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ABSTRACT 

 

 Olefin metathesis is considered to be a green route to production of olefins due to 

its high selectivity towards desired products.  Due to their ease of preparation and catalyst 

lifetimes, heterogeneous supported metal oxide catalysts such as ReOx, MoOx and WOx 

are used at large scale industrial applications. Despite decades of catalysis research, the 

exact nature of catalytic active sites, reaction intermediates and kinetics are not well 

understood because of lack of modern characterization techniques in the past and absence 

of detailed knowledge at the molecular level.  Extensive in situ and operando 

spectroscopy (Raman, UV vis, XAS and IR) experiments, theoretical DFT calculations, 

steady-state kinetics and temperature programmed surface reaction (TPSR) studies were 

undertaken for the first time to obtain unprecedented insights about the catalytic active 

sites (their anchoring sites, coordination and oxidation states), reaction intermediates, 

olefin adsorption/desorption/reaction and kinetics to unravel the fundamental molecular 

structure-reactivity relationships.  

The supported ReOx/Al2O3 system is the most reactive among the heterogeneous 

supported metal oxide catalysts. The long standing debates surround the nature of ReOx 

species, number of reactive intermediates and kinetics of this catalytic system. In situ 
18

O-

16
O Raman experiments along with in situ XAS and theoretical DFT calculations of the 

initial catalyst show that rhenia exists on the Al2O3 support as two distinct isolated surface 

ReO4 species with dioxo coordination. The two structures are related to their anchoring at 

different surface hydroxyl sites on the alumina support. The surface ReO4-I species on 

basic alumina sites were found to be stable and difficult to activate with propylene while 
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the surface ReO4-II species on acidic alumina sites were found to be easily activated with 

propylene. This information allowed for the first time the use of acidic promoters to block 

formation of the inactive surface ReO4-I species and design catalysts with only active 

surface ReO4-II species. 

 During activation with propylene, in situ UV-vis and XAS spectroscopy revealed 

that the surface ReO4-II species become partially reduced, mostly to Re
+5

 species, by 

forming the oxygenated CH3CHO and HCHO products (pseudo-Wittig mechanism). 

Subsequent reaction of the partially reduced Re
+5

 species with propylene oxidizes rhenia 

back to reactive Re
+7

-carbenes (Re=CH2, Re=CHCH3, etc.). The surface Re
+7

-carbenes are 

reactive at room temperature and in equilibrium with the gas phase olefins. Consequently, 

removal of the gas phase olefins significantly diminishes the concentration of reactive 

surface Re
+7

-carbenes by about an order of magnitude. This accounts for the low number 

of reactive intermediates reported in earlier studies that evacuated the catalysts prior to 

titrating the reactive intermediates. 

Two types of surface intermediates were found to be present: weakly adsorbed that 

reacts at room temperature and strongly adsorbed π-complexes that reacts at high 

temperatures (>100
o
C). The weakly adsorbed Re-carbenes are dynamic and in equilibrium 

with the gas phase. The strongly adsorbed π-complexes are not dependent on the gas phase 

composition and only react with olefins at elevated temperatures. TPSR studies showed 

that the weakly bound Re-carbenes follows a unimolecular reaction mechanism while the 

strongly bound π-complexes follow a bimolecular reaction mechanism. The olefin 

metathesis steady-state kinetics is affected by these intermediates: first-order in propylene 

partial pressure at low temperatures (<70
o
C) and second-order in propylene partial 
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pressure at high temperatures (>140
o
C). C3H6/C3D6 TPSR studies also demonstrated that 

the rate-determining-step does not involve C-H bond breaking and all olefins share the 

same rate desorption rate.  

These new unprecedented insights are able to resolve the confusing claims that 

existed for decades in literature. 
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CHAPTER 1 

Literature Review of Olefin Metathesis by Supported Metal Oxide Catalysts 

 

 

Abstract 

The literature of olefin metathesis by heterogeneous supported catalysts, both 

industrial-type supported metal oxides (ReOx/Al2O3, ReOx/(SiO2-Al2O3), MoOx/SiO2, 

MoOx/Al2O3, MoOx/(SiO2-Al2O3), WOx/SiO2 and WOx/(SiO2-Al2O3)) and supported 

organometallic complexes, is comprehensively reviewed. The focus of the review is 

supported metal oxide catalysts, but the well-defined supported organometallic catalyst 

literature is also covered since such model catalysts have the potential to bridge 

heterogeneous and homogenous olefin metathesis catalysis. The recent world shortage of 

small olefin feedstocks has created renewed interest in olefin metathesis as a route to 

synthesizing small olefins and is reflected in the recent growth of the patent literature. In 
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spite of the extensive application of supported metal oxides in industry for metathesis of 

small and large olefins, the molecular structures and oxidation states of the catalytic active 

sites, surface reaction intermediates and reaction mechanisms of this important catalytic 

reaction have still not been resolved. The absence of reported in situ and operando 

spectroscopic studies from the olefin metathesis catalysis literature has hampered progress 

in this area. It appears from this literature review that the topic of olefin metathesis by 

heterogeneous supported metal oxide catalysts is still a relatively undeveloped research 

area and is poised for significant progress in understanding of the fundamental molecular 

details of these important catalytic systems in the coming years.   

1. Introduction 

The olefin metathesis reaction was discovered by Anderson and Merckling at 

Dupont  in 1955 when norbornene was polymerized to polynorbornene using lithium 

aluminum tetraheptyl and titanium tetrachloride catalysts
1
 and would later be known as 

ring opening metathesis polymerization.
2
 Another Dupont researcher Eleuterio found  in 

1956 that ethylene, propylene and butenes were produced when propylene was passed 

over an alumina-supported molybdena catalyst.
2 

Natta independently discovered the ring 

opening metathesis polymerization of cyclopentene with a molybdenum chloride  

catalyst.
3
 Banks and Bailey of Philips Petroleum discovered that silica-supported tungsten 

oxide catalysts efficiently perform olefin metathesis of small olefins
4
 and  in 1964 

pioneered the first large scale olefin metathesis industrial process called ‘Phillips Triolefin 

Process’ that converted propylene to ethylene and 2-butene.
4,5

 That same year, a patent 

was awarded to British Petroleum (BP) for disproportionation of short and long chain 

olefins using supported Re2O7/Al2O3 catalysts.
6 

Scientists at Shell discovered the 
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formation of liner alpha-olefins via ethylene oligomerization and olefin metathesis in 1968 

that subsequently led to commercialization of the Shell Higher Olefin Process (SHOP) in 

1977 by supported molybdenum oxide on alumina catalysts.
7
 Calderon and coworkers at 

Goodyear introduced the term ‘olefin metathesis’ from the Greek words ‘meta’ (change) 

and ‘thesis’ (position)
8
 after observing production of 3-hexene and 2-butene from the self-

reaction of 2-pentene in the presence of a homogeneous tungsten hexachloride catalyst. 

There is much renewed interest in olefin metathesis to meet the world’s shortage of 

propylene, via metathesis of ethylene and 2-butene, and production of sustainable, green 

products.
5,7,9,10-12

  

The fascinating olefin metathesis reaction inter-converts C=C bonds in 

hydrocarbons and can be tailored to produce a hydrocarbon of any length. It can be 

summarized as
9
  

2RCH=CHR’ RCH=CHR + R’CH=CHR’ 

in which R and R’ are (functionalized) alkyls or hydrogen atoms.  

