  

4-dimethylaminopyridine in 50 mL tetrahydrofuran. The solution was vigorously stirred 

for 1 h to obtain a dark yellow crystal. 

 A new (p-cymene)RuCl2(LN3) was synthesized from the reaction between  

1 mmol [Ru(p-cymene)Cl2]2 and 2 mmol of 4-tert-butyl pyridine in 40 mL 

dichloromethane under an ambient condition overnight. The red-brown crystal was 

washed with diethyl ether several times and recrystallized in the mixture of petroleum 

ether and dichloromethane solution (3:1 by volume). 

 

3.3.2 Acetylene/ethylene metathesis using WO3-supported 

catalysts  

3.3.2.1 SBA-15 synthesis [124] 

SBA-15 was synthesized by adding 18.7 g of a triblock copolymer 

Pluronic P123 and ethanol in 10.8 g of 35% HCl solution. 40.2 g of TEOS was added to 

the gel composition of 1.0TEOS: 0.017P123: 5.7HCl: 173H2O: 40C2H5OH. Subsequently, 

the solution was vigorously stirred at 35 °C for 20 h. Then, the solution was transferred 

to a Teflon-lined stainless-steel autoclave and autogenously heated at 80 °C for 24 h. 

Afterward, the precipitate was washed, dried at 60 °C overnight, and calcined at  

550 °C for 6 h with the ramping rate of 1 °C·min-1, respectively. 
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3.3.3.2 MCM-41 synthesis [125] 

A solution of 9.90 g of sodium silicate in 30 mL deionized water was 

added dropwise to the solution of 8.12 g cetyltrimethylammonium bromide (CTAB) in 

80 mL deionized water. The pH of the suspension was adjusted to 12 by 2M H2SO4 

solution. The mixture was vigorously stirred under an ambient condition for 1 h, 

transferred to a Teflon-lined stainless-steel autoclave, and hydrothermally treated at 

100 °C for 48 h. The white particle was collected, dried at 60 °C overnight, and calcined 

at 550 °C for 6 h with the ramping rate of 1 °C·min-1, respectively. 

3.3.3.3 WO3 catalysts preparation 

The catalysts were considered for preparing at 2, 3, 5, and 7%WO3/SiO2. 

Ammonium metatungstate hydrate was used as a precursor. It was dissolved in 

deionized water to make the solution with a final concentration of 0.5 M. The solution 

was dropped onto the supports and dried at 110 °C overnight under an ambient 

condition. The dried impregnated catalyst was calcined in a horizontal tube furnace at 

500 °C for 5 h with a heating rate of 5 °C·min-1 under airflow (60 mL.min-1). For other 

supports (NaY, NaX, MCM-41, and SBA-15), WO3 loading was prepared at 5% wt. in a 

similar procedure. 

 

3.3.4 Characterization 

 3.3.4.1 NMR 
1H and 13C NMR spectra were characterized by BrukerDPX-500 and JEOL 

Resonance JNM-ECZ500R spectrometer (500 MHz). The sample was dissolved and 

diluted using deuterochloroform (CDCl3) and deuterotoluene (toluene-d8) as a solvent. 
13C magic angle spinning (MAS) NMR spectra were recorded using a JEOL Resonance 

JNM-ECZ500R spectrometer (400MHz). 

3.3.4.2 Matrix-assisted laser desorption ionization-time of flight 

mass spectrometer (MALDI-TOF MS) and fast liquid chromatography quadrupole 

Time-of-Flight (QTOF) Mass Spectrometry (LC-QTOF) 

A mass per charge (m/z) of a new (p-cymene)RuCl2(LN3) complex was 

counted on microflex®, Bruker, matrix-assisted laser desorption ionization-time of 

flight mass spectrometer (MALDI-TOF MS) using acetonitrile as diluent. A mass per 

charge (m/z) of a Ru(MIBC)4 complex was measured on micrOTOF-Q, Bruker, 

electrospray ionization-time of flight mass spectrometer (LC-QTOF) 
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3.3.4.3 X-ray crystallographic refinement 

A single crystal of a new (p-cymene)RuCl2(LN3) was recrystallized in a 

mixture of dichloromethane and diethyl ether. The diffraction was performed by a 

Bruker APEX-II CCD diffractometer with graphite-monochromated Mo K⍺ radiation  

(λ = 0.71073 Å), 33925 reflections. The diffraction was collected by APEX3, SAINT, and 

SADABS, solved by ShelXT software and refined by SHELXL to obtain the structural 

information. Anisotropic thermal parameters were refined for all non-hydrogen. All 

hydrogen atoms were placed in the calculation. The WinGX and Olex2 1.3 programs 

were used to prepare the materials and molecular graphics for publication. The 

crystallographic structure was obtained from the supports by Asst. Prof. Dr. Nararak 

Leesakul, Department of Chemistry and Center for Innovation in Chemistry, Faculty of 

Science, Prince of Songkla University. 

3.3.4.4 CHN analysis 

CHN elemental composition of the complex was quantitatively 

measured by the Flash Smart, Thermo Scientific, CHNS/O analyzer. 

3.3.4.5 UV-VIS spectroscopy 

UV-VIS spectra were collected on GENESYS 10S with the wavelength 

region scanned from 200-800 nm at 0.4 nm of the resolution. An acquiring time in the 

scanning was set at 15 s. 

3.3.4.6 Diffuse reflectance UV-VIS spectrophotometer 

The sample 0.1 g was mixed and ground in the crystal of barium sulfate 

(~1g) for dilution. It was subsequently pressed on the sample holder, covered by a 

quartz slide, and measured on UV-VIS spectrometer, T92+, PG instruments using pure 

boric acid for a baseline correction. The spectra were collected from the range of 200-

800 nm. 

3.3.4.7 X-ray diffractometry 

The crystallinity and structural characteristics of the catalysts were 

identified by X-ray diffraction spectrophotometer, DMAX2200 Ultima+ (Rigaku) 

diffractometer by Cu K⍺	radiation (λ = 1.504056 Å). The powder was finely ground prior 

to pressing on the sample holder. The data was collected at Bragg angle (2θ) from 0.5-

10˚ and 5˚ to 90˚ with the scanning rate of 5˚min-1. 
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3.3.4.8 Wavelength Dispersive X-ray fluorescence spectro-

photometer (WD-XRF). 

0.5 g of sample powder was mixed and ground in 4.5 g of boric acid 

before putting in an Al2O3 pan. Subsequently, the number of elements embedded in 

the sample was measured by a Wavelength Dispersive X-ray fluorescence 

spectrophotometer, S8 Tiger using CuK⍺	radiation (λ = 1.504056 Å). 

3.3.4.9 Specific surface area and pore size distribution 

The surface area, pore size distribution, and adsorption isotherm of the 

samples were measured by Autosorb-1, Quantachrome. The catalysts were introduced 

to the glass cell equipped with degassing station. The cell was evacuated at 350 °C 

under vacuum to vanish the gas and moisture on the sample surface. Subsequently, 

cryogenic N2 was subjected to the sample and measured an adsorption-desorption 

from 10-6-10-1 torr of P/Po. The surface area was calculated based on the BET equation. 

The pore size was also determined by the BJH method. 

3.3.4.10 Acidity and acid strength 

~0.2 g of the sample was pelletized by a swing arm hydraulic press at 

~1 ton for 1 min and crushed into 700-850 µm. The pellets were packed into a quartz 

tube in the middle of quartz wool slabs. Subsequently, it was activated at 500 °C for 

2 h under air-zero (30 mL·min-1) before saturating by 1%mol NH3 in He with the flow 

rate of 30 mL·min-1 for an hour. An excessive of NH3 molecules on the sample surface 

was purged by helium flush. The data was collected from 30-900 °C at step size 0.004 

with a heating rate of 10 °C·min-1 by microvolume Thermal conductivity detector, VICI, 

Valco instrument. The peak area was calibrated by a pulse of 1%mol NH3 in He in a 

100 µL sample loop. 

3.3.4.11 Temperature programmed reduction (H2-TPR) 

The sample was prepared and activated by a similar procedure as 

section 3.3.4.7. The reducibility of the sample was measured in 10%H2/Ar background. 

The data was collected from 50-900 °C at step size 0.004 with a heating rate of  

10 °C·min-1 by microvolume Thermal conductivity detector, VICI, Valco instrument. The 

peak area was calibrated by a pulse of 1%mol H2 in Ar in a 100 µL sample loop and 

CuO standard. 
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3.3.4.12 Thermogravimetric analysis 

The ethylene-treated sample's thermogravimetric analysis curve (TGA) 

was recorded under an oxidative atmosphere (air-zero). ~5-10 mg of sample was 

weighed into a micro Al2O3 crucible and placed into a heating chamber in a 

thermogravimetric analyzer, TGA/DSC1, Mettler Toledo. The sample was 

monotonically heated from 30 to 900 °C at the heating rate of 5 °C·min-1 under the 

flow of air-zero (30 mL·min-1). 

3.3.4.13 Fourier Transform Raman spectroscopy  

A Fourier Transform Raman spectroscopy (FT-Raman) was collected by 

Raman spectrometer, Nanoproton, Ramantouch (force) with 785 nm laser, the laser 

excitation 6.11 mW, exposure time 100 s, from a wave number of 0 to 2000 cm-1 using 

Si as standard. 

3.3.4.14 X-ray Absorption spectroscopy 

X-ray absorption spectroscopy (XAS) was measured by the support from 

beamline 8 SUT-SLRI XAS of Synchrotron Light Research Institute (SLRI) (Public 

Organization), Thailand. 2.5 mmol of the Ru complex and 8.0 mmol of MIBK (1.0 mL) 

were dissolved in 29 mL of toluene stored in a polypropylene bag. KCl, RuCl3, and  

([Ru(p-cymene)Cl2]2 were used as a standard. The electron energy was 1.25-10.0 keV, 

beam current 80-150 mA, and maximum photon flux was about 1.0x108-1010 

photon·100 m·s-1. The X-ray beam size was 10 mm (width) x 1 mm (height). The 

germanium (220) double single crystals were used as a monochromator to probe Ga 

element for X-ray absorption near edge structure (XANES). The spectra were 

normalized, processed, and analyzed on Athena software. 

Time-resolved X-ray absorption spectroscopy (TRXAS) was conducted 

with the support of beamline 2.2 XAS of the Synchrotron Light Research Institute (SLRI), 

Thailand. W L3-edge XANES and EXAFS spectra were measured in transmission mode 

using a Si (111) bent-crystal monochromator and a linear image NMOS sensor. The data 

were collected simultaneously during the experiment. The sample was primarily 

activated under air-zero (30 mL·min-1) at 500 °C with a heating rate of 2 °C·min-1 and 

held for 3 h. Subsequently, the temperature was raised to 600 °C with a heating rate 

of 10 °C·min-1 under He (30 mL·min-1). The vapor of 1-hexene in He (45 °C) was 

introduced (30 mL·min-1) into the chamber using a saturator at weight hourly space 

velocity (WHSV) 45 h-1 when the temperature reaches 600 °C. The 1-hexene treatment 
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kept activated for 1 h together with the data collection. The spectra were normalized, 

processed, and analyzed on Athena software. The coordination and structural 

information were determined on Artemis software using W2O7 and WO3 as a model 

structure. 

