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or 80% of all compounds produced in chemical and 

pharmaceutical industries at least one catalytic step is 

essential during their synthesis.(1) Catalysisi has been 

commonly divided in three main groups, based on the 

nature of the catalyst-substrate interactions. Hence, in homogeneous 

catalysis the catalyst is in the same phase as the reactants, whereas in 

heterogeneous catalysis they are in a different phase. The third group, 

biocatalysis or enzymatic catalysis, is based on substrate-active site 

interactions.(2) Although all three groups have typically been well 

separated,(3) new trends and needs both in the industral and the 

academic world have blurred the line between them. Many examples 

of this fact, such as the heterogenisation of homogeneous catalysts or 

enzyme-inspired heterogeneous catalysts will be introduced in the 

work presented herein.  

                                                 
i From greek καταλειν, “to untie” or “to pick up” 
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1. Oxidation Catalysis: An Overview 
 

 

One of the most important raw materials used in the industry are alkenes or olefins. 

These unsaturated molecules are susceptible of many key synthetic and industrial 

reactions, such as addition, polymerisation and oxidative processes.(4) The latter, as its 

name implies, requires an oxidation step, which due to the relative stability of the 

olefinic double bond needs to be catalysed. Usually, this role is fulfilled by a transition 

metal compound. Consequently, oxidation catalysis is a major research field in 

chemistry, both in academia and in industry.(5-7) Since in many catalytic oxidation 

processes metal-carbon bonds occur in one way or the other - for instance in key 

intermediates formed as part of the catalytic cycle - organometallic chemistry is one of 

the key research topics in the field, both in homogeneous and heterogeneous catalysis. 

As it will be introduced in the following chapters, organometallic oxides – in particular 

those of transition metals - constitute one of the main research topics in the 

abovementioned field.(8) 

 
 

1.1 Scope of the present work 
 
 
Recent reviews by F. E. Kühn, W. A. Herrmann et al. have outlined the promising results 

obtained for immobilised and homogeneous organorhenium, organomolybdenum and, 

to a lesser extent, organotungsten catalysts.(5, 9-12) It has been demonstrated that the 

active species in the catalytic reaction are organometallic complexes based on Re(VII), 

Mo(VI) and W(VI) oxides. These complexes have been successfully applied in a broad 

range of oxidation reactions, and they have proven to be especially active in the 

catalytic epoxidation of olefins. Both concepts constitute the core of this work.  

However, and before concentrating to the particular research topics that correspond to 

this manuscript, a little further insight in the industrial applications of the epoxidation 

reaction must be given, including a brief overview of the most common substrates, 

oxidants and processes. This not only responds to the need of giving a broader scope 

of this key reaction, but also to the fact that most of the work presented herein aims for 



Oxidation Catalysis: An Overview 3 
 

an industrial application. Furthermore, an overview of the current research in 

epoxidation catalysis will be included.  
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2. The Epoxidation Reaction. 
Industrial Significance 
 

 

The catalytic epoxidation of olefins plays an important role in the industrial production 

of several commodity compounds, as well as in the synthesis of many intermediates, 

fine chemicals, and pharmaceuticals. The scale of production ranges from millions of 

tons per year (ethylene and propylene oxides) to a few grams per year.(13)  

 

 

 
Scheme 1 General diagram for the epoxidation reaction. 

 

The diversity of catalysts is large and encompasses all known categories of catalysts: 

heterogeneous, homogeneous, and biological. However, and as it happens with other 

fields of catalytic reactions, only the first is widely applied in the industry, accounting for 

more than the 80-85% of the total production.(14) This owes to many reasons, the most 

important being a much easier separation of the product from the fixed catalytic bed in 

heterogeneous systems, which usually is a critical step in every industrial procedure.  

The huge advance in the field of catalysis during the second half of the 20th century has 

given rise to many reasonable alternatives to the already existing industrial procedures, 

either catalytic or non-catalytic. However, the implementation of these processes is a 

complicated matter, since the development of a new catalyst follows a “funnel-like” 

diagram in which most new proposals are dropped in favour of older (but more 

economic) procedures.(5) This is especially true in the case of homogeneous catalysts. 