The three most common types of olefin metathesis reactions are (1) cross-

metathesis (exchange of double bonds between linear olefins), (2) ring opening metathesis 

polymerization (opening of a closed olefin ring followed by polymerization) and (3) ring 

closing metathesis (opposite of ring opening metathesis).
9,10

 The versatility of this novel 

reaction opened up new chemical routes that resulted in industrial applications of 

important petrochemicals, oleochemicals, polymers and specialty chemicals.
5,10-12

 These 

commercial applications have sparked a tremendous growth in basic research of this field 

over the past few decades that culminated in the 2005 Nobel Prize in Chemistry to 
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Chauvin, Grubbs and Schrock for their fundamental contributions to the development of 

catalytic olefin metathesis in organic synthesis.
12

  

The initial olefin metathesis catalysts developed in the early years were poorly 

defined multicomponent homogeneous and heterogeneous systems. To address this issue, 

extensive basic organometallic chemistry research was performed to obtain better 

fundamental insights into the olefin metathesis reaction.
2,4,11

 Employing homogeneous 

well-defined single-component organometallic catalysts, it was elegantly shown that 

olefin metathesis proceeds via metal carbene complexes.
13

 More recently, surface 

organometallic chemistry was also successfully employed to synthesize well-defined 

heterogeneous model supported tungsten, molybdenum and rhenium organometallic 

catalytic active sites that exhibit high catalytic activity.
14

 Density Functional Theory 

(DFT) calculations have been performed on the model catalyst systems to understand the 

nature of the catalytic active sites and reaction mechanism at the molecular level.
15-19

 In 

contrast to the progress achieved with well-defined organometallic catalysts, there has 

been only limited progress for heterogeneous metathesis catalysts because the nature of 

the catalytic active sites typically has not been identified. The major industrial olefin 

metathesis processes, however, employ heterogeneous supported metal oxide catalysts 

(supported rhenia, molybdena and tungsta on Al2O3, SiO2 and SiO2-Al2O3 catalyst 

systems).
2,4,7,9-11

 This literature review will focus on olefin metathesis by heterogeneous 

catalysts to highlight what is currently known and what more needs to be done to fully 

understand the heterogeneous olefin metathesis catalytic systems.  

Supported metal oxide catalysts consist of an active metal oxide component 

dispersed on an inactive oxide support.
20,21

 The dispersed metal oxide, the active 
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component, can be present as isolated surface species, oligomeric surface species, clusters 

(< 1nm) or crystalline nanoparticles on a high surface area oxide support (~100-500 

m
2
/g).

21
 

 

2. Initiation Mechanisms. Formation of the initial metal carbene species during olefin 

metathesis is claimed to proceed through one or more of the four initiation mechanisms as 

shown in scheme 1.1 for supported metal oxide catalysts.
22-24 

All of the olefin metathesis 

initiation pathways except the pseudo-Wittig mechanism involve an oxidative addition 

reaction in which the catalytic active center is oxidized by losing two electrons. 

 

3. Reaction Mechanism. The reaction mechanism for propylene metathesis was proposed 

by Chauvin based on the results of homogeneous catalysis.
13,25

 It was subsequently 

supported by olefin titration results with supported rhenia/alumna catalysts. In these 

experiments, the supported rhenia/alumina catalyst was first activated with propylene or 2-

butene. The surface intermediates were subsequently titrated with a second olefin 

(ethylene, propylene or 2-butene) to form mixed olefin reaction products with deuterated 

olefins confirming the mixed products. For example, 2-butene adsorption followed by 

ethylene adsorption produced propylene and some 2-butene reaction. The same number of 

sites were obtained by reacting either propylene or 2-butene with ethylene and would not 

have been the case if metal carbenes and metallacyclobutanes were not reaction 

intermediates, as shown in scheme 1.2.
25
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4. Supported ReOx Systems 

ReOx/Al2O3 

ReOx in Initial Oxidized Catalyst. Supported ReOx/Al2O3 heterogeneous catalysts are 

prepared by impregnation of an aqueous rhenia precursor (HReO4, (NH4)ReO4, etc.) on 

the alumina support, then dried and calcined at elevated temperatures in an oxidizing 

environment. The crystalline Re2O7 low melting temperature of 297
°
C assures that 

rhenium oxide becomes homogeneously dispersed on the alumina support during 

calcination at ~500
°
C. The supported rhenia/alumina catalyst system has been studied in 

its initial oxidized state under oxidizing dehydrated conditions prior to activation and 

exposure to the olefin metathesis reaction conditions, but there is still not complete 

agreement about the structure of surface rhenium oxide species and oxidation states. Early 

characterization with electron microscopy did not detect crystalline Re2O7 nanoparticles 

and concluded that if crystallites were present they would have to be less than 2 nm.
26

 

Initial in situ Raman and IR studies of supported ReOx/Al2O3 catalysts determined that 

crystalline Re2O7 nanoparticles were not present and assigned the detected vibrations to 

dimeric surface (O=)3-Re-O-Re(=O)3 species.
27,28

 Subsequent in situ Raman and IR 

studies demonstrated that the vibrations correspond to two distinct isolated surface 

(O=)3Re-O-Al trioxo sites on the alumina support, with the relative concentration of the 

second species increasing with surface rhenia coverage.
29,30

 In situ IR spectroscopy 

measurements also revealed that at low rhenia loadings, surface ReOx reacts first by 

consuming the most basic surface OH groups and at higher loadings the surface ReOx 

consumes moderate and more acidic surface hydroxyls.
29,31,32

 The different anchoring sites 

on the alumina surface account for the presence of two distinct surface ReOx species on 
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alumina.
29

 As a consequence of the volatilization of rhenia oligomers,
29-31

 rhenia is 

completely dispersed as isolated species on the surface of oxide supports. The molecularly 

dispersed nature of supported rhenia sites on high surface area oxide supports assures that 

all characterization techniques, surface as well as bulk, only provide surface information 

about the supported ReOx sites. In situ X-ray Absorption Near Edge Spectroscopy 

(XANES) studies concluded that surface rhenia on alumina under dehydrated, oxidizing 

conditions is present as Re
+7

 with trioxo (O=)3ReO coordination
33,34 

as shown in Figure 

1.1a. More recent in situ XANES/EXAFS and DFT calculations concluded that the fully 

oxidized surface rhenia species may possess dioxo (O=)2Re(-O-Support)3 penta-

coordination
35

 on Al2O3 as shown in Figure 1.2b. The fitting of EXAFS data with only one 

surface ReOx structure when in situ Raman and IR spectroscopy show that there are two 

distinct surface ReOx species is problematic since XAS only provides an average 

molecular structure. Additional studies are clearly required to resolve this molecular 

structural issue surrounding the fully oxidized surface rhenia species. In a recent review, 

Okal and Kepinski concluded that “even though significant progress has been made in the 

understanding of the chemistry of supported rhenium oxide catalysts a detailed description 

of the [rhenia] species is still lacking and requires further study”.
36

 

Activated ReOx in Reducing Environments. Much less information is currently 

available about the partially reduced surface rhenia species on alumina. Both Shpiro et al.
 