 

3.3.5 General procedure for the oxidation of 1,6-hexanediol  

A reaction vessel was equipped with vacuum and inert gas N2 through 

the dual manifold connecting with a set of the reaction vessel; a round bottom flask, 

a condenser, and a paraffin washing bottle, as shown in Figure 3.1. A round bottom 

flask was charged with 0.2 mmol bases (K2CO3, KOH, or tBuOK) and 1 mmol of  

1,6-hexanediol. After being evacuated by 3 cycles of vacuum and N2 purge, 20 mL of 

a stock solution containing 2.5mM of the Ru complex in toluene/MIBK (30:1 by volume) 

was injected into the reaction vessel. 10 mL of the toluene/MIBK was added to make 

the final volume of 30 mL. 1.6-Hexanediol oxidation occurs by vigorously stirring at 

110 °C under an N2 atmosphere. An aliquot was taken at the time, added 1 mL of 1M 

HCl, and quenched in an ice bath (-5 °C). The supernatant was separated, added with 

0.1 mL of n-dodecane as internal standard, made a final volume of 1 mL using toluene, 

and analyzed by GC-FID, Agilent 7890B, equipped with MXT-1 column and  

FID-detector. 

 
Figure 3.1 Schematic diagram for the oxidation of 1,6-hexanediol 
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Vacuum pump
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3.3.6 General procedure for the acetylene/ethylene metathesis 

 WO3 supported catalysts were pressed on a swing arm hydraulic press and 

sieved in 600-850 micrometer sizes. It was packed into an 8 mm diameter quartz tube 

between quartz wool slabs. The quartz beads were filled on top to adjust the feed 

flow profile. The fragmented quartz rod was also placed at the bottom. Prior to the 

activity testing, the catalyst was activated under air-zero (30 mL·min-1) at 500 °C for  

4 h. N2 was introduced during a ramping temperature to 600 °C. Subsequently, the 

catalyst was treated with ethylene (30 mL·min-1) for 2 h. The temperature was held at 

450 °C together with the introduction of 1%mol acetylene/ethylene balanced with N2 

(total flow 55 mL·min-1). It would be noted that higher flow gas was subjected through 

the upper flow controller to maintain a constant flow. The gas product was collected 

every 20 min for 6 h using 250 µL of a sample loop by online GC, Agilent 6890, 

equipped with HP-plot (Al2O3) column and FID-detector. The fixed-bed reactor scheme 

is represented in Figure 3.2. 

 

 
Figure 3.2 Schematic diagram for acetylene/ethylene metathesis 
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CHAPTER 4 

Main results and discussion 
 

4.1 The catalytic oxidation of 1,6-hexanediol to 𝛆-caprolactone over  

(p-cymene)RuCl2(L) complexes 

 4.1.1 Syntheses 

NMR spectra and crystallographic details of the new (p-cymene)RuCl2(LN3) 

complex are shown in Table A1 and Figure A1–A3 (Appendix A) [117-123], 

respectively. Other (p-cymene)RuCl2(L) compounds with phosphine ligands (LP1–P5), and 

pyridine-base ligands (LN1–N5), shown in Table 4.1, were prepared by the reaction 

between commercially available [(p-cymene)RuCl2]2 and the corresponding ligands in 

methanol, as reported in the literature (Figure A4–A10, Appendix A).  

 

Table 4.1 LP and LN ligands for the (p-cymene)RuCl2(L) complexes 

 

The steric and electronic effects of the ligands could be derived from the 

different cone angles of the LP ligands or the other substituted groups of the pyridine 

ring for LN ligands. All complexes have pseudo-tetrahedral geometry, as shown in 

Scheme 4.1. 

LP Phosphine ligands  LN Pyridine ligands 

LP1 P(cyclohexyl)3  LN1 Pyridine 

LP2 P(OPh)3  LN2 4-Methylpyridine 

LP3 PO(Ph2)(C2H5)  LN3 4-tert-Butylpyridine 

LP4 PPh3  LN4 2,4-Dichloropyridine 

LP5 Bis(diphenylphosphino) methane  LN5 4-Dimethylaminopyridine 
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Scheme 4.1 Structure of the (p-cymene)RuCl2(L) complexes 

 

According to the single-crystal XRD of all (p-cymene)RuCl2(L) complexes, the  

Ru–Cl(1), Ru–Cl(2), Ru–N or Ru–P, and Ru-(centroid of the p-cymene ring) bond lengths 

varied depending on the ligands (L), as shown in Table A2, Appendix A. For  

(p-cymene)RuCl2(LN) complexes, the N–Ru-(centroid of the p-cymene ring) angles are 

in the same range (127-129°). However, these angles are somewhat smaller than that 

of the (p-cymene)RuCl2(LP) (128-134°). This could be attributed to the greater steric 

hindrance of bulky phosphine ligands. It is worth noting that other angles have changed 

to accommodate this variation. 

As previous studies suggest that the catalytic initiation process of this type of 

complex involves the association of the feed, especially alcohols [78, 79], the angle 

of the (centroid of p-cymene ring)-Ru–L would determine the accessibility of a reactant 

to coordinate with the complex. The geometrical effect from these ligands can be 

deduced from the “pocket-site” defined by an accessible space around the angle of 

(centroid of the p-cymene ring)-Ru-(centroid of 2Cl) (𝜃c), as shown in Scheme 4.1, due 

to the lower steric hindrance of the chloro-ligands. 

One could expect that 𝜃c would depend on the geometrical effect of the  

L–Cl–Cl ligands, especially the steric constraints from L. As seen in Table 4.2, the 

bulkier the L, the larger the Ru-cone angle, and hence the smaller the 𝜃c. The complex 

with a smaller 𝜃c would have a relatively smaller pocket-site dimension. Accordingly, 

the 𝜃c of LN complexes is larger than those of the LP complexes. This is because the 

LN (planar structure ligands) is much less bulky than LP (trigonal pyramidal structure 

ligands). It should be noted that the modification of the pyridine ring (LN) results in a 

Pocket-site dimention (θc)

Centroid of p-cymene ring

Centroid of p-cymene ring
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slight change of 𝜃c. On the other hand, a considerable variation of the 𝜃c was observed 

for LP with different P-substituted moieties. 

 

Table 4.2 Pocket-site dimension (θc, °) of (p-cymene)RuCl2(L) 

Entry Ligands 𝜃c (°) 

1 LP1 P(cyclohexyl)3 140.09 

2 LP2 P(OPh)3 143.29 

3 LP4 PPh3 143.63 

4 LP5 Bis(diphenylphosphino) methane 145.21 

5 LN1 Pyridine 148.28 

6 LN2 4-Methylpyridine 147.67 

7 LN3 4-tert-Butylpyridine 147.96 

8 LN5 4-Dimethylaminopyridine 147.63 

 

4.1.2 Catalytic activity 

The oxidation of 1,6-HD using (p-cymene)RuCl2(LP4) as a catalyst at 1 h (Figure 

4.1a) yielded ε-CL as the main product with small amounts of 6-hydroxyhexan-1-al 

and 1,6-hexanedial. A trace of adipic acid was also obtained. According to the reaction 

profile (Figure 4.1a), 6-hydroxyhexan-1-al was initially produced, presumably from the 

oxidation at one of the hydroxyl groups of 1,6-HD. As the conversion increased, the 

yield of 6-hydroxyhexan-1-al was decreased, while ε-CL yield was increased. This 

suggests that 6-hydroxyhexan-1-al is an intermediate undergoing consecutive 

cyclization and oxidation to the ε-CL. In a similar manner, 1,6-hexanedial was also 

initially produced but then decreased with the conversion. This product could be 

derived from the oxidation of 6-hydroxyhexan-1-al but then consumed, presumably 

by H-transfer from the Ru–H intermediate. Alternatively, some 1,6-hexanedial could 

be further oxidized to a trace amount of adipic acid [126]. 
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Figure 4.1 1,6-HD oxidation time profile using the (p-cymene)RuCl2(LP4) catalyst a) with 

K2CO3 and b) without base (conversion (⏺ ), 6-hydroxyhexan-1-al (n), 1,6-hexanedial 

(⬥), ε-CL (▲), and adipic acid (×) (0.025 mmol Ru complex, 1 mmol 1,6-HD, under N2 

atmosphere, 110 °C, 30 mL toluene, 0.2 mmol K2CO3, 8 mmol MIBK)) 

 

In sharp contrast, lower activity was obtained when no K2CO3 was added to the 

reaction (Figure 4.1b). In this case, 6-hydroxyhexan-1-al was mainly produced with a 

small amount of ε -CL. Deprotonation and association of 1,6-HD to the catalyst 

complex could likely be suppressed in the absence of a base. This is because the 

proton abstraction of the primary alcohol (1,6-hexanediol) would be faster than that 

of the secondary alcohol (oxepan-2-ol). Thus, further cyclization and oxidation would 

be limited in the absence of a base, while the initial product, 6-hydroxyhexan-1-al, can 

be obtained with/without the base. Another report [127] also suggested that no 

reaction takes place without a base; this finding emphasizes that K2CO3 is required, 

particularly for the oxidation of oxepan-2-ol intermediate to ε-CL.  

For the phosphine ligands (LP1–P5), the conversions of (p-cymene)RuCl2(LP) 

catalysts in the presence of K2CO3 increased from 4 to 55% for LP1 to LP5 (Table 4.3, 

entries 2–6). 6-Hydroxyhexan-1-al and ε-CL are produced as major products. From the 

reaction profiles (Figure A11, Appendix A), all reactions follow pseudo 1st order 

kinetics, as shown in Figure 2a. Accordingly, the apparent rate constants (kapp) can be 

estimated, which is consistent with the observed conversion (Table 4.3). The kapp 

increases in the order of LP1 < LP2 < LP3 < LP4 < LP5, which is ~100 times from LP1 to LP5. 

Hence, the phosphine ligands clearly influence the reaction activity. This could be 

attributed to the i) electronic and/or ii) geometric effect of the phosphine ligands in 

the (p-cymene)RuCl2(LP) complexes. 

b) Without base a) With K2CO3 
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Figure 4.2 Pseudo 1st order kinetics of 1,6-HD oxidation using a) (p-cymene)RuCl2(LP) 

and b) (p-cymene)RuCl2(LN) catalysts (0.025 mmol Ru complex, 1 mmol 1,6-HD, under 

N2 atmosphere, 110 °C, 30 mL toluene, 0.2 mmol base, 8 mmol MIBK)  

LP1 : f(x)= -0.00013x-0.03198; R2 = 0.9700
LP2 : f(x) = -0.00435x -0.00064; R2 = 0.9928
LP3 : f(x) = -0.00756x-0.00017; R2 =0.9966
LP4 : f(x) = -0.01077x+0.000000; R2 = 0.9253
LP5 : f(x) = -0.01190x-0.1386; R2 = 0.9543

LP1

LP2

LP3

LP4

LP5

a)

LN1: f(x) = -0.01191x-0.00264; R2 = 0.9988
LN2: f(x) = -0.01073x -.001236; R2 = 0.9830
LN3 : f(x) =-0.01112x-0.0634; R2 =0.9713
LN4 : f(x) = -0.09802x-0.09919; R2 = 0.9811
LN5: f(x)= -0.01216x-0.00589; R2 = 1.0000

LN3
LN4
LN2

LN1LN5

b)

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 41 

Table 4.3 Conversion and product distribution using (p-cymene)RuCl2(L) complexes as 

catalysts 

 
a (0.025 mmol Ru complex, 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 1 h, 30 mL 

toluene, 0.2 mmol K2CO3, 8 mmol MIBK). b Conversion and yields after 60 min resident 

time.  