The increasing concern about the environmental impact of the industrial processes has 

supposed a turning point in the current panorama. Thus, many new processes have 

arisen during the last decades, most of them employing catalysts. This also applies to 

the epoxidation industry, whose primary production methods have experienced 

notorious changes during the last decades.  
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Figure 1 A “realistic development funnel”, as depicted by Cornils and Herrmann (From (5)). 
 

This chapter will summarise the evolution of this important field. Hence, the most 

relevant epoxides produced in the industry will be introduced, along with their primary 

production methods.  

 
 

2.1 Epoxides: a key industrial intermediate 
 
 
Epoxides are key raw materials for a wide variety of chemicals such as glycols, glycol 

ethers and alkanolamines, and they can be also be used as building blocks for polymers 

(e. g. polyesters and polyurethanes, amongst others).(14) The interest in epoxides, 

however, is not only limited to the commodity industry; their vast number of ring-

opening possibilities makes them ideal intermediates in the functionalisation of more 

complex molecules. Scheme 2 depicts one of these procedures, where a cholesterin 

epoxidised derivative is functionalised via two different nucleophiles, yielding two clearly 

differentiated derivatives.(15) 

When dealing with significant epoxides, two main molecules must be cited first: 

ethylene and propylene oxide. Together, they account for the immense majority of the 

epoxide industrial production. Although the experimental part of the present work will 

not deal with these compounds, it is of great importance to stress their primary 

industrial roles, since they have been the motor around which the most important 

epoxidation procedures have been developed. 
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Some other molecules such as glycidol or styrene derivatives are also of special 

significance in the epoxidation industry. Due to their relevance in the present work, they 

will be also briefly introduced in this section. 

 

 

 

 
Scheme 2 Nucleophile epoxide ring opening reactions, showing two of the many applications in 

organic synthesis using epoxides (From (15)). 
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2.1.1 Significant epoxides in the industrial world 
 

Ethylene oxide (EtO) 

The simplest olefin oxide, EtO is produced commercially by vapour-phase oxidation of 

ethylene with air or oxygen over a silver catalyst, promoted by alkali metals and 

supported on a non-porous form of β-alumina.(16) This process was introduced by 

Union Carbide in 1937 and later by Shell in 1958 to replace the practice of ethylene 

oxide production via the obsolete, yet still widely used, chlorohydrin process.(17) This 

silver catalysed process, however, can only be applied to olefins which do not possess 

C-H allylic bonds, such as ethylene, 1,3-butadiene and styrene. For all the other olefins, 

low yields of the desired product are obtained, due to the competing oxidation of allylic 

C-H bonds, which leads to numerous by-products.(18)  

Amongst many applications, ethylene oxide is particularly known for its derivatives, 

such as ethylene, polyethylene glycols, glycol ethers and ethanolamine. They are 

employed in the plastics industry as precursors of polyester fibers, heat transfer liquids, 

lubricants, detergents, etc.(19) 

 

Propylene oxide (PO) 

The simplest and also industrially useful allylic olefin is propene, together with its 

epoxidised counterpart, propylene oxide or PO. The latter is a highly reactive oxide that 

has a plethora of potential applications. PO is used worldwide to produce many 

versatile products such as polyether polyols (polyglycol ethers), propylene glycols and 

propylene glycol ethers, which are found in many consumer applications. The former, 

which make up the largest share of propylene oxide usage (between 60% and 70% of 

the total volume), are one of the main components in polyurethane systems used in rigid 

foam insulation and flexible foam seat cushions. Moreover, PO finds many uses as a 

synthetic block, being applied in the fabrication of flame retardants, modified 

carbohydrates, synthetic lubricants, oil field drilling chemicals, textile surfactants, 

among others.(20)  

As it has been mentioned above, the allylic nature of propene rules out the silver-

catalysed epoxidation process. Thus, many PO producers still employ the traditional 

chlorohydrin route, which comprises reacting propylene with hypochlorous acid to form 

propylene chlorohydrin and its subsequent dehydrochlorination to form propylene oxide 

(Scheme 3). This process, however, is currently outdated and is being gradually 
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substituted in favour of newer procedures due to the use of expensive, toxic and 

corrosive chlorine as reagent and the formation of highly toxic by-products.  

  

 

 
Scheme 3 The chlorohydrin process and its use in propene epoxidation. 

 

In light of the complexity and cost of the chlorohydrin route, the peracid routeii (Scheme 

4) was developed.(21) This route involves the formation of a peracid, such as peracetic 

acid, through the reaction of hydrogen peroxide with the organic acid and the 

subsequent epoxidation of an olefin with the peracid. 