37
 and Yide et al.

 38
 studied the oxidation states of supported rhenia/γ-Al2O3 catalysts by 

XPS under vacuum conditions and concluded that after hydrogen reduction the initial Re
+7

 

is transformed to a mixture of Re oxidation states. Balcar et al. concluded that activation 

of the catalyst in an inert environment results in a mixture of Re
+7

 and reduced surface 
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rhenia species.
39

 Fung et al. reduced a low loaded supported rhenia/Al2O3 catalyst with H2 

at elevated temperatures and monitored the changes with in situ EXAFS and XANES and 

concluded that both oxidized and reduced rhenia species coexisted after the reduction 

treatment.
40

 The Re L3 XANES edge feature suggested that the oxidized rhenia resembled 

the Re
+4

 present in bulk ReO2. Ronning et al. also concluded from in situ EXAFS analysis 

after H2 reduction of low loaded supported rhenia/Al2O3 catalysts that both reduced and 

oxidized rhenia species were present with the former accounting for ~80% of total ReOx.
41

 

Similar conclusions were reached by Bare et al. from in situ XANES Re L3 and EXAFS 

measurements of low loaded supported rhenia/Al2O3 catalysts after reduction by H2 at 

500-700
o
C.

34
 In situ FT-IR spectra with CO as the probe molecule also demonstrated that 

the surface rhenia species were partially reduced (Re
n+

, with 0 <n< 7) upon exposure to 

olefins.
42-45 

Stoyanova et al. reported the presence of Re(+6) species from ex situ UV-vis 

spectra of used catalysts.
46

 The presence of reduced surface rhenia species during olefin 

metathesis by supported rhenia/Al2O3 is consistent with the known activation of supported 

rhenia/Al2O3 catalysts in reducing environments of H2,
31

 CO,
42

 hydrocarbons
44

 and 

photoreduction
47

.  

Surface Reaction Intermediates during Olefin Metathesis. Only limited information 

has appeared in the heterogeneous catalysis literature about the nature of the hydrocarbon 

surface reaction intermediates during the olefin metathesis reaction by supported 

rhenia/alumina catalysts. Exposure of supported rhenia/Al2O3 catalysts to isobutene
42

 and 

n-butene
48 

at around room temperature and after evacuation gave rise to hydrocarbon 

fragments with CH3 vibrations in the FT-IR spectra. The same surface CH3 vibrations, 

however, were also observed with Re-free Al2O3 suggesting that the CH3 fragments may 
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be formed by the strong surface Lewis acid sites of the alumina support.
48

 Furthermore, 

the catalyst was evacuated for one hour before the FT-IR spectra were recorded. Such 

treatment would be expected to result in reaction and desorption of any reactive surface 

intermediates. In situ FT-IR under flowing propylene at 60
o
C gave rise to vibrations from 

adsorbed propylene, ethylene, 2-butene and a band at 1450 cm
-1

 characteristic of aliphatic 

C-H groups.
48

  

Initiation and Reaction Mechanisms. The most detailed mechanistic studies of olefin 

metathesis by supported rhenia/Al2O3 catalysts with chemical probe reactions have been 

reported by Coperet and collaborators.
23

 The 1-2 hydrogen shift and H-assisted metathesis 

reaction mechanisms were ruled out by the absence of 3-methyl-2-pentene from the self-

metathesis of cis 2-butene. The allyl mechanism was ruled out by the metathesis of Z-

stilbene with ethylene to form styrene, a transformation that does not require the 

participation of allyl H atoms. It was concluded from these chemical probe studies that the 

pseudo-Wittig metathesis mechanism is the most probable for formation of the necessary 

initial surface carbene species. Earlier studies by Farona et al., however, did not discard 

the allylic mechanism.
24

 Both Coperet et al.
23

 and Farona et al.
24

 concluded that ethylene 

cannot initiate metathesis owing to the absence of H2C=CD2 as a product of the cross 

metathesis of C2H4 with C2D4. This is also in agreement with the IR studies of 

Boelhouwer et al. who claimed ethylene does not reduce a ReOx/Al2O3 catalyst.
48

 As 

mentioned in the previous section, Chauvin proposed carbene and metallacyclobutane 

reaction intermediates from homogenous catalysis and titration studies.
13,25 

Direct 

determination of the proposed surface intermediates for this catalytic system still awaits 

confirmation.  
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Number of Catalytic Active Sites. There is a continued discussion in the metathesis 

catalysis literature about the number of activated sites present and participating during 

steady-state olefin metathesis since not all the supported ReOx sites on alumina are 

claimed to be active for olefin metathesis.
5,25,31

 Indirect measurements based on kinetic 

analysis of the olefin metathesis reaction over supported rhenia/alumina catalysts and 

quantitative titration with chemical probe molecules (NO, CO and bases) of activated 

catalysts suggest that only a small number of the supported rhenia sites participate in the 

metathesis reaction at room temperature.
5,25,31

 Chauvin et al. quantitatively counted the 

number of catalytic active sites present after olefin metathesis at room temperature for 

supported ReOx/Al2O3 catalysts by chemical titration. After initial chemisorption of one 

olefin, evacuation of the catalyst system for 4-6 hours and subsequent titration of the 

resulting surface reaction intermediates with a second olefin formed the mixed metathesis 

reaction products.
25 

The same number of sites was reported to be involved in the reaction 

regardless of whether propylene or 2-butene was used as an activator.
25

 The number of 

sites did not depend on the contact time of the second reactant, ethylene, but on its partial 

pressure. This titration method is most likely undercounting the number of participating 

sites because (i) the catalyst is evacuated for 4-6 hrs during which metathesis and 

desorption of the first olefin can take place and (ii) it assumes that the titration with the 

second olefin consumes all the surface reaction intermediates at rather mild temperatures. 

Without direct observation of the molecular events which take place during this titration 

method it is not known if these assumptions are indeed representative of the actual 

reaction pathway. Yide et al.
38

, however, demonstrated that the number of activated 

surface ReOx sites on alumina can be significantly increased by activation with olefins at 
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elevated temperatures which indicates that the number of activated sites strongly depends 

on the pretreatment conditions. Stoyanova et al. using high throughput methods claimed 

that the calcination procedure (temperature and time), pretreatment conditions 

(temperature and gas) and reaction temperatures affect both conversion and selectivity.
46

 

This indeed suggests that the number of activated sites determined with room temperature 

activation is only a lower limit and that a much higher number of activated sites can be 

accessed by activation at elevated temperatures and with inclusion of promoters.  