 

However, there does not seem to be an electronic effect derived from these 

phosphine ligands since the electron density of the Ru center in all the  

(p-cymene)RuCl2(LP) complexes remains similar despite the different LP ligands. This 

was deduced from the X-ray adsorption near-edge structure (XANES) spectroscopy of 

these (p-cymene)RuCl2(LP) complexes in the toluene solution (imitating the reaction 

solution), as shown in Figure 4.3a and a′ and Table 4.4. In fact, the Ru L3-edge energy 

for all complexes was observed at ~2834 eV. In turn, the Cl K-edge energy notably 

decreases from LP1 > LP2 > LP3 > LP4 > LP5 (2820.2 to 2817.5 eV, Table 4.4, entries 1-5, 

and Figure 4.3a′). In other words, the lower the steric hindrance from the LP, the higher 

the electron density of the Cl ligand. According to the crystallographic data, the LP 

ligand with less steric constraints showed a shorter Ru–P bond (Table A2, entries  

1-3, Appendix A), providing a stronger interaction with the Ru center. Accordingly, a 

lower interaction between Ru and the Cl ligand could be expected, leading to a longer 

Entry Ligand θc (˚) Base

Co
nv

ers
ion

 (%
)b Yield (%)

k ap
pa

(x 
10
-3

mi
n-1

)

6-H
yd

ro
xy

he
xa

n-1
-al

1,6
-H

ex
an

ed
ial

Ad
ipi

c a
cid

ε-C
L 

1 LP4 143.63 - 11 9.3 0.0 0.0 1.7 -
2 LP1 140.09 K2CO3 4 3.9 0.0 0.0 0.1 0.1
3 LP2 143.29 K2CO3 14 9.2 0.0 0.0 4.8 4.6
4 LP3 - K2CO3 36 9.9 0.4 0.0 25.7 7.6
5 LP4 143.63 K2CO3 46 3.2 4.6 0.0 38.2 10.8
6 LP5 145.21 K2CO3 55 11.1 2.1 0.1 41.7 11.9
7 LN1 148.28 K2CO3 42 8.3 2.4 0.1 31.2 11.9
8 LN2 147.67 K2CO3 50 10.0 1.8 0.0 38.2 10.1
9 LN3 147.96 K2CO3 47 3.9 3.1 0.0 40.0 11.1
10 LN4 - K2CO3 30 10.1 0.0 0.0 20.1 9.8
11 LN5 147.63 K2CO3 47 4.3 3.2 0.1 39.5 12.2
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Ru–Cl bond. This suggests that the chloro-ligand in the complex with less sterically 

bulky ligands would have a weaker sigma donation to the Ru (a longer Ru–Cl bond), 

yielding a lower electron density. It is possible that the similar electron density at the 

Ru center of these (p-cymene) RuCl2(LP), despite the difference in LP ligands could be 

compensated by the arrangement of the Ru–Cl, Ru–P, and Ru–C bonds. Accordingly, 

the electronic effect by the ligand may not account for the observed difference in the 

activity of the (p-cymene)RuCl2(LP) catalysts.  

 

Table 4.4 Ru L3-edge energy and Cl K-edge energy of (p-cymene)RuCl2(L) complexes 

Entry Ligand Ru L3-edge energy (eV) Cl K-edge energy (eV) 

1 LP1 2834.1 2820.2 

2 LP2 2834.2 2819.4 

3 LP3 - - 

4 LP4 2834.2 2819.1 

5 LP5 2834.2 2817.5 

6 LN1 2833.9 2819.0 

7 LN2 2834.2 2819.2 

8 LN3 2834.0 2819.0 

9 LN4 2834.0 -a 

10 LN5 - - 

11 [(p-cymene)RuCl2]2  2832.7 2819.8 

a Cl K-edge energy cannot be determined since there is the additional Cl which is 

substituted on the pyridine-based ligand.  
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Figure 4.3 XANES spectra of Ru L3-edge and Cl K-edge energies of a) and a′) (p-cymene 

RuCl2(LP) and b) and b′) (p-cymene)RuCl2(LN) in toluene 

 

On the other hand, the reaction rate constant (kapp, Table 4.3, entries 2–6) 

increases when the LP ligands become less sterically bulky, suggesting a geometric 

effect from the LP ligands. This indicates that the accessibility of 1,6-HD to the 

ruthenium center plays a crucial role in the reaction pathway. In fact, the reaction rate 

constants (kapp) for the (p-cymene)RuCl2(LP) complexes critically depend on the 𝜃c, as 

depicted in Figure 4.4. As mentioned earlier, the less steric hindrance caused by the 

LP, the larger the 𝜃c. The variation of 𝜃c from only 140–145° leads to an increase in 

kapp values by 100 orders of magnitude. The larger the pocket-site dimension, as 

deduced from 𝜃c, the higher the reaction rate [128, 129]. Accordingly, the reaction 

pathway appears to proceed via an associative interchange (Ia) mechanism for  

(p-cymene)RuCl2(LP) complexes, as shown in Scheme 4.2. These kinetic data (Figure 

4.2 and 4.4) are the first experimental evidence supporting the associative interchange 

mechanism for alcohol oxidation among the debated mechanisms by computational 

studies [74, 81]. Accordingly, it seems that the difference in the substituted groups of 

LP does not significantly affect the electron density at the Ru center but rather the  

Ru–Cl bond length, which regulates accessibility. This again indicates the geometrical 

effect of the phosphine ligand on the observed activity. The increase in the rate 

a) b) Ru L3-edge Ru L3-edge 

a') b') Cl K-edge Cl K-edge 
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constant for the LP complex with a larger pocket-site dimension (𝜃c) could suggest the 

associative interchange mechanism of 1,6-HD oxidation (Scheme 4.2).  

 
Figure 4.4 Relation between kapp and the pocket size dimension of (p-cymene)RuCl2(L) 

complexes 

 

 
Scheme 4.2 Possible pathway for the 1,6-HD oxidation over (p-cymene)RuCl2(L) 

 

However, the kapp values of the (p-cymene)RuCl2(LN) complexes are relatively 

similar (~10-12 × 10-3 min-1, Table 4.3, entries 7-11, Figure 4.2b) and independent of 

𝜃c (Figure 4.4). This suggests that the accessibility of the 1,6-HD to the ruthenium 

center of the LN complexes is not limited. In other words, (p-cymene)RuCl2(LN) has 

enough space for the feed association. Besides the independence of the pocket-size 

dimension (𝜃c), the similar activity amongst LN complexes could be the reason for their 

similar electronic properties (Figure 4.3b and b′). For all (p-cymene)RuCl2(LN) 
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complexes, the edge energies of Ru were similar (~2834 eV, Table 4.4, entries 6–9) 

and relatively close to those of the (p-cymene)RuCl2(LP) complexes. This suggests that 

the Ru center in these complexes (both LN and LP) possesses a similar electron density. 

Despite different LN ligands, Ru–N and Ru–Cl bonds are in the same range (2.1 Å and 

2.4 Å, respectively, Table A2, Appendix A). This is presumably because the difference 

in substituted groups (–Cl, –CH3, –N(CH3)2) would provide no significant effect on the 

steric hindrance for these relatively flat pyridine ligands. In line with this view, the 𝜃c 

of all the (p-cymene)RuCl2(LN) complexes and hence the edge energies of Cl in these 

complexes are quite similar. 

 
Figure 4.5 The relation between product selectivity and conversion (0.025 mmol  

(p-cymene)RuCl2(LP4), 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL toluene, 

0.2 mmol K2CO3, 8 mmol MIBK) 

 

Despite the different LP and LN ligands, all catalysts provide similar selectivity 

for 6-hydroxyhexan-1-al (~36%) and for ε -CL (~64%) at 28% 1,6-HD conversion, 

extrapolated from the reaction profiles (Table A3, Appendix A). For example, the 

product selectivity over (p-cymene)RuCl2(LP4) depends only on the conversion, as 

shown in Figure 4.5. At low conversion, the selectivity of 6-hydroxyhexan-1-al was 

relatively high since it was a primary product, as proposed in Scheme 4.2. As the 

conversion increased, the ε -CL selectivity increased, while the primary product,  

6-hydroxyhexan-1-al was consumed. As the product selectivity was the same and 

depends on the conversion for both LP and LN complexes, it is likely that these 

6-hydroxyhexa-1-nal
1,6-hexanedial

ε-CL 

adipic acid 
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catalysts promote 1,6-HD oxidation with a similar reaction pathway, that is, an 

associative interchange (Ia) mechanism. 

It is essential to mention that upon performing the reactions under these 

conditions, using all the (p-cymene)RuCl2(LP) and (p-cymene)RuCl2(LN) catalysts, the  

1,6-HD conversions never went beyond 50%. This limitation could result from  

i) deficiency of the hydrogen acceptor (MIBK) and/or ii) deactivation of the catalysts. 

However, in all the experiments, MIBK was added in excess (8 eq. as compared to  

1,6-HD) and remained in large quantities after the reaction, as detected in the  

GC-chromatogram. Thus, the limitation of MIBK as a hydrogen acceptor might not be 

the case. To validate catalyst deactivation in a batch reaction, Apesguia's estimation 

method was applied [130, 131]. In this method, the relationship between the 

conversion vs. catalyst weight × time (i.e., resident time) would be independent of the 

amount of catalyst used. If the catalyst were deactivated, such a relationship would 

be decreasingly deviated, particularly when a small amount of catalyst was employed, 

as shown in Figure 4.6. 

 

 
 

Figure 4.6 Apesguia's plot of 1,6-HD oxidation using different amounts of  

(p-cymene)RuCl2(LP4) catalyst (1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL 

toluene, 0.2 mmol K2CO3, 8 mmol MIBK) 

 

A similar relationship between conversion vs. catalyst weight × time was initially 

observed for the reaction using different weights of catalysts. In other words, a similar 

conversion was obtained for the reaction using more catalyst with a shorter resident 

6.6 mg

12.0 mg

22.0 mg
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time, as compared to that using less catalyst with a longer resident time, that is, the 

same catalyst weight × time. This suggests that the catalyst remains active at the 

beginning of the reaction. However, at a higher catalyst weight × time (>400 mg·min), 

the reaction with a smaller amount of catalyst provides a relatively lower conversion. 

This indicates that, as the reaction progressed, the number of the active sites readily 

decreased with time. Hence, the reaction using small amounts of the catalyst remains 

active for a short resident time. 

 

Table 4.5 Activity of (p-cymene)RuCl2(LP4) for 1,6-HD oxidation in various conditionsa 

Entry Base 1,6-HD 

(mmol) 

𝛆-CL 

(mmol) 

MIBC 

(mmol) 

MIBK 

(mmol) 

Conversion 

(%) 

kapp 

(x10-3 min-1) 

1 K2CO3 1 - - 8 30 10.8 

2 K2CO3 1 1 - 8 30 10.2 

3 K2CO3 0.5 - 1 7 0 - 

4 KOH 1 - - 8 17 4.2 

5 tBuOK 1 - - 8 20 3.7 

a (0.025 mmol Ru complex, under N2 atmosphere, 110 °C, 30 mL toluene, 0.2 mmol 

base, 8 mmol MIBK, conversion after 30 min resident time).  