 

 

 
Scheme 4 The peracid route. 

 

The disadvantages of the peracid route, however, are also sufficient to preclude 

significant commercialisation. The reagents are expensive, corrosive and 

nonregenerable, and the overall efficiency of the process is low. Notwithstanding, 

peracids have found many applications in more research oriented applications, and are 

widely used as epoxidation reagents in organic synthesis.(22, 23) 

 

Glycidol 

Though ethylene and propylene oxides are by far the most common epoxides applied in 

the industry, many other olefinic substrates also find important applications. Thus, 

cyclic olefins such as cyclohexene and cyclooctene have aroused attentioniii, along with 

arylalkene derivatives such as styrene and stilbene (see Figure 2). 

Amongst them, allyl alcohols have achieved great relevance in current academic and 

industrial research, mostly due to their potential applications in the expanding field of 

asymmetric epoxidation catalysis. 

                                                 
ii Also known as the Prilezhaev reaction. 
iii As it will be seen in chapters II and III, cyclohexene and cyclooctene are often used as model 
olefins in laboratory catalytic tests. 
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The simplest allyl alcohol epoxide, known generically as glycidol, contains two 

functional groups of alcohol and epoxide. It can form esters when reacted with ketenes, 

ethers when reacted with alcohols, and aminopropanediols when reacted with amines. 

Moreover, it is used as a stabiliser for natural oils and vinyl polymers, demulsifier and 

dye-levelling agentiv. It is also used as an industrial intermediate in the synthesis of 

glycerol, glycidyl ethers, esters and amines. It is also applied in surface coatings, 

sanitary chemicals, in sterilising milk of magnesia and as a gelation agent in solid 

propellants.(24-26) Glycidol is used as intermediate in the synthesis of many fine 

chemicals, including pharmaceutical applications in protein synthesis inhibition or 

anticancer drugs. (27) It must be noted that, in the latter case, enantiomerically pure 

derivatives are needed, further increasing the current need for catalytic enantioselective 

procedures.  

 

 

 
Figure 2 Some common olefinic substrates for catalytic olefin epoxidation. 

 
 

2.2 Catalytic epoxidation 
 
 

2.2.1 The oxidant point of view. Introduction of catalytic 
processes in the epoxidation industry 
 

Despite the current widespread use of comparatively efficient catalysed methods, 

stoichiometric reactions such as the abovementioned peracid route are still commonly 

used for the oxidation of fine chemicals.(8, 28, 29) For example, the most widely used 

epoxidation reagent in research is meta-chloroperoxybenzoic acid (m-CPBA).(22, 23) 

                                                 
iv Glycidol is suspected of being a cancerigen agent; the use of the epoxide without further 
modifications is therefore being questioned. 
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This, however, has not hampered the urgent need of developing new efficient methods 

which should involve cleaner oxygen sources such as water peroxide, O2 or other newly 

developed reagents such as Oxone®.(30) These oxidants demand in most cases the 

presence of a catalyst. 

 

 

 
Figure 3 Some common oxidants. Most oxidation reactions carried out with these reagents must 

be triggered by a catalyst, with the exception of peracids such as m-CPBA. 
 

During the 20th century, and in parallel with the exponential grow of the catalytic-based 

procedures, a number of olefin epoxidation systems were developed.(31) Amongst 

them, high valent transition metal oxides, which had been long regarded as powerful 

oxidation speciesv became the backbone of these new catalytic systems, along with 

peroxides as oxygen-transfer agents. However, none of the reported systems was 

considered commercially feasible in comparison with the already known, non catalysed 

routes.  

Significant examples include the work of Hawkins, who was the first to report a metal-

catalysed epoxidation in the synthesis of cyclohexene oxide in 30% yield, using an alkyl 

hydroperoxide (cumene hydroperoxide) in combination with V2O5.(32) 

Moreover, another well known alkyl peroxide, tert-butyl hydroperoxide or TBHP, was 

found to be an active oxidant of olefins in the presence of catalytic amounts of 

hydrocarbon soluble acetyl acetonates of molybdenum, vanadium and chromium.(33) 

On the other hand, molecular oxygen was directly considered the active oxidant species 

together with the hydroperoxide in certain Co and Ce systems.(34)  

 