Kinetics. Kinetic studies of propylene metathesis by Kapteijn and Mol
49

 showed that the 

reaction is pseudo first-order in propylene partial pressure and that the reaction rate 

increases with ReOx loadings due to surface heterogeneity of the alumina support. The 

olefin metathesis catalytic activity of supported ReOx/Al2O3 catalysis is strongly 

dependent on the rhenia loading on the alumina support.
31

 For loadings below ~6% 

ReOx/Al2O3 (0.75 Re/nm
2
), the activity is very low. Optimal catalytic activity is observed 

for ~14-18% ReOx/Al2O3 (~2.4 Re/nm
2
), which corresponds to the maximum loading of 

surface rhenium oxide that can be anchored on an alumina support.
31

 The non-linear 

relationship between the surface rhenia loading and olefin metathesis activity is most 

probably related to the relative abundance of two different surface rhenia species at these 

loadings, which in turn suggests that the surface rhenia species anchored on the neutral 

and more acidic surface hydroxyl sites may be more active for metathesis than the surface 

rhenia species on the basic surface hydroxyls.
31 

Propylene metathesis by supported 

ReOx/Al2O3 catalyst exhibited an overall activation energy of 25-40 kJ/mol.
49

 The 

exponential increase of the reaction rate as a function of the rhenia content was claimed to 

result from a combined increase of the reaction rate and equilibrium constants, k and K, 
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respectively.
49

 However, as noted above, increasing the reaction temperature also 

increases the number of activated rhenia sites that further complicates the temperature 

dependence of the rate and equilibrium constants.
38,46 

Surface Acidity. The roles of surface Brønsted and Lewis acid sites on the alumina 

support upon olefin metathesis by supported rhenia/alumina catalysts have been studied 

extensively. Earlier researchers were of the opinion that the presence of surface Brønsted 

acid sites contributed to the metathesis activity of supported rhenia/Al2O3 catalysts.
50-54

 

Subsequently, attention has focused on the presence of neighboring Lewis acidic Al sites 

that are enhanced by the strength of the Brønsted acidity of silica-alumina.
55,56 

This 

realization caused the metathesis literature to focus on the interaction of surface rhenia 

species with adjacent surface Lewis acid sites as being responsible for olefin induced 

activation of rhenia catalysts.
14,35,57

 The entire role of acidity upon olefin metathesis still 

needs to be resolved. 

Alumina Support Type. Several researchers have also examined the role of mesoporous 

Al2O3 supports for olefin metathesis by supported rhenia/alumina. The Balcar and Onaka 

research groups have claimed that use of mesoporous alumina supports results in higher 

activity (as much as 20x) due to a higher concentration of surface Lewis acid sites, lower 

concentration of basic surface OH groups and better stabilization of surface reaction 

intermediates.
39,58-64

 Onaka et al. also reported EXAFS studies which found  similar Re-O 

bonding for ReOx supported on both mesoporous and regular alumina. This result suggests 

that the same surface rhenia species are present on both types of alumina supports, and 

that the enhanced performance derives from use of the mesoporous support.
62

 The 

improvement, however, seems to be more significant in metathesis of functionalized 
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olefins rather than that of linear olefins.
57,62 

Contrary to Balcar et al. and Onaka et al., 

Bregeault et al. reported that mesoporous supports do not have an advantage over 

conventional alumina supports.
65

 

Promoters. Promoters are claimed to increase the activity of ReOx/Al2O3 catalysts by 

either maintaining Re in a desirable oxidation state,
66

 increasing support acidity,
9
 or 

changing local Re structures
67

. Some of the promoters that have been reported are SiO2,
9 

(CH3)4Sn,
31,67

 P2O5,
68

 B2O3,
69

 V2O5,
45,69

 MoO3
45,69 

and WO3.
45,52

 Although the 

enhancement of catalytic activity by promoters is accepted, additional fundamental studies 

are still required to understand the promotion mechanism(s).  

ReOx/(SiO2-Al2O3) 

The same surface ReOx structure is reported to be present on silica-alumina supports as on 

alumina, but a different structure is present on silica.
35

 Studies by Mol et al. found that 

activity decreases with increasing ReOx on SiO2-Al2O3, contrary to the Al2O3 support.
31

 

At low rhenia loadings (<0.5 Re/nm
2
), supported ReOx/(SiO2-Al2O3) catalysts are 3-6 

times more active than  supported ReOx/Al2O3 catalysts and supported ReOx/SiO2 

catalysts are inactive for olefin metathesis.
31,35,70

 At low rhenia loadings, ReOx initially 

anchors by reacting with Si-(OH)-Al bridging hydroxyls resulting in electron poor 

rhenium sites that are claimed to be highly active sites.
31

 With increasing rhenia loading, 

the additional ReOx is stabilized at Si-OH hydroxyls that result in inactive ≡Si-O-ReO3 

sites.
31

 A recent paper by Bouchmella and Debecker et al. used a non-hydrolytic sol-gel 

(NHSG) method with Cl precursors and diisopropyl ether to prepare mesoporous Re-Si-Al 

catalysts Bouchmella et al.
71

 These catalysts displayed superior activity over catalysts 

prepared via the incipient wetness impregnation method due to their superior properties 
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such as acidic sites, well dispersed ReOx species and high surface areas. Interestingly, the 

loss of rhenia is claimed to be prevented by adding more alumina. The maximum activity 

is observed at Si/Al ratio of 0.3.
71

 The simultaneous variation of several experimental 

parameters complicates determination of the origin of the catalytic enhancement for olefin 

metathesis and systematic studies are required to fully understand the catalyst structure-

activity relationships for supported ReOx/(SiO2-Al2O3) catalysts. 

Supported Organometallic Catalysts. Model ReOx organometallic catalysts can provide 

fundamental insights about the reactive intermediates and reaction mechanism of olefin 

metathesis. Hermann et al. discovered that methyltrioxorhenium (MTO), CH3ReO3, 

supported on silica-alumina is very active for metathesis of functionalized olefins in 

1991.
72

 The same product selectivity is obtained for propylene metathesis by the model 

supported MTO/Al2O3-SiO2 and conventional supported ReOx/Al2O3 catalysts. Coperet et 

al. concluded from solid-state 
13

C CPMAS NMR and DFT calculations for CH3ReO3 

supported on alumina that the surface AlsCH2ReO3 intermediate located at octahedral 

alumina sites represents the catalytic active species rather than the majority surface 

AlsReO3CH3 species.
73,74

 The active surface AlsCH2ReO3 complex is structurally similar 

to the Tebbe reagent, which was the first well-defined metathesis catalysts and is used in 

carbonyl methylenation.
73,74

 A different activated structure of CH3ReO3 was proposed by 

Scott et al. based on XAS measurements of ZnCl2 modified CH3ReO3/Al2O3.
75

 In this 

proposal, Lewis acidic Al centers are claimed to be the most favorable sites for CH3ReO3 

chemisorption. The use of a mixed silica-alumina support instead of alumina is claimed to 

result in elongation of one of Re=O bonds in CH3ReO3 via an interaction with an Al site.
76

 

Coperet et al. also reported that modifying the Al2O3 support by treatment with 
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Si(allyl)(CH3)3 prior to impregnation with CH3ReO3 improves the cis/trans ratio of 2-

butenes for propylene metathesis, mainly through the increase of the desorption 

kinetics.
77,78

 Although the supported CH3ReO3/Al2O3 catalyst doesn’t exhibit an induction 

period and is about 10 times more active than the conventional supported ReO4/Al2O3 

catalyst system, it deactivates much more rapidly, clear indications that supported 

organometallic catalysts are not identical to traditional supported ReOx/Al2O3 catalysts.
79 

 