 

The observed catalyst deactivation could be derived from i) thermal 

decomposition and/or ii) product adsorption. The thermal decomposition was ruled 

out because the UV-vis spectra of the (p-cymene)RuCl2(LP4) complex remained the 

same after treatment with K2CO3 in toluene at 110 °C for 1 h (Figure A12, Appendix 

A). Alternatively, ε-CL could be coordinated to the Ru center, inhibiting the association 

of the incoming 1,6-HD, which leads to the deactivation. To validate this assumption, 

the reaction was performed with a 1 : 1 mole ratio of 1.6-HD : ε-CL (Table 4.5, entry 

2). The result showed that the conversions and kapp are similar to those without the 

ε-CL added (Table 4.5, entries 1-2, Figure A13 and A14 (Appendix A)). This suggests 

that the competitive association of ε-CL does not cause the deactivation; the catalysts 

could still promote the reaction even in the presence of equimolar ε-CL and 1,6-HD. 
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Figure 4.7 1,6-HD oxidation time profiles using the (p-cymene)Ru(LP4)Cl2 catalyst with 

a) 0.5 mmol 1,6-HD spiking at 60 min and b) 0.5 mmol 1,6-HD spiking at 30 min 

(conversion (⏺), 6-hydroxyhexan- 1-al (n), 1,6-hexanedial (⬥), ε-CL (▲), and adipic acid 

(×) (0.025 mmol Ru complex, 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL 

toluene, 0.2 mmol K2CO3, 8 mmol MIBK)) 

 

In addition to ε-CL, methyl isobutyl carbinol (MIBC) is produced as MIBK is 

hydrogenated (see Scheme 4.2). This MIBC could possibly interfere with the catalytic 

cycles since the secondary alcohol (MIBC) is more ready to react with Ru than the 

primary alcohol (1,6-HD). To verify the effect of MIBC, the reaction in the presence of 

MIBC was carried out using 1.0 mmol MIBC : 0.025 mmol Ru to mimic the amount of 

MIBC at the 50% conversion. Surprisingly, no catalytic activity was observed (Table 4.5, 

entry 3). In a similar manner, the spike of 1,6-HD into the reaction after the progress 

a) 1,6-HD Spiking at 60 min 

b) 1,6-HD Spiking at 30 min 

Spike 
1,6-HD

Spike 
1,6-HD
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of 50% conversion (at 1 h) inhibited the reaction from proceeding further, as shown in 

Figure 4.7a. This suggests that the oxidation of 1,6-HD was inhibited when MIBC was 

produced as much as ~40 times higher than the Ru catalysts. However, the catalyst 

remains active when the MIBC/Ru is less than ~25. It is deduced from the experiments 

in Figure 4.7b that the reaction can continuously proceed when 1,6-HD was spiked at 

37% conversion. At this conversion level, the MIBC was produced at approximately 25 

equivalences (0.6 mmol MIBC : 0.025 mmol Ru). This indicates that the MIBC : Ru mole 

ratio is essential to maintain the catalytic activity of the catalyst. It is likely that the 

MIBC could be competitive with the 1,6-HD to coordinate or react with the catalysts. 

 

 
Figure 4.8 500 MHz 13C-CPMAS NMR spectra of MIBC and [Ru(OMIBC)4]∞ complex 

 

In a supporting manner, the brown solids were precipitated after mixing  

(p-cymene)RuCl2(LP4) and MIBC (in excess) in toluene at room temperature without the 

base for 1 h. From Figure 4.8, the 13C CPMAS NMR spectrum of the brown solid clearly 

shows characteristics of MIBC. This could be attributed to the Ru alkoxide species 

formed by the reaction of MIBC with the Ru complex. The LC-QTOF mass spectra and 

TGA analysis suggest that the brown precipitate would be Ru(OR)4 (Figure A15, 

Appendix A). The formation of inactive Ru alkoxide could result from the oxidative 

decomposition of L when an excessive amount of alkoxides, especially MIBC/tBuOK, is 

present. Metal alkoxide formation by reaction between a metal complex and alcohol 

has also been reported in the literature, especially magnesium complexes [132, 133]. 

This side reaction readily causes deterioration of the catalyst's complex, particularly at 

high MIBC concentration, compared to Ru and the feed (1,6-HD). Accordingly, the 
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reaction is typically inhibited at ~50% conversion. In contrast, the Ru alkoxide does 

not readily form at 37% conversion. Hence, after adding 1,6-HD, the reaction is no 

longer limited, as observed previously. This is due to the higher 1,6-HD : MIBC ratio 

(>0.5) that prevents the side reaction between the Ru complex and MIBC.  

Besides the MIBC that could react with the catalyst, the base type also affects 

the catalyst's stability. The use of KOH (pKa ~10.2) and tBuOK (pKa ~15.7) instead of 

K2CO3 (pKa ~17.0) reduces the reaction rate by approximately three-fold (from ~4.17 

to ~3.68 × 10-3 min-1, Table 4.5, and Figure A13 and A14 (Appendix A)). Even though 

this reaction proceeds much faster in the presence of the base (K2CO3), as shown 

earlier, the addition of the stronger base possibly causes the side reaction with alcohol 

or hydroxide to form Ru alkoxide or hydroxide. In excess MIBC, the remaining  

[(p-cymene)RuCl2(LP4)] complex is in the order of K2CO3 > KOH > tBuOK. This can be 

deduced from the decrease in LP4 and p-cymene signals of the complexes in Figure 

4.9. The disappearance of these signals is due to the decomposition of  

(p-cymene)RuCl2(LP4) by MIBC in the presence of a strong base. The fact that the free 

triphenylphosphine ligand (~7–8 ppm) and p-cymene (~4.6 ppm) signals were not 

initially observed in Figure 4.9, especially with tBuOK, is presumably due to the 

precipitation upon the complex decomposition. It is likely that [(p-cymene)RuLClOtBu]x 

could be primarily precipitated and later decomposed to Ru(OMIC)4, as evidenced in 

Figure 4.8.  
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Figure 4.9 500 MHz 1H NMR spectra of (p-cymene)RuCl2(LP4) after the addition of 34 

mmol MIBC at 110 °C for 5 min in toluene-d8; a) 0–10 ppm and b) zoom 0-4 ppm 

 

In a supportive manner, the free triphenylphosphine and p-cymene ligands 

were later evidenced for all samples, including that with tBuOK, after leaving the 

reaction mixtures overnight (Figure A16, Appendix A). This indicates the dissolution 

of triphenylphosphine and p-cymene ligands after decomposition to Ru(OMIC)4. 

Accordingly, no triphenylphosphine and p-cymene signals were observed in the  
13C CPMAS NMR spectrum of the precipitate (Ru(OMIC)4). It has also been mentioned 

in the literature that the activity of ruthenium complexes for several alcohol oxidations 

depends on the bases [127]. However, they did not fully address the side reactions of 

the base since no kinetic studies were performed. Therefore, the base does not only 
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play a vital role in enhancing the catalytic activity but also affects the stability of the 

Ru complexes.  

 

4.2 Acetylene/ethylene cross-metathesis over supported WO3 catalysts 

 4.2.1 Physicochemical properties of WO3/SiO2 catalysts 

 The surface area and chemical composition of the supported tungsten oxide 

over silica are summarized in Table 4.6. The WO3 loading in each catalyst is close to 

the expected values. All loaded WO3 samples showed a lower surface area  

(365-248 m2·g-1) than its parent support (385 m2·g-1). The higher the WO3 loading, the 

lower the surface area. This could be attributed to the loaded WO3 could cover the 

surface of the SiO2. 

 

Table 4.6 Physical and Chemical properties of WO3/SiO2 catalysts 

Entry Samples 

Specific surface 

area 

(m2/g)a 

WO3 

(wt.%)b 

Acidity 

(mmol/g)c 

H2-

consumption 

(mmol/g)d 

Reduction 

(%)e 

1 2%WO3/SiO2 365 2.54 4.0 0.265 81 

2 3%WO3/SiO2 349 3.42 5.9 0.427 96 

3 5%WO3/SiO2 328 5.10 6.1 0.731 102 

4 7%WO3/SiO2 248 7.43 6.5 0.247 26 

5 SiO2 381 - - - - 

a Multipoint BET b WD-XRF c Estimated from the integration of NH3-TPD signal d 

Estimated from the integration of H2-TPR signal e Calculated from H2-consumption.  

 

The crystallite WO3 diffraction peaks were only observed in 7%WO3/SiO2, as 

shown in Figure 4.10A (d), suggesting that bulk WO3 was present in 7%WO3/SiO2. In a 

supportive manner, UV–VIS DRS spectra of the 7% WO3/SiO2 showed an absorption at 

457 nm (Figure 10B (d)), representing the bulk WO3 species as reported by  

Ross-Medgaarden et al. [134]. The band gap energy of these samples (~2.75 eV, Table 

B1, Appendix B) is also consistent with the bulk WO3 (2.80 eV). In contrast, the lower 

absorption (230 and 350 nm, Figure 4.10B (a-c), Appendix B) was observed for  
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2-5%WO3/SiO2, with higher band gap energy (4.5 and 5.2 eV, Table B1) that 

corresponds to the isolated WO3 (i.e., di-oxo and mono-oxo WO3) or smaller WO3 

clusters (i.	e., dimeric WO3 and WO3 clusters). In line with this view, only Raman spectra 

of 7%WO3/SiO2 (Figure 4.10C (d)) showed the W=O vibrations of bulk WO3 at 268 cm-

1 (𝛿(W=O), 711 (𝜈as(W=O)), and 804 cm-1 (𝜈s(W=O)) [134]. Furthermore, W 5d ligand 

field splitting of an octahedral W unit could be observed in the 2nd derivative in situ  

TR-XANES spectra of 7%WO3/SiO2 (Figure B1, Appendix B). The W L3-edge in situ  

TR-EXAFS spectra of 7%WO3/SiO2 (Figure 4.10D) also show the radial distance at 1.37 

and 2.75 Å for W–O and W–O–W bond, corresponding to the bulk WO3 species as 

reported by Kuzmin and Purans [135].  

 

Figure 4.10 (A) XRD diffraction patterns, (B) UV-VIS DRS spectra, (C) Raman spectra, and 

(D) Fourier transform of W L
3
-edge in situ EXAFS spectra at 500°C under air-zero of WO

3
 

over silica support 

 

On the other hand, bulk WO3 characteristic peak was not detected in the 

Raman spectra of 2%WO3/SiO2, 3% WO3/SiO2, and 5% WO3/SiO2 (Figure 4.10 C (a-c)). 

W L3-edge in situ TR-XANES and the 2nd derivative spectra of 5% WO3/SiO2 also showed 
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a similar single asymmetrical peak of tetrahedral tungsten oxide in contrast to a 

doublet peak of octahedral W unit in 7% WO3/SiO2 and (NH3)6H2W12O40 (Figure B1, 

Appendix B). Moreover, Fourier transforms of W L3-edge in situ TR-EXAFS spectra of 

this sample show only 1st shell W–O coordination (Figure 4.10D). The Raman shifts at 

~998, and 1025 cm-1 for mono-oxo WO3 species with four and five coordination  

(O=W(O–Si)3 and O=W(O–Si)4) were particularly pronounced in 2%WO3/SiO2 (Figure 

4.11a). In addition, weak scattering peaks at 975 and 985 cm-1 reveal the formation of 

WO3 clusters and di-oxo WO3 ((O=)2W(O–Si)2) [136-138], as shown in Figure 4.11. At the 

same time, the WO3 cluster (975 cm-1) was predominant in 3%WO3/SiO2 and 

5%WO3/SiO2 samples.  

The difference in WO3 species, as evidenced by Raman spectroscopy, suggests 

that the formation of WO3 depends on WO3 loading compared to the available silanol 

on the surface of the supports. At a low WO3 loading (2%WO3/SiO2), WO3 tends to 

disperse in a monomeric form (di-oxo and mono-oxo WO3). This is because the surface 

silanol is sufficiently available for anchoring WO3 species. With a relatively strong 

interaction between the surface silanol and the tungsten precursors  

(i.e., (NH3)6H2W12O40) [139], agglomeration to bulk WO3 is somewhat inhibited upon 

calcination. As the WO3 loading increases, the tungsten precursor remains in closed 

proximity, weakening the interaction between the surface silanol and the WO3. 