The Halcon-ARCO process 

In 1967, a feasible catalytic epoxidation procedure based on alkyl hydroperoxide 

oxidants and high valent transition metal catalysts was finally found for an industrial 

application. Halcon and Atlantic Richfield (ARCO) independently developed processes 

                                                 
v Some examples include Osmium tetraoxide and Sodium permanganate, which are well known 
dihydroxylation agents. 
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for the production of epoxides using an alkyl hydroperoxide in the presence of 

homogeneous catalysts based on molybdenum, tungsten, titanium, niobium, tantalum, 

rhenium, selenium, chromium, zirconium, tellurium, uranium and vanadium. From all the 

referred metals, molybdenum, tungsten and titanium were found to be most efficient. 

The inventors suggested the utilisation of the molybdenum catalyst in the form of 

organic salts, oxides, chlorides, oxichlorides, fluorides, phosphates, sulfide and 

molybdic acid. Solubilisation through organometallic modifications was also 

mentioned.(35-38)  

After the success of the two independently developed processes, ARCO and Halcon 

formed a joint venture, the Oxirane Corporation, to exploit the technology for the 

manufacture of propylene epoxide using a Mo (VI) catalyst and organic hydroperoxides. 

Molybdenum catalysts gave the highest rate and selectivity when used with TBHP or 

ethylbenzene hydroperoxide (obtained from molecular oxygen and ethylbenzene). On 

the other hand, tert-butanol and 1-phenyl ethanol, which are obtained as by-products of 

the epoxidation process, are finally converted into methyl tert-butyl ether (MTBE, which 

can be used as an octane booster in gasoline) and styrene, both of them being versatile 

bulk products.(39) 

 

2.2.2 Current industrial advances in catalysis. Propylene oxide 
 

The success of the Halcon-ARCO process has situated it amongst the primary epoxide 

production methods, especially propylene oxide. However, around 50% of the annual 

worldwide industrial production capacity (approximately 6500kta) is still carried out by 

the obsolete chlorohydrin process.(40) This situation, however, is rapidly changing in 

order to meet economical as well as ecological standards, and new alternatives 

continue to be developed.  

Shortly after Halcon and ARCO, Shell Oil patented the heterogeneous SHELL process, 

in which TBHP is used in the presence of a Ti(IV)/SiO2 catalyst for the epoxidation of 

propene.(41-43) This catalyst, being suitable for continuous fixed bed operation, 

surpassed the homogeneous systems in industrial standards, and was proven to be a 

potential candidate in utterly substituting the non-catalysed chlorohydrin process.  
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Figure 4 The surface molecular structure of the Ti(IV) Shell epoxidation catalyst. 

 

Following Shell’s abovementioned process, a modified version of the ethylbenzene 

hydroperoxide-based procedure developed by the Oxirane Corporationvi - the 

Propylene Oxide / Styrene Monomer process - has rapidly found its way into the 

market, effectively becoming the second main PO production method in the industry. 

In this case, cumene hydroperoxide (CMHP) is used instead of ethylbenzene peroxide, 

and the main by-product of the reaction is α-methylstyrenevii. By the end of 2002, Shell 

and BASF joined industrial venture (Ellba) opened a PO/SM plant in Singapore with an 

average production of 550kta of styrene and 200kta of PO.(44) On the other hand, 

Lyondell Chemical Co. recently announced the construction of another similar plant in 

China with an estimated capacity of 227kta of PO and 602kta of styrene.(45) 

The main drawback of this process, which might make it not interesting for those 

companies aiming for a PO-only industrial method, is the olefinic by-product. 

Consequently, the Sumimoto process was developed.  

 

The Sumimoto process 

Closely related to both abovementioned processes, the Sumimoto process has 

gradually been implemented as an interesting alternative to the PO/SM method.(46) 

Scheme 5 depicts this process, in which cumene hydroperoxide (A) is used as oxidant 

to yield PO (B). The main by-product, cumene alcohol (C) is dehydrated to yield styrene 

(D), which afterwards is hydrogenated to obtain cumene (E). Cumene alcohol can also 

                                                 
vi These methods are nicknamed PO/TBA (propylene oxide/tert-butyl alcohol) and PO/SM, 
respectively. 
vii It is worth mentioning that cumene peroxide offers a significant improvement over 
ethylbenzene peroxide in terms of stability, allowing higher concentrations and temperatures. 
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be directly hydrogenated to cumene via a single hydrogenolisys step. Finally, cumene 

hydroperoxide is obtained by treatment of the the cumene residue.  