As mentioned above, silica supported rhenium complexes, rhenium oxide and 

MTO typically do not exhibit olefin metathesis activity.
5,9,11,35,72

 The first successful 

synthesis of a highly active silica supported ≡SiO-Re(≡C-Bu-t)(=CH-Bu-t)(CH2Bu-t) 

olefin metathesis catalyst was reported by Coperet and Basset et al. in 2001.
80 

Structural 

knowledge of these grafted rhenium compounds having d
0
 configurations and alkylidene 

ligands was drawn from the analogous homogeneous systems.
80

 The silica support was 

partially dehydroxylated at high temperatures (700°C) before impregnation of the Re 

complex to both stabilize the ligands and remove surface hydroxyls that promote double 

bond isomerization.
80,81

 The hydrocarbyl complex  Re(≡C-Bu-t)(=CH-Bu-t)(CH2Bu-t)2 

was used as a catalyst precursor and characterization with solid-state 
13

C and 
1
H NMR 

along with its ability to also metathesize alkynes allowed proposing the molecular 

structure as ≡SiO-Re(≡C-Bu-t)(=CH-Bu-t)(CH2Bu-t) catalyst.
80

 Given that these 

compounds already possess Re=carbenes, the silica supported Re(≡C-Bu-t)(=CH-Bu-

t)(CH2Bu-t) catalyst doesn’t require activation since it already contains Re=carbenes and 

is even compatible with functionalized olefins without co-activator like Me4Sn required 

for Re2O7/Al2O3. 
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Patents. The patent literature for olefin metathesis by supported rhenia/Al2O3 catalysts 

has been quite active since 2000.
82-119

 Supports of choice are γ-alumina,
 82,84-90,93,97,99,102-

104,110 
mesoporous alumina

98,99,101 
and silica-alumina

96,112
. The alumina-based supports are 

sometimes treated with an inorganic halide (such as FeCl3, CuCl2, or ZnCl2.)
90,99,102,113

 and 

promoters that include B2O3,
96

 SnO2,
113

 Bu4Sn,
108

 Cs2O,
118

 Nb2O5,
106,107

 and Ta2O5 
86

. The 

function of the Cl is most probably to remove the surface hydroxyls that are claimed to 

have a negative effect on the olefin metathesis reaction.
75,120,121

 There is also emphasis on 

maintaining a very low concentration of heteroatom hydrocarbons in the feed since they 

negatively impact the olefin metathesis catalytic activity, presumably by site blocking.
84

 

One patent claimed that co-feeding H2 enhances metathesis catalytic activity and allows 

operation at lower temperatures. Inclusion of H2 could either minimize coke deposition or 

increase the number of reduced catalytic active sites.
91

 Regeneration of supported 

rhenia/alumina is achieved by heating in an O2-containing gas to >400°C
107,122 

and 

treatments with H2O2, NaOH, KOH, or NH4OH
122

. The above olefin metathesis patent 

literature reveals the methodology employed by industry in preparing commercial 

supported rhenia/Al2O3 catalysts and some of their general concerns about how to 

optimize performance, but does not provide any fundamental insights about the supported 

rhenia catalytic active sites during the different stages of the catalyst evolution: (i) 

synthesis (effect of support characteristics, promoters, poisons and Re precursors), (ii) 

activation (effect of air, inert, H2 and CO), (iii) olefin metathesis reaction conditions 

(effect of temperature and feed composition), and (iv) regeneration (effect of air, steam, 

H2, etc.). 
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Summary of ReOx/Al2O3 catalysts. Although supported ReOx/Al2O3 catalysts are 

currently not employed for large industrial applications due to the high price of rhenium 

and its volatility, this catalyst system has been studied extensively due to its high 

selectivity and catalytic activity at room temperature. Progress has been made in the 

understanding of ReOx/Al2O3-catalyzed olefin metathesis, but many key details continue 

to elude catalysis researchers in this field. These include the:   (i) molecular structure of 

the initial oxidized isolated surface ReOx species, (ii) molecular structure(s) and oxidation 

state(s) of activated surface ReOx site(s) during olefin metathesis, (iii) number of activated 

catalytic sites during olefin metathesis, (iv) activation mechanism, (v) surface reaction 

intermediates, (vi) reaction mechanism and (vii) promotion mechanism(s). The absence of 

direct characterization studies of supported ReOx/Al2O3 catalysts during olefin metathesis 

has hampered progress in the understanding of this catalytic system. The availability of 

modern in situ and operando spectroscopy  instrumentation (XAS, 
13

C NMR, High Field 

EPR, Near Atmospheric Pressure-XPS, Raman and IR vibrational studies with isotopes) 

complemented with DFT calculations should allow resolution of the above issues in the 

near future. 

 

5. Supported MoOx Systems 

Supported molybdena catalysts are active for olefin metathesis at moderate 

reaction temperatures (25-200
o
C) and are usually prepared from aqueous impregnation of 

ammonium salts such as ammonium heptamolybdate via incipient wetness 

impregnation.
123,124

 Other preparative methods include sol-gel techniques,
125 

flame spray 

pyrolysis
126

 and even spontaneous thermal spreading of crystalline MoO3
127

. The resulting 
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supported molybdena heterogeneous catalyst systems have been well characterized in their 

initial oxidized states under oxidizing dehydrated conditions prior to activation and 

exposure to the olefin metathesis reaction conditions. The molecular structures of the fully 

oxidized surface MoOx sites have been shown to be independent of synthesis method 

below the maximum dispersion or monolayer coverage limit.
20,128,129

 Non-aqueous 

impregnation techniques employing molybdenum organometallic complexes have also 

been used to prepare supported molybdena catalysts with a variety of well-defined surface 

functionalities which are analogous to those of homogeneous metathesis catalysts.
130-132

  

MoO3/SiO2. Supported MoO3/SiO2 catalysts are about an order of magnitude less active 

for olefin metathesis than supported MoO3/Al2O3 catalysts.
70

 However, the dehydrated 

supported MoO3/SiO2 system is viewed as a model metathesis catalyst because only 

isolated surface MoOx sites are generally thought to be present below the maximum 

dispersion limit of molybdenum.
133-136 

Supported MoOx/SiO2 in Initial Oxidized Catalyst. The dehydrated, fully oxidized 

surface MoOx species on SiO2 have experimentally been characterized with in situ UV-

vis,
123,133,136

 Raman,
20,123,133,136-139  

XAS,
136-139

 isotopic 
18

O-
16

O exchange
140

 and IR 

spectroscopy
133,136

 and found to be present as isolated dioxo (O=)2MoO2 and mono-oxo 

O=MoO4 species as depicted in Figure 1.2. The surface dioxo (O=)2MoO2 structure 

represents the majority species (see Figures 1.2a and 1.2b, respectively).
128,129,133-136

 

Above the maximum dispersion limit, crystalline MoO3 NPs also form (see Figure 

1.2c).
128,133,136

 One study has claimed that both isolated and oligomeric surface MoOx sites 

are present on SiO2 (SBA-15) from in situ Raman, UV-vis and XAS measurements.
139

 The 

absence of pronounced Mo-Mo features in the 3.2-4.0 Å range in the EXAFS second 
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coordination sphere, present for crystalline MoO3, does not support the assignment of a 

significant amount of surface oligomers. A more recent study with a similar MoO3/SiO2 

catalyst employing SBA-15 employed more extensive structural characterization (in situ 