Accordingly, agglomeration to bulk WO3 was observed, particularly for the 

7%WO3/SiO2. Consequently, surface silanol of the support plays a significant role in 

accommodating monomeric WO3, which would be the most active species for the 

acetylene/ethylene cross-metathesis [113]. 
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Figure 4.11 Raman spectra of various WO3/silica supports 

 

4.2.2 Acetylene/ethylene cross-metathesis over WO3/SiO2 

catalysts 

Over the as-prepared 5%WO3/SiO2, acetylene removal is gradually increased 

with time on stream, as seen in Figure 4.12A (a). This suggests that the as-prepared 

WO3 was not an active site but a catalyst precursor for acetylene/ethylene  

cross-metathesis. The hydrocarbon feed (ethylene or acetylene) would primarily react 

with the WO3 during the reaction to form W4+ alkylidene species (W=CH2) via pseudo-

Wittig reaction (Scheme 4.3), as suggested in the literature [140]. The 

acetylene/ethylene metathesis over this W4+ alkylidene active site initially is 

proceeded by [2+2] cycloaddition of M=CH2 (i) and acetylene, forming a four-

membered metallocyclic intermediate (ii). Then, the ring-opening of intermediate (ii) 

would yield vinyl carbene tungsten intermediate (iii) that could undergo [2+2] 

cycloaddition with ethylene, forming a four-membered metallocyclic intermediate (iv). 

The rearrangement of the intermediate (iv) would result in 1,3-butadiene, recovering 

active W=CH2 species (i) as shown in Scheme 4.3. 
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.  

 
 

Figure 4.12 Effect of ethylene treatment on acetylene removal over 5%WO3/SiO2 (A) 

at 450 °C when catalyst was (a) untreated, (b) treated at 450 °C for 2 h and (c) treated 

at 600 °C for 2 h, and B) at 200-600 °C (feed flow rate 15 (for A) or 20 mL·min-1 (for B), 

acetylene/ethylene = 1/99 wt.%, N2 flow rate 35 mL·min-1) 

A)

(a) as prepared 5%WO3/SiO2

(b) Ethylene treated
at 450°C, 2h

(c) Ethylene treated
at 600°C, 2h

B)

Ethylene treated at 600˚C, 2 h

as prepared
5%WO3/SiO2
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Scheme 4.3 W4+ alkylidene formation over 5%WO3/SiO2 during ethylene treatment 

and proposed mechanism of acetylene/ethylene cross metathesis 

 

The acetylene removal rapidly increased after in situ treatment with ethylene 

at 450 °C for 2 h. Similarly, the ethylene treatment at 600 °C can readily improve the 

induction period, and a steady-state removal can be reached within 2 h. This indicates 

that ethylene treatment can primarily promote the formation of W=CH2 species and 

consequently suppress the induction period [97]. Supportively, higher acetylene 

removal was obtained over the catalyst with ethylene-treating at 600 °C compared to 
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the prepared WO3/SiO2 (Figure 4.12B). At a similar conversion, the ethylene-treated 

WO3/SiO2 requires ~25 °C lower than the as-prepared WO3/SiO2. According to the 

temperature profile, the reaction temperature of 450 °C was applied for selective 

acetylene removal throughout this work. 

 
Figure 4.13 Acetylene/ethylene cross-metathesis over non-reduced and reduced 

5%WO3/SiO2 with/without ethylene treatment (feed flow rate 15 mL·min-1 

(acetylene/ethylene = 1/99 wt.%), N2 flow rate 35 mL·min-1, 450 °C) 

 

As an active W=CH2 must be generated from W=O species, a concentration of 

surface W=O would determine the catalytic activity. Accordingly, the 5%WO3/SiO2 

reduced at 500 °C for 2 h before treatment with ethylene at 600 °C provides a lower 

acetylene removal (37%) compared to the non-reduced catalyst (44%, Figure 4.13). 

The reduced 5% WO3/SiO2 without ethylene treatment even showed lower activity 

than those without reduced. This can be explained by a reduction of surface W=O as 

seen from the hydrogen consumption at ~450 °C in the H2-TPR profile (Figure 4.14A). 
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Figure 4.14 (A) H2-TPR of WO3 supported SiO2 and (A) and Fourier transform of W  

L3-edge in situ TR-EXAFS spectra of calcined and reduced under H2 at 500 °C for 30 

min of 5%WO3/SiO2 

 

In line with this view, the average oxidation state of WO3 species in 5%WO3/SiO2 

decreased from +6.0 to +5.3 (Table B2, entries 1–2, Appendix B) after reduction at 

500 °C. These values were estimated from W L3-edge energy using WO3 (W6+), 

(NH4)6H2W12O40 (W6+), and W foil (W0) standards, as shown in Figure B2 (Appendix B). 

Jiang et al. [141] have also mentioned that, upon H2 reduction, the oxo group at the 

oxygen-terminated surface was readily removed as water, leading to a lower 

concentration of surface W=O (the active site precursor) with a decrease in average W 

oxidation state (a combination of W6+ and W4+ species), as proposed in Scheme 4.4. 

a) 2%WO3/SiO2 (✕7)

b) 3%WO3/SiO2

c) 5%WO3/SiO2

d) 7%WO3/SiO2 (✕7)

WO3 à WO2.83

WO3 à WO2.72A)

B) W-O
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Scheme 4.4 Reduction of WO3 over 5%WO3/SiO2 

 

Table 4.7 Fitting parameters for the first coordination shell of 5%WO3/SiO2, reduced 

5%WO3/SiO2, 5%WO3/MCM-41 and 5%WO3/SBA-15 W L3-edge in situ  

TR-EXAFS spectra at 500 °C under air-zero 

Entry Samples Shell C.N. S0
2 σ2 (Å2) e0 ΔR R (Å) 

R-factor 

(%) 

1 5%WO3/SiO2 W-O 4.0 0.86 0.0107 4.9 -0.150 1.78 2.4 

2 reduced 5%WO3/SiO2 W-O 3.7 0.86 0.0097 14.3 -0.070 1.86 3.0 

3 5%WO3/MCM-41 W-O 4.0 0.86 0.0106 13.1 0.019 1.82 1.1 

4 5%WO3/SBA-15 W-O 4.0 0.86 0.0105 15.4 0.019 1.83 0.7 

C.N., σ2, and R stand for coordination number, Debye-waller factor, and bond length, 

respectively. 

WO3 and W2O7 were used as the standard for fitting. 

 

In a supportive manner, W L3-edge in situ Time-Resolved EXAFS spectra (in situ 

TR-EXAFS) for the reduced 5%WO3/SiO2 at 500 °C also evidenced a decrease in W=O 

first shell intensity, as shown in Figure 14B. This again suggested that the reduction of 

WO3 leads to lower oxygen coordination around tungsten (from 4.0 to 3.7, Table 4.7, 

entry 2, Figure B3, Appendix B). In line with this view, Wilken et al. report that a few 

amounts of WO3 can be partially reduced to form WO2.90 [142]. A decrease in surface 

W=O concentration would result in a decreased activity but not selectivity. This is 

because the remaining W=O can be transformed to active W=CH2 sites, promoting 

acetylene removal via acetylene/ethylene cross-metathesis with a similar  

1,3-butadiene selectivity for both reduced and non-reduced catalysts. 
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Figure 4.15 Effect of A) WO3 loading and B) W/F plot of acetylene/ethylene  

cross-metathesis over 2%WO3/SiO2; (●) conversion, (▲) 1,3-butadiene, (■) cyclo-

hexene, (feed flow rate 20 mL·min-1 (acetylene/ethylene = 1/99 wt.%), N2 flow rate 35 

mL·min-1, 450 °C, activation in ethylene at 600 °C for 2 h) 

 

As the surface W=O is required to form active W=CH2, the acetylene removal 

was linearly enhanced with WO3 loading, as shown in Figure 4.15A. 1,3-butadiene was 

also increasingly produced as a major product (78-85% selectivity). At the same time, 

cyclohexene was a secondary product emerging from Diels-Alder of ethylene and the 

1,3-butadiene primarily produced (Scheme 4.4) [143, 144]. It is likely that, in excess of 

ethylene, the 1,3-butadiene formed on the surface may well react with ethylene 

before desorption. For the same reason, high ethylene coverage results in the 

dimerization of 1-butene and 2-butene, as detected in trace amounts [145, 146]. The 

acetylene removal was also raised with W/F, as presented in Figure 4.15B.  

1,3-butadiene yield was increased to a greater extent, up to ~68%, while cyclohexene 

was steadily produced to ~12% yield. The reaction pathway for acetylene removal via 

acetylene/ethylene cross-metathesis over 5%WO3/SiO2 is present in Scheme 4.4. 

 

 
 

Scheme 4.4 Acetylene/ethylene cross-metathesis and Diels-Alder reaction. 

 

1,3-Butadiene

Acetylene removal
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A) Acetylene removal

1,3-Butadiene

Cyclohexene

B)

+

AcetyleneEthylene 1,3-Butadiene Cyclohexene

Diels-AlderCross-metathesis
(Enyne metathesis
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Despite a linear relation between activity and WO3 loading, the turn-over-

frequency (TOF) was decreased with WO3 loading, as shown in Table 4.8. This suggests 

that relatively less active W species are present at the high WO3 loading. As 

7%WO3/SiO2 contained mainly bulk WO3 (as discussed earlier in Figure 4.10), the 

decrease in TOF at high WO3 loadings could be attributed to the presence of this 

species that has been previously observed by Wang et al. [147]. This is because the 

bulk WO3 crystallites possess a relatively less external surface, leading to low W=O 

species - an active site precursor for acetylene/ethylene cross-metathesis. The lower 

W=O species were also reported for bulk WO3 compared to highly dispersed WO3 on 

the silica support [148-151].  

 

Table 4.8 Acetylene removal via acetylene/ethylene cross-metathesis over WO3 over 

silica support 

 
Feed flow rate 20 mL·min-1 (acetylene/ethylene = 1/99 wt.%), N2 flow rate 35 mL·min-

1, 450 °C, activation in ethylene at 600 °C for 2 h. a Evaluated at 300 min on stream. 

 

On the other hand, the catalyst with low WO3 loading, particularly 2%WO3/SiO2, 

provides TOF up to 53 h-1. No bulk WO3 was observed in this catalyst, while the 

monomeric WO3, e.g., mono and di-oxo WO3, were mainly present, as shown in Figure 

4.11. This suggests that such single-site WO3 is more active than the bulk species, 

presumably due to a higher dispersion. While the 3%WO3/SiO2 and 5%WO3/SiO2 exhibit 

TOF lower than 2%WO3/SiO2. This is because these catalysts contain mainly WO3 

clusters with a relatively small amount of monomeric WO3, as discussed earlier (Figure 

4.11). 