Sumimoto, in cooperation with Nihon Oxirane Co., has an operative plant using this 

process in Chiba, Japan, with a capacity of ca. 200kta.(47) 

 

 

 
Scheme 5 The Sumimoto process. 

 

The Enichem process 

The use of alkyl hydroperoxides, however, has been questioned during the last 

decases. The growth of the so-called “Green Chemistry”,(48) which encourages 

environmentally friendly processes with non-toxic, recyclable side products, has 

prompted the industrial development of processes that use green oxidants over those 

that use complex hydroperoxides or peracids.  

Therefore, ecological concern has radically changed the perspectives for some known 

oxidants, especially hydrogen peroxide. Previously, this peroxide had not been 

considered a good oxidant due to its high price and the impossibility of selling or 

regenerating its by-product (water).(35, 38) However, current industrial standards have 

outweighed former scepticism and now regard H2O2 as an interesting choice, mainly 

due to the formation of the same side product that had at first discouraged its industrial 

application. 

One of the first companies which successfully applied this new focus on oxidation 

catalysis was Enichem, which developed an integrated process for a variety of liquid 

phase oxidations in 1983.(49, 50) In this process, hydrogen peroxide is produced from 

water and methanol by the anthraquinone route and is used as oxidant with a titanium-

substituted silicate (TS-I) catalyst without further separation. TS-I is obtained by 
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hydrothermal crystallisation of a gel obtained of a mixture of tetraethyl orthosilicate 

(TEOS) and tetraethyl orthotitanate (TEOT) in the presence of tert-propylammonium 

hydroxide. The material obtained has a zeolite-like structure, in which Ti atoms partially 

substitute Si in its lattice, affording a structure with a xTiO2(1-x)SiO2 composition 

(0<x<0.04M). One of the main advantages of this catalyst is its negligible deactivation in 

the aqueous phase, something unusual for early transition metalsviii. Moreover, this 

system benefits of a lack of Lewis acidic sites, which significantly reduces the 

possibility of ring opening reactionsix. This process, however, has been commercialised 

for other reactions but not for the epoxidation of propylene.(18) 

In the last years increasingly cost-effective, green processes for propylene epoxidation 

have been introduced. In order to summarise these progresses, a recent report from 

Nexant’s ChemSystems PERP (Process Evaluation/Research Planning) Program has 

identified four main categories in the current modern industrial epoxidation processes 

involving catalytic procedures: (51) 

 

• Cumene hydroperoxide-based propylene oxidation with cumene recycle (i.e. the 

abovementioned Sumimoto process) 

• Hydrogen peroxide-based propylene oxidation (or HPPO) 

• Direct propylene oxidation with oxygen 

• Direct propylene hydro-oxidation with oxygen and hydrogenx 

 

Of all these alternatives, the second has aroused great attention, and is gradually 

gaining production quota over other alkylhydroperode-based methods. 

 

The HPPO process  

2006 possibly marked a turning point for industrial scale epoxidation, as BASF, Dow 

and Solvay formed a joint venture to build a Hydrogen Peroxide-Based Propylene 

Epoxide process plant based on the Enichem TS-I catalyst (Figure 5).(52) This plant has 

recently been put into service in Antwerp, Belgium and has a current capacity of 300kta. 

Further installations are planned in the US and the Far Eastxi. 

 

                                                 
viii Early transition metals are usually deactivated via hydroxylation processes. 
ix As it will be explained in the second part of this work, ring opening reactions due to high Lewis 
acidity are a relevant issue in Re and Mo systems.  
x This category can be inscribed within the second, since the oxidant formed in this process is 
hydrogen peroxide. Both processes, however, can be separated from an industrial point of view. 
xi Additional information is available on the websites of the respective companies. 
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Figure 5 The BASF-Dow-HPPO process. 

 

Moreover, similar HPPO technologies are being implemented by other companies. 