Raman, IR, UV-vis, XANES, EXAFS and NEXAFS), however, found no evidence for 

surface MoOx oligomers and concluded that the surface MoOx species on SiO2 are 

primarily present as isolated surface dioxo MoO4 species.
136

 DFT calculations support the 

presence of two isolated surface MoOx structures on SiO2 and the greater stability of the 

isolated surface dioxo MoO4 than the mono-oxo MoO5 sites.
16,134

 

Activated MoOx/SiO2 in Reducing Environments. The nature of surface MoOx sites 

during olefin activation and metathesis reaction are still not known since in situ and 

operando spectroscopy studies during catalyst activation and olefin metathesis reaction 

conditions have not been reported.
141-146

 Yermakov et al. examined a series of 

organometallic complexes on SiO2, produced from Mo(π-allyl)4 and containing different 

Mo oxidation states, for self- metathesis of propylene  at 90
o
C. They concluded that the 

initial Mo
+4

 complex leads to the highest metathesis activity whereas initial Mo
+6

 and 

Mo
+2

 are inactive for the metathesis of propylene at 90°C, but supporting evidence that the 

initial oxidation states were unchanged during the metathesis reaction was not provided.
130

 

Kazansky et al. activated a supported MoO3/SiO2 catalyst by photoreduction in the 

presence of CO, which allowed determination of the number of reduced sites by 

quantifying the CO2 formed, with subsequent cyclopropane adsorption. Surface Mo
+4

 

species were concluded to be the active metathesis sites since their concentrations, 

measured with in situ UV-vis spectroscopy, related relatively well with catalytic 

activity.
142,143

 Zhang et al. examined the oxidation states of MoOx/SiO2 catalysts 
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pretreated under H2, H2-N2 and H2 conditions with ex situ XPS and EPR.
141 

A correlation 

between the room temperature quenched EPR Mo
+5

 signals and propylene conversion 

suggested that the Mo
+5

 sites are the catalytic active sites. Two distinct Mo
+5

 sites were 

detected, a distorted MoO5 square pyramidal and a distorted MoO6 coordination, with the 

former coordination suggested to be the catalytic active site. The optimum H2 pretreatment 

was found to be 400-450°C; over-reduction at higher temperatures was proposed to form 

Mo
+4

 which was thought to be responsible for the reduced activity.
141

 DFT calculations 

have concluded that surface dioxo MoO4, and not the surface mono-oxo MoO5, species are 

the energetically favored precursors of the catalytic active sites for olefin metathesis.
16

 

Surface Reaction Intermediates during Olefin Metathesis. No in situ and operando 

studies during olefin metathesis with supported MoOx catalysts have been reported. 

Consequently, surface reaction intermediates have not yet been reported for MoOx/SiO2 

catalysts.  Kazansky et al. reported the first in situ IR detection of surface Mo=CH2 

intermediates from cyclopropane adsorption on photoreduced MoOx/SiO2 catalysts.
143,144

 

Adsorption of ethylene on a CO-treated photoreduced MoOx/SiO2 catalyst resulted in two 

UV-vis bands at ~480 and ~590 nm bands, as well as IR bands at 2985, 2955, 2930 and 

2870 cm
-1

. These bands were tentatively assigned to Mo-cyclobutane and π-bonded 

propylene complexes, respectively.
144,145 

Catalyst deactivation was claimed to result from 

transformation of the active surface Mo-cyclobutane intermediates into inactive surface π-

bonded propylene
.145

 These very early in situ IR and UV-vis spectroscopy studies, 

however, were not taken during either catalyst activation with olefins or olefin metathesis 

reactions. More detailed fundamental insights came from DFT calculations that concluded 

that the IR bands reported by Kazansky et al. mostly correspond to a stable square-
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pyramidal (SP) Mo-cyclobutane rather than a more reactive trigonal bipyramidal (TBP) 

Mo-cyclobutane.
16

 

Initiation and Reaction Mechanisms. Surface isopropoxide species were recently 

claimed to be the major surface reaction intermediates during the initial stage of propylene 

metathesis by supported MoOx/SBA-15 catalysts (activation of surface Mo
+6 

sites by 

reduction to Mo
+4

 and formation of a C3 oxygenate).
22

 This conclusion was based on the 

similarity of IR bands for the surface intermediates formed by adsorption of propylene and 

isopropanol as well as their similar heats of adsorption. The IR vibration for the surface 

isopropoxide C-O bond, however, was not detected for the photoreduced catalysts 

described in the previous section, which suggests differences between the photoreduction 

and initial olefin activation treatments.
143,144 

Transient isotopic switching experiments, 

however, would allow for better discrimination between surface reaction intermediates 

and possible spectator species. To date, DFT calculations start with a surface Mo=CH2 

intermediate, do not address the initiation mechanism and suggest that olefin metathesis 

occurs via a mechanism that proceeds through a Mo-cyclobutane intermediate.
16 

 

Number of Catalytic Active Sites. For the MoOx/SBA-15 system, the number of active 

sites after activation at 50
o
C with propylene (H2C=CHCH3) was determined to be <2% of 

the total surface MoOx sites. This conclusion was based on perdeuteroethylene titration of 

the surface intermediates which remained on the catalyst when the reaction was stopped.
22  

Bykov et al. investigated the metathesis of α-olefins on heterogeneous supported binary 

(MoCl5/SiO2–Me4Sn) and ternary (MoCl5/SiO2–Me4Sn–ECl4, E = Si or Ge) catalysts and 

concluded that up to 6% of the Mo atoms are active at 50°C without applying evacuation 
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or desorption steps.
146

 Subsequently, these workers reported that 13% of the Mo sites 

present in (MoOCl4/SiO2)–SnMe4 catalysts participate in the metathesis reaction.
147

 As 

mentioned above, there are inherent assumptions in the chemical titration approach that 

may be undercounting the number of activated MoOx catalytic sites. 

Kinetics. The propylene metathesis reaction rate, normalized per unit of surface area and 

expressed as mmol/(m
2
-s), for supported MoOx/SBA-15 catalysts as a function of MoOx 

loading exhibited an exponential rise with increasing surface MoOx coverage until 

crystalline MoO3 nanoparticles were present at high coverage.
136

 This strongly increasing 

reactivity trend was attributed to increasing distortion of the isolated dioxo surface MoO4 

sites with higher surface MoOx coverage on SBA-15. Such distortion is due to lateral 

interactions between the MoOx sites, and is also related to the accessibility of anchoring 

on 6-, 8- or 10-membered rings. The surface MoOx sites were also proposed to interact 

with adjacent Brønsted acid sites for activation,
136

 but Brønsted acid sites are not 

significant for siliceous materials such as SBA-15. The reactivity rapidly decreased with 

increasing amounts of crystalline MoO3 nanoparticles which reflects the low activity of 

MoO3 nanoparticles and probably also agglomeration of a portion of the surface MoOx 

catalytic active sites.
128

 Earlier studies by Mol et al. observed a similar trend for the 

MoOx/SiO2 system with the catalytic activity reaching a maximum at 1.0 Mo atoms/nm
2
 

and decreasing at higher molybdena loadings.
70,136

 

Supported Organometallic Catalysts. Coperet and Shrock et al. showed that silica 

supported organometallic Mo-based catalysts having the general formula [(Y)M 

(≡ER)(=CHtBu)(X)] (Y =≡SiO) (X=CH2tBu, OR or NR2; with M = Mo with ER = NR) 

out-performed their homogenous analogues.
131

 As mentioned in the previous section about 
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supported organometallic ReOx catalysts, these supported organometallic complexes are 

grafted by replacing one of the anionic X ligand with a siloxy ligand
131,132 

and normally 

remain intact on the SiO2 support. In situ 
13

C CPMAS NMR showed that the Mo 

supported organometallic complexes react via the same surface alkylidene and 

metallacyclobutane intermediates as observed in homogeneous catalysts.
131,132

 Although  

the model silica-supported surface organometallic catalysts have provided many molecular 

details about olefin  metathesis catalytic active sites and surface reaction intermediates, 

there is still a materials gap between the surface organometallic catalysts and industrial-

type heterogeneous supported metal oxide catalysts because of the special ligands used to 

stabilize the surface organometallic catalysts on SiO2.     