Despite high dispersion, the monomeric WO3 species (found primarily on 

2%WO3/SiO2) appears to be more active than the WO3 clusters (mainly found in 3% 

and 5%WO3/SiO2). This is because the monomeric WO3 possessed relatively high 

Entry Catalysts TOF (h-1) Acetylene 
removal (%)a

Yield (%)a Selectivity (%)a

1,3-Butadiene Cyclohexene 1,3-Butadiene Cyclohexene
1 2%WO3/SiO2 53 36 28 7 78 25
2 3%WO3/SiO2 45 41 33 8 80 23
3 5%WO3/SiO2 35 48 37 10 77 28
4 7%WO3/SiO2 30 60 51 9 85 18
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electron density around the fermi level attributed to O-2p electrons and W-5d 

electrons [152-155]. In line with this view, a lower average W oxidation state of +5.6 

was observed in 2%WO3/SiO2 when compared to +6.0 of the WO3 cluster in 

5%WO3/SiO2 (Table B2, entries 1 and 3, Appendix B). Such high electron density may 

facilitate the formation of W=CH2 species that promotes overall [2+2] cycloaddition 

for the acetylene/ethylene cross-metathesis. In sharp contrast, the lower electron 

density of WO3 species in 5% WO3/SiO2 and 7%WO3/SiO2 (average W oxidation state of 

+6.0 and +6.3, Table B2, entries 1 and 4, Appendix B) would destabilize the W=CH2 

species, resulting in a decreased reaction rate. In a similar manner, [4+2] cycloaddition 

(Diels-Alder) activity would also decrease, leading to low cyclohexene selectivity 

(~18% selectivity) over 7%WO3/SiO2, as compared to those over the 2%-5%WO3/SiO2 

(23-25% selectivity). 

 

4.2.3 Effect of supports on WO3/W=CH2 species 

In addition to the WO3 loading, the formation of active single-site WO3 depends 

on the interaction between WO3 and the silica support. As the surface silanol acts as 

an anchoring site for WO3, a higher number of silanol could readily accommodate the 

single-site WO3, the most active species, as discussed previously. For this reason, 

increasing WO3 support interaction and anchoring sites would favor the supports with 

surface Al–OH. Accordingly, 5%WO3/NaY and 5%WO3/NaX were examined to compare 

with 5%WO3/SiO2 (in which only the WO3 cluster is formed). It can be seen from Figure 

4.16A(a) that bulk WO3 was the only species formed over 5%WO3/NaY, while the WO3 

cluster was formed over 5%WO3/NaX (Figure 4.16A (b)). Despite similar surface area 

for both supports (Table 4.5, entries 1 and 2), a higher Al-OH density in 5%WO3/NaX 

probably provides proper site proximity, accommodating smaller WO3 species as seen 

by DR-UV (Figure B4A, Appendix B). This indicates that Al–OH over NaY and NaX could 

play a role in anchoring WO3. The strong interaction between WO3 and Al–OH was also 

observed in H2-TPR, as shown in Figure B4B (Appendix B). 
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Figure 4.16 Raman spectra of WO3 over siliceous support in the range of A) 200-900 

cm-1 and B) 900-1100 cm-1 

 

However, 5%WO3/NaY provides a lower acetylene removal and TOF (25 h-1, 

Table 4.9, entry 1) compared to 5%WO3/SiO2 (35 h-1, Table 4.6, entry 3). As 

mentioned earlier, this is presumably because of the less active WO3 (bulk) formation. 

Moreover, an exposed Al-OH in this support would result in higher strength acid sites 

(Table 4.9, entry 1-2, Figure B5, Appendix B). This can readily promote 

acetylene/ethylene oligomerization and coke formation, which rapidly deactivates the 

catalyst, as evidenced by the TGA result (Figure B6, Appendix B). Maksasithorn et al. 

reported that the NaOH-treated acid site mitigation of WO3/SiO2 can suppress coke 

formation [156]. In a supportive manner, 5%WO3/NaX, Al–OH rich support, shows no 

activity for acetylene/ethylene cross-metathesis (Table 4.10 entry 2), despite a more 

active WO3 cluster being present in this catalyst. 

 

Table 4.9 Physical and chemical properties of WO3 over confined supports 

 
a Parent support b BJH method c WD-XRF d Estimated from the integration of NH3-TPD 

signal e Estimated from the integration of H2-TPR signal f Calculated form  

H2-consumption.  

a) 5%WO3/NaY

b) 5%WO3/NaX

c) 5%WO3/MCM-41

d) 5%WO3/SBA-15

(✕5)

(✕5)

(✕3)

a) 5%WO3/NaY

b) 5%WO3/NaX

c) 5%WO3/MCM-41

d) 5%WO3/SBA-15

O=W(O-Si)3

WO3 cluster

A) B)
Bulk WO3

Bulk WO34-T rings
6-T rings

Entry Samples Total surface
(m2/g)

External surface
(m2/g)b

Pore Volume
(mL/g)b

WO3 Loading
(wt.%)c

Acidity 
(mmol/g)d

H2-consumption 
(mmol/g)e

Reduction 
(%)f

1 5%WO3/NaY 555 (696)a 35 (58)a 0.26 (0.35)a 5.13 28.6 0.379 57

2 5%WO3/NaX 561 (660)a 38 (63)a 0.30 (0.40)a 5.66 79.6 0.254 35
3 5%WO3/MCM-41 365  (1076)a 53 (143)a 0.37 (0.61)a 5.40 7.3 0.726 103

4 5%WO3/SBA-15 571  (967)a 37 (156)a 0.46 (0.93)a 5.06 6.7 0.596 91
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Table 4.10 Acetylene/ethylene cross-metathesis over WO3 supported on various 

confined supports 

 
Feed flow rate 20 mL·min-1 (acetylene/ethylene = 1/99 wt.%), N2 flow rate 35  

mL·min-1, 450 °C, ethylene treatment at 600 °C for 2 h. a Evaluated at 300 min. 

 

In sharp contrast, low-acidic supports (none of Al–OH) with higher surface area 

and hexagonal pore structure, namely 5%WO3/MCM-41 and 5%WO3/SBA-15, provides 

higher acetylene removal (58% and 62%, Table 4.10 entry 3-4) and stability (Figure 

B7, Appendix B). 1,3-butadiene selectivity was also slightly enhanced (85%), and very 

low selectivity of cyclohexene was observed (14%) (Table 4.10, entry 3). This is 

because these supports possess a relatively high surface area (Table 4.9, entries 4-5) 

compared to the typical silica support. Moreover, the isolated silanol within the 

confined hexagonal mesoporous SiO2 would be favorable for anchoring WO3 species, 

presumably due to an increase in the three-dimensional local hydrogen bond density 

[157]. Accordingly, various types of monomeric WO3 species (Figure 4.11) would be 

dispersed in 5% WO3/MCM-41 and 5%WO3/SBA-15, leading to a high amount of 

exposed W=CH2 active site on the surface for acetylene/ethylene cross-metathesis. 

The formation of such highly dispersed WO3 in 5%WO3/MCM-41% and 

5%WO3/SBA-15 was evidenced by the peak of mono-oxo WO3 species with four 

coordination (O=W(O–Si)3) at 998 cm-1 in Raman spectra (Figure 4.16B (c) and (d)) 

[158-160], similar to that found in 2%WO3/SiO2 (Figure 4.11). Gao et al. suggested that 

the O=W(O–Si)3 with a strongly bound W–O–Si covalent bond can be observed over 

meso-cellular silica foam [148]. Yang et al. also reported that O–W(O–Si)3 can be 

formed over SBA-15 [148]. In addition, in situ TR-XANES of 5%WO3/MCM-41% and 

5%WO3/SBA-15 shows the W L3-edge energy of 10208.9 eV and average W oxidation 

state of +5.3 (Table B2, entries 7 and 8, Appendix B), consistent to W5+ in the  

O–W(O–Si)3. In a supportive manner, in situ TR-EXAFS fitting exhibits the WO3 species 

Entry Catalysts TOF (h-1) Acetylene 
removal (%)a

Yield (%)a Selectivity (%)a

1,3-Butadiene Cyclohexene 1,3-Butadiene Cyclohexene
1 5%WO3/NaY 25 35 30 5 86 14
2 5%WO3/NaX 0 0 0 0 0 0
3 5%WO3/MCM-41 40 58 49 8 85 14
4 5%WO3/SBA-15 46 62 53 9 85 16
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with a coordination number (CN) of 4 for both 5%WO3/MCM-41% and 5%WO3/SBA-15 

(Table 4.7, entries 3 and 4, and Figure B9 (Appendix B)). 

The lower W L3-edge energy and average W oxidation state (+5.3) were 

observed for 5%WO3/MCM-41% and 5%WO3/SBA-15, as compared to 2%WO3/SiO2. 

This is because the additional W6+ species, i. e., O=W6+(O–Si)4 and (O=)2W6+(O–Si)2, 

were present in 2%WO3/SiO2, providing the average W oxidation state of +5.6. 

Accordingly, the mono-oxo WO3 species with four coordination (O=W(O–Si)3) would 

mainly exist in these confined silica supports. In a supportive manner, the  

O=W6+(O–Si)4 and (O=)2W6+(O–Si)2 species were not detected by the Raman spectra. 

(Figure 4.11 and 4.16B). 

When 5%WO3/MCM-41 and 5%WO3/SBA-15 were treated with 1-hexene at 600 

◦C, the formation of W=CH2 active sites from the O=W(O–Si)3 species during the olefin 

treatment can be evidenced by a sudden red shift (within 5 min) in the W edge energy 

(~0.4 eV, Table 4.11). This suggests the rapid reduction of W=O species to W=CH2 

species by “pseudo-Wittig” reaction with 1-hexene, as discussed previously in Section 

4.2.1. This is because these catalysts possess high surface silanols that promote the 

formation of W=CH2 species. Handzlik et al. also reported that the silanol group 

adjacent to WO3 could assist in the activation of the mono-oxo Mo(IV) species to form 

W=CH2 species in which it is more kinetically accessible than those non-OH-assisted 

mechanisms [113]. Accordingly, the catalysts with O=W(O–Si)3 species would provide 

a higher amount of the exposed W=CH2 active site on the surface. While, for the WO3 

clusters in 5%WO3/SiO2, there might be some unreactive tungsten species that 

remained on the surface after contacting with 1-hexene. This could be supported by 

a slightly higher average W oxidation state of +4.3 for 5%WO3/SiO2, compared to that 

of +4.1 for 5%WO3/SBA-15 and 5%WO3/MCM-41. It is worth noting that the tetrahedral 

structure of these W species was retained during 1-hexene treatment at 600 °C for 1 

h, as deduced from a similar 2nd derivative W L3-edge TR-XANES spectra (Figure B10, 

Appendix B).  
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Table 4.11 W L3-edge energy and average W oxidation state of all samples at 500 °C 

under air-zero and after 1-hexene treatment at 600 °C for 5 min 

 
 

Although the electronic state and local structure of the active W=CH2 was 

somewhat similar for 5%WO3/MCM-41 and 5%WO3/ SBA-15, as compared to 

5%WO3/SiO2, Fourier transforms W L3-edge in situ TR-EXAFS spectra suggest the 

formation of only isolated W=CH2 site for 5%WO3/MCM-41% and 5%WO3/SBA-15, as 

shown in Figure 4.17A and 4.17B. 

Despite a similar first shell radial distance for W–O and W–C coordination [136], 

no higher coordination shell (3-4 and 6-8 Å) can be observed over 5%WO3/MCM-41 

and 5%WO3/SBA-15. This implies the formation of single-site W=CH2 species  

(CH2=W(O–Si)3) after treating with 1-hexene at 600 °C. In addition, the relative intensity 

of first shell W–C (or W–O) scattering (Figure 4.18A) remains constant during the 

treatment for 1 h, indicating a high stability of such single-site W=CH2 species in 

5%WO3/MCM-41 and 5%WO3/SBA-15. This isolated and stable W=CH2 single site could 

promote a rapid [2+2] cycloaddition and higher acetylene removal and be responsible 

for the observed high activity of these catalysts. 