 

MoO3/Al2O3. Supported MoOx/Al2O3 catalysts find industrial application in the Shell 

Higher Olefins Process (SHOP) for metathesis of long-chained olefins (C2H4-C20H40).
5,7,9

 

The supported MoOx/Al2O3 catalysts are at least 10 times more active than the supported 

MoOx/SiO2 catalysts in the same temperature range reflecting their easier reduction or 

activation.
9,70

  

MoOx in Initial Oxidized Catalyst.The surface MoOx structures present for fully 

oxidized, dehydrated supported MoO3/Al2O3 catalysts have been established in the past 

few years from extensive in situ spectroscopic measurements (Raman,
123,137,148,149

 UV-

vis,
123

 XAS
137,148,149

) and DFT calculations
150,151

. At low surface molybdena coverage 

(<20% of monolayer), isolated surface dioxo (O=)2MoO2 species dominate and at high 

surface coverage both isolated surface dioxo MoO4 and oligomeric mono-oxo O=MoO4 

species coexist on the alumina support as indicated in Figure 1.3. Above monolayer 
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coverage (4.6 Mo atoms/nm
2
), crystalline MoO3 NPs are also present on top of the surface 

MoOx species since there are no anchoring surface Al-OH sites remaining.
152

  

Activated MoOx in Reducing Environments. Less is known, however, about the 

oxidation state and molecular structure of supported MoOx/Al2O3 catalysts that have been 

activated or exposed to olefin metathesis reaction conditions. The earliest reported 

spectroscopic characterization for supported MoO3/Al2O3 involved initially exposing the 

catalysts to the propylene metathesis reaction at 200
o
C and, subsequently, examining the 

catalysts with ex situ XPS and EPR spectroscopy.
153,154

 It was concluded that activated 

sites only formed from initial Mo
6+

 and Mo
4+

 species while other oxidation states were 

inactive, but measurements were performed after metathesis and exposure to air that can 

oxidize the catalysts. Carbon monoxide reduction of supported MoO3/Al2O3 catalysts 

suggested that surface MoOx sites anchored at basic surface hydroxyls do not reduce at 

500
o
C, but surface MoOx sites anchored at non-basic surface hydroxyls reduce to 

approximately Mo
4+

.
155

 From ex situ solid-state 
27

Al NMR of molybdena-supported 

mesoporous Al2O3, it was proposed that only surface MoOx sites on surface AlO6 sites are 

most active for olefin metathesis,
156

 but ambient moisture may have affected the 

coordination of the surface AlOx sites. The importance of the coordination of the surface 

alumina sites where the active surface MoOx species are anchored is supported by DFT 

calculations.
15-18

 The DFT calculations suggest that the most active surface MoOx sites 

possess pseudo-MoO4 coordination and are anchored to AlO6 sites on the (100) surface of 

the Al2O3 support.  

Surface Reaction Intermediates during Olefin Metathesis. DFT studies also suggest 

that the less stable surface Mo-cyclobutane intermediates anchored to the surface AlO6 
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sites are responsible for their high reactivity.
15 

Early in situ studies by Olsthoorn and 

Moulijn stated that propylene is π-bonded on both oxidized and CO-reduced MoOx/Al2O3 

catalysts.
157

 From the position of the 1600 cm
-1

 C=C bond, which is lower than that (1645 

cm
-1

) observed in adsorption of propylene on pure Al2O3, it was concluded that adsorption 

is reversible on the MoOx/Al2O3 catalyst and the resulting π-bonded complex could be an 

intermediate during the reaction.
157

 The absence of transient experiments, however, did 

not allow for discrimination between surface reaction intermediates and possible spectator 

species. 

Initiation and Reaction Mechanisms. From isotopic D-labelled studies, it was proposed 

that olefin metathesis of long chain olefins by supported MoOx/Al2O3 catalysts is initiated 

and proceeds via surface π-allyl species,
158

 suggesting that C-H bonds may be involved in 

metathesis by long chain olefins. Recent DFT calculations, however, suggest that allylic 

CH bonds are not required for catalyst activation for small olefins and that the pseudo-

Wittig mechanism is the most likely activation mechanism.
159

  

Number of Catalytic Active Sites. The percentage of catalytic active surface MoOx sites 

on alumina that participate in olefin metathesis has received much attention by debates in 

the literature. Early studies by Burwell et al. for supported Mo(CO)6/Al2O3 concluded less 

than 1% of surface MoOx sites are involved in the metathesis reaction at 53°C.
160

 This 

conclusion is in sharp contrast to the findings of Hightower et al. who found from NO 

poisoning experiments that for cobalt-promoted supported MoO3/Al2O3 catalysts ~15% of 

surface MoOx sites were active at room temperature.
161

 Handzlik et al. counted the 

number of activated surface MoOx sites present for supported MoOx/Al2O3 catalysts 

during propylene metathesis by either slightly increasing the temperature or switching the 
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flow to argon for tens of minutes. They found that only ~1% of MoOx sites were activated 

at ~50
o
C; however, ~4.5% of MoOx sites were activated for a tin-promoted supported 

MoOx/Al2O3-SnMe4 (Mo/Sn = 1.2) catalyst at the same temperature.
162

 The lack of 

consistency in the reported number of catalytic active surface MoOx sites in each of the 

above studies is most likely related to the different catalysts and surface MoOx coverages 

employed. Furthermore, all the measurements were performed close to room temperature; 

the influences of activation temperature and olefin partial pressure on the number of 

activated surface MoOx sites were not examined. As mentioned above, there are inherent 

assumptions in the chemical titration approach that may be undercounting the number of 

activated MoOx catalytic sites. Direct spectroscopic observations are needed to determine 

how much these assumptions deviate from the actual situation.  

Kinetics. The supported MoOx/Al2O3 catalysts exhibit a maximum in steady-state activity 

for metathesis of small olefins at approximately monolayer coverage of surface MoOx 

sites.
70,127

 This suggested to most investigators that the surface MoOx sites, either isolated 

or oligomeric, are probably the precursors to the catalytic active sites and not crystalline 

MoO3 or Al2(MoO4)3 nanoparticles since the latter tend to form above monolayer 

coverage.
 70,124-127,130,

 The individual contributions of the isolated and oligomeric precursor 

surface MoOx sites on alumina in generating activated sites for olefin metathesis, 

however, is still not known. Grunert and Minachev reported that the reaction order is 0.8 

in propylene at 200°C.
154

 The apparent activation energy was reported to be 37-30 kJ/mol 

and decreased slightly with increasing Mo loadings.
154

 

Promoters. Some of the promoters added to the MoOx/Al2O3 system include SiO2,
124-127

 , 

and ECl4 (E=Si or Ge)
147 

CoO
161

 and (CH3)4Sn.
162

 (CH3)4Sn is claimed to increase the 
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number of Mo active sites.
162 

The promotion mechanisms of the other promoters still 

require further studies for their understanding. 

Patents.  The industrial patent literature for olefin metathesis by supported molybdena 

catalysts has also seen activity in recent years.
82,84,91,93-97,104,108-112,114,163-188 

The support of 

choice is γ-alumina,
82,163-167,174-183,186-188

 but mesoporous alumina
84,98,100,184  

and silica-

alumina
185

 supports have also been claimed. The alumina-based supports are sometimes 

treated with halides
178

 and promoters that include B2O3,
184

 CoO,
189

 alkyl-Sn
190

 and alkyl-

Pb
179,190

. The patents are about equally divided between metathesis of small olefins (C2H4-

C4H8)
82,84,165,169-172,174,178,189,191-196 

and higher olefins(C5H10-C20H40).
94,95,100,108,115,175-177,181-

183,186-188,197
 The promotion mechanisms have not received attention in the catalysis 

literature. 

MoOx/(SiO2-Al2O3). Mixed Al2O3-SiO2 supports and zeolite supports have been claimed 

to improve the olefin metathesis activity for supported MoOx/(Al2O3-SiO2) catalysts, but 

only limited studies have appeared for such catalysts.
124-127,198-205

 It was proposed that 

mixed SiO2-Al2O3 supports achieve an appropriate level of Brønsted acidity that is crucial 

for efficient catalytic performance during olefin metathesis with optimal activity achieved 

at moderate molybdena loadings
126,127,198-201 

and that excessive Brønsted acidity may be 

responsible for side reactions such as cracking and isomerization.
198-200

 Surface Mo
5+

 sites, 

with MoO5 or MoO6 coordination, were detected for supported MoOx/(Al2O3-SiO2) 

catalysts exposed to propylene
 
metathesis with ex situ EPR after evacuation at 25 and 

200°C.
201

 Although surface Mo
5+

 sites were detected after metathesis, no information is 

provided about other Mo oxidation states that may possibly be more important (e.g., 

Mo
4+

). The EPR measurements were complemented with ex situ L3-XANES of fresh and 
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used catalysts that indicated that the activated surface MoOx sites are present as poorly 

formed oligomeric species containing some partially reduced Mo cations.
201

 The ex situ 

spectroscopy characterization studies leave much to be desired since they were performed 

after the reaction was terminated, and the samples evacuated and exposed to ambient 

conditions containing molecular oxygen and moisture. The spectroscopic findings tend to 

be dominated by one Mo oxidation state (e.g., EPR is dominated by the Mo
5+

 cations and 

XANES is dominated by Mo
6+

 cations since a majority of the surface MoOx sites are not 

expected to be reduced, especially after exposure to air). Only direct spectroscopic 

characterization during olefin metathesis will reveal the nature of the actual surface MoOx 

cations on alumina present during the reaction. 

 The metathesis of 2-butene and ethylene on silica, silica-alumina and alumina 

supported MoOx catalysts was recently reported by Hahn et al.
202 

The optimal reactivity is 

observed around 40wt% silica. On silica-alumina supports, Brønsted acidity increases 

with increasing silica and MoOx loading whereas an inverse trend is observed for Lewis 

acidity. This increasing Brønsted acidity is claimed to be responsible for improved 

metathesis activity of isolated MoO4 and polymeric MoO6 species that were detected from 

Raman and UV-vis measurements under ambient and dehydrated conditions, respectively. 

Combining results from ambient (hydrated) and dehydrated conditions is problematic 

since the molecular structures of surface MoOx species are strongly dependent on moisture 

content.
123

 When MoO3 crystals are present, the catalytic activity cannot be improved by 

the Brønsted acidity. Interestingly, in their later paper, butene reactions (self-metathesis of 

butenes and 2 to 1 isomerization) are reported to be faster on isolated species, where 

polymeric species catalyze metathesis of 2-butene and ethylene much faster.
203

 This is a 









125 
 

 

Figure S2.2. DFT optimized structures and relative energies for the surface Re
+7

 oxide 

species supported on (100) γ-alumina. Bond lengths are given in Å. 
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Almost all of the stable structures were pseudo-tetrahedral dioxo with Re=O bond 

lengths of ~1.7 Å. These structures were connected to the Al2O3 support through two Re-

O-Al linkages having Re-O lengths of ~1.8 Å and Al-O lengths of 1.9-2.1 Å. The 

calculated Re=O bond length for typical free Re=O ligands is about 1.72-1.73 Å in perfect 

agreement with the recently reported EXAFS data of 1.73 Å.
S2,S3

 The same values are 

theoretically predicted for gas-phase rhenium oxide compounds such as dimeric Re2O7(g) 

(1.72 Å) or monomeric HReO4(g) (1.73 Å). In the case of the most stable configuration, 

100_1, one Re=O bond is free and the second Re=O bond forms a hydrogen bond with a 

surface OH. The 100_5 structure is the only trioxo-like species obtained, but its geometry 

is also tetrahedral. Moreover, one Re=O bond is significantly elongated (1.77 Å) since it 

interacts at longer distance (2.16 Å) with a surface Lewis AlV site, whereas, again, another 

Re=O bond is strongly hydrogen-bonded to a surface hydroxyl group. In addition, this 

species is significantly less stable than the lowest energy dioxo surface Re
+7

 species. Thus, 

Re=O bonds tend to form the maximum number of interactions with either Al Lewis 

centers or OH groups so that only one or two remain free oxo ligands in stable 

configurations. The length calculated for the non-oxo Re-O bonds in rhenium oxide gas 

compounds (1.89 Å) is much larger than in the case of the anchoring bridging Re-O-Al 

bonds (1.76-1.82 Å). This indicates partial Re=O bond character of the formally single 

Re-O bonds which explains the Re
+7

 oxidation state of the rhenium atom in the dioxo 

surface rhenium oxide species. 
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Before analyzing the structures of the dehydrated supported ReOx/Al2O3 catalysts, 

the known structure of the reference compounds listed in Figure S2.4 with varying number 

of Re=O bonds was analyzed to obtain the information about the lengths of the Re=O and 

Re-O bonds. The passive electron reduction factor, S0
2
, was obtained by fitting the 

EXAFS spectrum of the ReO3 reference and was fixed to the determined value in analysis 

of other reference compounds and catalysts. The models for fitting the experimental data 

of the reference compounds were constructed based on their known structural information 

(as listed in Table S2.2). The coordination numbers of nearest neighbor bonds were fixed 

to the values from the known structural data.   

Re oxide (+6)
S4

                                              short form: Re=O(0) 

 

Trichlorooxobis(triphenylphosphine)rhenium(+5)
S5

                   short form: Re=O(1) 

                    
 

Iododioxobis(triphenylphosphine) rhenium (+5)
S6 

                      short form: Re=O(2) 

 
 