  

Catalysts
Calcined at 500 °C Treated at 600 °C with

1-hexene at 5 min Edge Shift (eV)Energy edge 
(eV)

Average 
oxidation state

Energy edge 
(eV)

Average 
oxidation state

5%WO3/MCM-41 10208.9 5.3 10208.5 4.1 -0.4
5%WO3/SBA-15 10208.9 5.3 10208.5 4.1 -0.4
5%WO3/SiO2 10209.2 6.0 10208.6 4.3 -0.6
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Figure 4.17 Fourier transform of W L3-edge in situ TR-EXAFS spectra with 1-hexene 

activation over A) 5%WO3/MCM-41, B) 5%WO3/SBA-15, and C) 5%WO3/SiO2 

 

In a different manner, a higher coordination W–C shell (3-4 and 6-8 Å) can be 

observed in 5%WO3/SiO2 (Figure 4.17C). This again suggests that the W=CH2 species 

generated from the WO3 cluster (in 5%WO3/SiO2) exist in close proximity, compared to 

that generated from mono-oxo WO3 (in 5%WO3/MCM-41 and 5%WO3/SBA-15). This 

probably promotes the oligomerization of higher olefins, as reported by Spamer et al. 

[161]. In fact, the TGA result under air-zero of 5%WO3/SiO2 after ethylene treatment 

shows a higher carbon content than 5% WO3/MCM-41 and 5%WO3/SBA-15 (Figure B11, 

Appendix B). In line with this view, the relative intensity of second shell scattering 

(presumably W–C) keeps increasing after treatment with 1-hexene (Figure 4.18B). The 

formation of coke deposits in close proximity to the W=CH2 active site would limit 

accessibility and hence activity of 5%WO3/SiO2, as compared to 5% WO3/MCM-41 and 

5%WO3/SBA-15. 

One could expect that the pore size may affect the catalytic performance other 

than the WO3 species present in the catalysts. This is not the case for this study since 

the rate of metathesis is considerably fast, and the reaction is thermodynamically 

controlled. Moreover, the acetylene/ethylene metathesis is not shape-selective. 

Kinetic diameters of both reactants and products are relatively small (<0.4 nm) as 

compared to the pore size of SBA-15 and MCM-41 (3-50 nm). There would be no 

external and/or internal diffusion limitation for this reaction. Accordingly, the pore size 

of SBA-15 and MCM-41 investigated shall not affect the observed intrinsic rate. 

A) 5%WO3/MCM-41 B) 5%WO3/SBA-15
1st shell 
W=O or W=C

1st shell 
W=O or W=C

C) 5%WO3/SiO2

2nd shell W=C

1st shell 
W=O or W=C
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Figure 4.18 A) a ratio of 1st shell intensity and B) a ratio of 2nd shell intensity under  

1-hexene activation to calcined catalysts (It/I0) 

 

A) B)

a) 5%WO3/SiO2

a) 5%WO3/SiO2

b) 5%WO3/MCM-41

b) 5%WO3/MCM-41

c) 5%WO3/SBA-15

c) 5%WO3/SBA-15
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CHAPTER 5 

Conclusions and suggestions 
 

5.1 Conclusions 

ε-Caprolactone (ε-CL) can be successfully produced from 1,6-HD oxidation 

using (p-cymene)RuCl2(L) complexes as catalysts and MIBK as a hydrogen acceptor in 

non-polar media. The catalytic activity of (p-cymene)RuCl2(LP) complexes is mainly 

governed by the geometrical effect derived from a pocket-site dimension (𝜃c). As the 

increases 𝜃c only from 140° to 145°, the reaction rate constant (kapp) increases by 100 

orders of magnitude, despite the same electron density of Ru in the complexes. This 

experimental evidence suggests that the reaction may involve an associative 

interchange (Ia) mechanism, as previously suggested by computational studies. No 

effect of 𝜃c on catalytic activity is observed for the (p-cymene)RuCl2(LN) complexes, 

presumably due to their readily accessible pocket-site dimension (𝜃c > 145°). The ε-CL 

selectivity depends only on the 1,6-HD conversion for both LP and LN complexes. The 

catalytic reaction is limited by methyl isobutyl carbinol (MIBC), a hydrogenated form 

of MIBK produced during the reaction. Especially at MIBC:1,6-HD ≥ 2, MIBC 

competitively reacts with the ruthenium complex, forming inactive Ru(OR)4. In addition, 

bases (tBuOK and KOH) stronger than K2CO3 cause deterioration of the catalyst. 

Acetylene removal from ethylene-rich feed can be achieved by 

acetylene/ethylene cross-metathesis using WO3-supported catalysts. Ethylene 

treatment can activate WO3 to W=CH2, an active site for the acetylene/ethylene  

cross-metathesis. 1,3-butadiene was produced as a major product (78% selectivity) 

together with minor product cyclohexene (14% selectivity) from the Diels-Alder 

reaction between 1,3-butadiene and ethylene. The hydrogen treatment of WO3 leads 

to a decrease in W=O and WO3 agglomeration, resulting in a declined acetylene 

removal activity. The mono-oxo and di-oxo WO3 species formed in 2%WO3/SiO2 

provide a higher rate of acetylene removal (53 h-1) compared to the WO3 cluster (45 

h-1, for 3-5%WO3/SiO2) and bulk WO3 (30 h-1, for 7%WO3/SiO2). Though the framework 

Al acts as an anchoring site for higher WO3 dispersion, 5%WO3/NaX and 5%WO3/ NaY 

give lower acetylene removal due to coke formation from the acid sites during 

ethylene treatment. For the confined siliceous supports, the mono-oxo WO3 species 
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with four coordination (CH2=W(O–Si)3) in 5% WO3/MCM-41 and 5%WO3/SBA-15 

provides relatively higher activity (40 and 46 h-1) compared to the WO3 cluster in 

5%WO3/SiO2. Although a similar electronic property of W=CH2 species (average W 

oxidation state of +4.2) formed from both the mono-oxo WO3 and WO3 cluster, an 

isolated and stable W=CH2 species generated from the mono-oxo WO3 readily 

promotes [2+2] cycloaddition for acetylene/ethylene cross-metathesis. In addition, the 

coke formation is less pronounced over the isolated W=CH2 species than that 

generated from the WO3 cluster. The findings could lend an alternative approach for 

ethylene purification simply by adding a supported WO3 catalytic bed at the cracker 

exit. 

 

5.2 Suggestions 

 5.2.1 It was very useful that the crystal structure of Ru complexes was studied 

in liquid phase XAS experiment. 

 5.2.2 To define the precise oxidation of each WO3 species, in situ ethylene 

treatment XPS analysis was very interesting. 

5.2.3 Due to the formation of WO3 species was varied by atmosphere and 

condition, the experiment of WO3 treating under air, H2 and water, and in situ technique 

were fascinating. 

5.2.4 It was very attractive to obtain highly dispersed WO3 species using a 

tungsten complexes. 
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APPENDIX A 

Geometrical Effect on  

Single-Site Ruthenium Catalyst 
 

A1. Crystallographic details of the new (p-cymene)RuCl2(LN3) compound 

For the new (p-cymene)RuCl2(LN3) complex, the reaction was performed in 

dichloromethane at room temperature. This complex is air-stable under ambient 

conditions, and its structure is confirmed by NMR spectra, as shown in Figures A1-A2. 

These complexes are soluble in common organic solvents, such as acetone, DMF, 

CH2Cl2, and methanol. However, they are insoluble in water. 

The crystallographic details and molecular structure of a new  

(p-cymene)RuCl2(LN3) complex are shown in Table A1 and Figure A3, respectively. The 

selected bond lengths and angles are summarized in Table A2. It can be seen that 

this complex has a pseudo-tetrahedral geometry with vertex distances of 2.408(10), 

2.418(9), 2.129(3), and 1.669 Å for Ru-Cl(1), Ru-Cl(2), Ru-N, and Ru-(centroid of the  

p-cymene ring), respectively. While, the bond length of Ru-C (in p-cymene) is in the 

range of 2.174(6)-2.204(0) Å, which is similar to those reported in the literature [117-

123]. In this complex, the Ru-N is slightly shorter than those of (p-cymene)RuCl2(LN1) 

(2.17 Å) [120]. This could attribute to the higher electron density of 4-tert-butylpyridine 

(LN3) as compared to pyridine (LN1). Accordingly, a stronger overlapping interaction 

between Ru and alkyl-substituted ligands could be expected. In a supportive manner, 

the previously reported complexes with a donating group on pyridine ligand (i.e., LN2 

and LN5) also show a shorter Ru-N bond (~2.13 Å) (Table A2, entry 3, Appendix A) 

[121, 122]. 
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Figure A1 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LN3) in chloroform-d1 

 

Figure A2 13C 500 MHz NMR spectrum of (p-cymene)RuCl2(LN3) in chloroform-d1 
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Figure A3 ORTEP representation (50% probability ellipsoid) of complex  

(p-cymene)RuCl2(LN3) (minor disorder part of the methyl group at C6 are omitted for 

clarity) 

 

Table A1 Crystallographic detail of (p-cymene)RuCl2(LN3) 
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Table A2 Selected bond distances (Å) and bond angles (˚) for the Ru complexes 

Entry Atom 
 (p-cymene)RuCl2(L) 

LP11 LP22 LP43 LP54  LN15 LN26 LN3 LN57 

 Distances (Å) 

1 Ru-Cl(1) 2.402(3) 2.3992(8) 2.4151(5) 2.4039(9)  2.4515(5) 2.423(2) 2.4082(10) 2.414(2) 

2 Ru-Cl(2) 2.379(4) 2.4022(8) 2.4154(6) 2.415(1)  2.4382(5) 2.426(2) 2.4178(9) 2.409(2) 

3 Ru-L 2.425(2) 2.2642(8) 2.3438(6) 2.3500(8)  2.172(1) 2.133(6) 2.1290(3) 2.124(8) 

4 Ru-(centroid of p-cymene) 1.705 1.701 1.708 1.694  1.686 1.677 1.6690 1.658 

5 Ru-C(10) 2.225 2.223 2.213 2.203  2.220 2.214 2.201(4) 2.184 

6 Ru-C(11) 2.212 2.203 2.176 2.161  2.212 2.183 2.187(4) 2.166 

7 Ru-C(12) 2.219 2.178 2.213 2.178  2.229 2.178 2.174(4) 2.192 

8 Ru-C(13) 2.218 2.199 2.247 2.205  2.246 2.225 2.197(4) 2.193 

9 Ru-C(14) 2.225 2.242 2.245 2.235  2.215 2.179 2.174(3) 2.168 

10 Ru-C(15) 2.195 2.247 2.216 2.226  2.189 2.182 2.177(3) 2.153 

11 Average Ru-Cl 2.391 2.401 2.415 2.409  2.445 2.425 2.413 2.412 

 Angles (˚) 

12 Cl(1)-Ru-Cl(2) 88.0(1) 87.45(2) 88.40(2) 88.78(3)  87.45(1) 88.87(6) 87.94(4) 88.73(7) 

13 Cl(1)-Ru-L 87.5(1) 85.02(2) 90.27(2) 82.45(3)  85.88(4) 84.8(2) 84.36(8) 87.0(2) 

14 Cl(2)-Ru-L 87.4(1) 87.91(3) 87.10(2) 87.85(3)  86.85(4) 85.5(2) 87.52(8) 85.86(2) 

15 C(1)-N-C(5) - - - -  118.0(2) 118.3(6) 116.60(3) 115.1(6) 

16 X(1)-P-X(2) 106.4(5) 102.0(1) 100.81(9) 103.2(2)  - - - - 

17 X(1)-P-X(3) 101.0(5) 104.7(1) 106.29(9) 105.1(2)  - - - - 

18 X(2)-P-X(3) 101.8(4) 98.7(1) 99.56(9) 105.4(2)  - - - - 

19 Cl(1)-Ru-(centroid p-cymene) 124.36 126.86 124.67 124.76  128.90 127.26 127.80(6) 125.76 

20 Cl(2)-Ru-(centroid p-cymene) 123.84 123.97 125.86 127.13  128.78 128.96 127.37(7) 128.55 

21 L(1)-Ru-(centroid p-cymene) 132.31 131.61 128.20 131.56  128.94 128.16 127.68(9) 127.53 

L represents coordinated P, or N  X represents ligand substituent C or O 
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Figure A4 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LP1) in chloroform-d1 

 

Figure A5 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LP2) in chloroform-d1 
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Figure A6 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LP4) in chloroform-d1 

 

Figure A7 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LN1) in chloroform-d1 
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Figure A8 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LN2) in chloroform-d1 

 

Figure A9 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LN4) in chloroform-d1 
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Figure A10 1H 500 MHz NMR spectrum of (p-cymene)RuCl2(LN5) in chloroform-d1 
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A2. The oxidation of 1,6-hexanediol over Ru complex catalysts 

 
Figure A11 1,6-HD oxidation time profile using (p-cymene)RuCl2L catalysts where a) 

LP1, b) LP2, c) LP3, d) LP5, e) LN1, f) LN2 g) LN3, h) LN4, i) LN5 and j) [(p-cymene)RuCl2]2 catalyst 

(conversion (l), 6-hydroxyhexa-1-nal ( ), 1,6-hexanedial ( ), ε-CL ( ), and adipic acid 

(Ï) (0.025 mmol Ru complex, 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL 

toluene, 0.2 mmol K2CO3, 8 mmol MIBK) 

 

 

a) LP1

c) LP3 d) LP5

b) LP2

e) LN1 f) LN2

g) LN3 h) LN4

i) LN5
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Table A3 6-Hydroxyhexan-1-al and ɛ-caprolactone selectivity at the similar conversion 

extrapolated from the reaction profile using (p-cymene)RuCl2(L) catalysts 

Entry Ligands Bases Conversion (%) 
Selectivity (%) 

6-Hydroxyhexan-1-al ɛ-CL 

1 LP3 K2CO3 28 36 64 

2 LP4 K2CO3 28 36 64 

3 LP5 K2CO3 28 36 64 

4 LN1 K2CO3 28 29 68 

5 LN2 K2CO3 28 36 64 

6 LN3 K2CO3 28 21 61 

7 LN4 K2CO3 28 39 61 

8 LN5 K2CO3 28 21 68 

9 LP3 KOH 28 33 64 

10 LP3 t-BuOK 25 28 72 

*(0.025 mmol Ru complex, 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL 

toluene,  

0.2 mmol base, 8 mmol MIBK). 
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A3. Deactivation test for Ru complexes during the oxidation 

 
 

Figure A12 UV-VIS spectra of (p-cymene)RuCl2(LP4) a) before (–) and after (–) heated at 

110 °C in the presence of K2CO3 in toluene 

 
Figure A13 1,6-HD oxidation time profile using (p-cymene)RuCl2(LP4) catalyst with a) 

the addition of equimolar ε-CL, b) KOH and c) t-BuOK (conversion (l), 6-hydroxyhexa-

1-nal ( ), 1,6-hexanedial ( ), ε-CL ( ), and adipic acid (Ï) (0.025 mmol Ru complex, 1 

mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL toluene, 0.2 mmol K2CO3, 8 mmol 

MIBK) 

a) Addition of equimolar ε-CL

b)With KOH c)With t-BuOK

Before heated 
After heated at 100 °C 
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Figure A14 Kinetics plot of 1,6-HD oxidation using (p-cymene)RuCl2(LP4) catalyst with 

the addition of equimolar ε-CL ( ), K2CO3 (l), KOH (p), and t-BuOK (n) (0.025 mmol 

Ru complex, 1 mmol 1,6-HD, under N2 atmosphere, 110 °C, 30 mL toluene, 0.2 mmol 

base, 8 mmol MIBK) 

 
Figure A15 TGA curve under air-zero (a) and mass spectra (b) attained by QTOF mass 

spectrometry electrospray analysis of Ru(MIBC)4. 

  

In addition to 13C CPMAS NMR (Figure 4.8), the TGA curve of the brown solids 

precipitated after mixing (p-cymene)RuCl2(LP4) and MIBC (in excess) showed a mass loss 

of ~72% of the decomposable organic fraction at 600 °C (Figure A15a). This can be 

attributed to four alkyl groups of MIBC, bearing approximately 28% of RuO2 (134 g/mol) 

from the Ru(MIBC)4 (506 g/mol). A slightly higher mass (~28%) compared to the 

theoretical value (~26%, 134✕100/506) indicates a trace of Cl remained in the solid 

precipitate. This can be evidenced by QTOF mass spectra (Figure 15b), showing that 

Addition of equimolar ε-CL; f(x) = -0.01024x-0.05723 ; R2 = 0.9124
K2CO3; f(x) = -0.01077x-0.000000; R2 = 0.9253
KOH; f(x) = -0.004173x-0.08175; R2 = 0.9993
t-BuOK; f(x) = -0.003678x-0.06947; R2 = 0.9897
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M+35/37 (Ru(MIBC)4·Cl, m/z~541/543) and M+70/74 (Ru(MIBC)4·2Cl, m/z~576/578) are 

largely pronounced. 

 

 
Figure A16 500 MHz 1H NMR spectra of the reaction of (p-cymene)RuCl2(LP4) with 34 

mmol MIBC at 110 °C for 5 min in toluene-d8 after left overnight; a) 0-10 ppm and b) 

zoom 0-4 p
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APPENDIX B 

Geometrical Effect on 

Tungsten Oxide Catalysts 
 

B1. The formation of WO3 species over siliceous support 

Table B1 Energy gap derived from UV-VIS DRS spectra 

Entry Sample Energy gap (eV) 

1 2%WO3/SiO2 4.51 and 5.18 

2 3%WO3/SiO2 4.52 and 5.17 

3 5%WO3/SiO2 4.52 and 5.18 

4 7%WO3/SiO2 2.75 and 5.24 

5 5%WO3/NaY 2.75 and 5.24 

6 5%WO3/NaX 4.51 and 5.14 

7 5%WO3/MCM-41 4.52 and 5.21 

8 5%WO3/SBA-15 4.55 and 5.12 

 

 
Figure B1 A) normalized and B) 2nd derivative W L3-edge in situ TR-XANES spectra of 

all catalysts and W standard at 500°C under air-zero (aEstimated at room temperature 

and bunder H2 gas) 

2%WO3/SiO2
a

5%WO3/SiO2

7%WO3/SiO2

5%WO3/NaY
5%WO3/NaX

5%WO3/MCM-41
5%WO3/SBA-15

WO3
a

W foila

(NH4)6H2W12O40

reduced 5%WO3/SiO2
b

(NH4)6H2W12O40
a

2%WO3/SiO2
a

5%WO3/SiO2

reduced 5%WO3/SiO2

7%WO3/SiO2

5%WO3/NaY

5%WO3/NaX

5%WO3/MCM-41

5%WO3/SBA-15

A) B) T2g eg
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Figure B2 Average oxidation state determination from W L3-edge energy of W standard 

 

Table B2 W L3-edge energy and average W oxidation state of all samples at 500°C 

under air-zero 30 mL·min-1 

Entry Sample Edge energy (eV) Average oxidation state 

1 5%WO3/SiO2 10209.2 6.0 

2 reduced 5%WO3/SiO2b 10208.9 5.3 

3 2%WO3/SiO2a 10209.0 5.6 

4 7%WO3/SiO2 10209.3 6.3 

5 5%WO3/NaY 10208.6 4.5 

6 5%WO3/NaX 10208.6 4.5 

7 5%WO3/MCM-41 10208.9 5.3 

8 5%WO3/SBA-15 10208.9 5.3 

9 WO3a 10209.1 6.0 

10 (NH4)6H2W12O40·4H2Oa 10209.2 6.0 

11 W foila 10207.0 0.0 

aEstimated at room temperature and bunder H2 gas 

(NH4)6H2W12O40
WO3

W foil

7%WO3/SiO2

5%WO3/SiO2

2%WO3/SiO2Reduced 5%WO3/SiO2
5%WO3/MCM-41, 5%WO3/SBA-15

5%WO3/NaY
5%WO3/NaX
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Figure B3 W L3-edge in situ TR-EXAFS Fitting of a, aʹ) 5%WO3/SiO2 and b, bʹ) reduced 

5%WO3/SiO2 at 500°C. 

 

 
Figure B4 UV-VIS DRS spectra (A) and H2-TPR profile (B) of WO3 over confined silica 

support 
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d) 5%WO3/NaX

A) B)
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B2. Acid properties of WO3 supported catalysts 

 
Figure B5 NH3-TPD of WO3 supported on various supports 

 

B3. Thermogravimetric analysis of ethylene treated WO3 supported zeolite 

catalysts 

 
Figure B6 TGA curve of ethylene treated 5%WO3/NaY, and 5%WO3/NaX under air-

zero (30 mL.min-1) 
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B4. The reaction time profile of WO3 supported confined siliceous supports 

 
Figure B7 Acetylene removal with time on stream over a) 5%WO3/SiO2, b) 

5%WO3/MCM-41 and c) 5%WO3/SBA-15. (Feed flow rate 20 mL·min-1 

(acetylene/ethylene = 1/99 wt.%), N2 flow rate 35 mL·min-1, 450°C, activation in 

ethylene at 600°C for 2 h) 

 

B5. The dispersion and coordination of WO3 over siliceous support 

 
Figure B8 XRD diffraction patterns of WO3 over confined supports a) wide angle and 

b) low angle 

 

c) 5%WO3/SBA-15

b) 5%WO3/MCM-41
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A) B)
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Figure B9 W L3-edge in-situ TR-EXAFS Fitting of a, aʹ) 5%WO3/MCM-41 and b, bʹ) 

5%WO3/SBA-15 at 500°C 

 

 
Figure B10 The 2nd derivative of W L3-edge in situ TR-XANES spectra of a) 

5%WO3/SiO2, b) 5%WO3/MCM-41, and c) 5%WO3/SBA-15 with 1-hexene activation at 

600°C 
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B6. Thermogravimetric analysis of ethylene treated WO3 supported confined 

siliceous catalysts 

 
Figure B11 TGA curve of ethylene treated 5%WO3/SiO2, 5%WO3/MCM-41 and  

5%WO3/SBA-15 under air-zero (30 mL·min-1) 
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APPENDIX C 

Calculations 
 

C1. Conversion and yield 

The conversion and yield of each product were calculated from GC peak area. 

It was corrected by response factor determining from area of a standard in which a 

known amount of product standard was divided by feed by this following equation.  

 

Response factor (RF) = 
Area of Product standard

Area of Feed
 

Subsequently, the corrected area was normalized by response factor and 

used to calculate the conversion and yield. 

 

Corrected area (CR) = 
Area of Chemical A

RF
 

Conversion (%) = 
Area of feed0-Area of feedt

Area of feed0
× 100 

Yield (%) = 
RF × Area of product At

Area of acetylene0

× 100 

Selectivity (%) =  
Yield of product A (%)

Conversion (%)
× 100 

TOF (h-1) =  
mol of converted feed

mol of active site × time (h)
 

W/F (g.h.mol-1) =  
catalyst weight (g)

mol of feed/time (h) 
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