Degussa AG and Uhde GmbH developed a similar epoxidation procedure using a TS-I 

catalyst, and its license has been acquired by Korean-based SKC. A plant in Ulsan, 

South Korea is currently operative, with a capacity of 100kta. SKC is planning to build 

yet another plant in China with an increased capacity of 400kta, thus becoming one of 

the main PO producers in a zone with an ever increasing demand.(53) 

 

O2-based oxidation processes 

In spite of the importance and success of the processes with transition metal catalysts 

and organic hydroperoxides, the direct epoxidation of either propene or other olefins 

with molecular oxygen is still an attractive goal.(54) This owes to the increasing concern 

over the use of harmful oxidants - a category in which even hydrogen peroxide is 

included - and mostly to economic reasons.(55) 

 

Stoichiometric oxidants 

K2Cr2O7, CrO3 (Jones Reagent), CrO2Cl2, KMnO4, PhIO, peracids (m-CPBA), percarbonates, 
perborates, H2O2, H2O2:urea, H2O2:DABCO, alkyl hydroperoxides (TBHP, CMHP, EBHP), 
pyridinium chlorochromate, DMSO, H2SO5, Oxone®, BRSP, SeO2, NaOCl 

 
Table 1 Some commonly used oxidants considered harmful or aggressive (From (55)). 
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Olin Corporation, for example, patented a process in which propylene is oxidised by O2-

enriched air.(56) In this process, the reactants (and some recycled by-products) are 

passed through a molten mixture of alkali metal nitrates, which function both as reaction 

medium and catalyst.(54) Also, Berndt et al. have recently presented a method in which 

an ozone-oxygen mixture and NO2 epoxidises small alkenes at moderate temperature 

and pressure.(40) This method has shown promising industrial applications, since it 

might substitute both the well known Ag-catalysed ethylene epoxidation and the HPPO 

processes. However, and despite considerable effort the above-mentioned processes 

are still not economically viable.  

 

Current perspectives: academic research 

The application of the abovementioned procedures has radically changed the 

production structures in the epoxidation industry. As of 2003, less than 50% of the 

overall propylene oxide production is still being manufactured via the chlorhydrine 

process.(57) This percentage, however, has decreased in the last years due to the 

broader implementation of newer methods, such as the HPPO or the Sumimoto 

processes. 

 

 

Figure 6 Percentage of PO capacity share by process (1970-2003).  
 

Current academic research continues to develop new catalytic systems, either from a 

homogeneous or a heterogeneous perspective. The next chapter will change the focus 

from the olefinic substrate to the catalytic species itself, concentrating on the more 

recent developments in the field of organometallic chemistry. A specific section will be 
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devoted to asymmetric catalysis, which has rapidly become a critically important 

research topic in the last years. 
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3. Olefin Epoxidation from a Catalyst 
Point of View 
 

 

Whereas epoxidation of simple substrates - such as the abovementioned PO - have 

been successfully applied in the industry, this does not apply to other equally interesting 

olefins, mainly prochiral substrates which could account for highly added value 

intermediates in the pharmaceutical industry.  

Although the field of heterogeneous catalysis has found a far greater application in the 

industry, current academic research concentrates in the synthesis of both 

homogeneous and heterogeneous catalystsxii. Enzymatic or biological catalysis, which 

is classically considered a third category, has also found little application in the industry. 

However, many systems from the first two categories are inspired on biological 

catalysts. Also, and as it will be commented in the next sections, enzymes can play a 

significant role in the obtention of highly enantiomerically pure epoxides. 

This chapter will briefly describe the current laboratory advances in epoxidation 

catalysis, later concentrating on the field of asymmetric epoxidation. Special attention 

will be drawn to organometallic species based in transition metals.  

 
 

3.1 Homogeneous catalysis 
 
 
Heterogeneous catalysis has been one of the major fields of academic research during 

the last 50 years. It has become a skilful method to produce a large variety of products 

owing to the optimised behaviour of the catalytically active species in a homogeneous 

phase. Moreover, the much simpler catalyst-substrate interactions have proven helpful 

in elucidating the catalytic mechanism, thus facilitating the search of improved 

                                                 
xii, It is a common procedure to synthesise homogeneous catalysts and, in a further step, graft 
them into a surface, effectively heterogenising them. Many examples of this fact will be 
commented in upcoming sections. 
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catalysts. Typical homogeneously catalysed processes include hydroformylation, 

carbonylation, oxidation, hydrogenation, metathesis and hydrocyanation.(5, 58) 

Though always overshadowed by the heterogeneous processes in the industrial field, 

homogeneous catalysis continues to evolve. In the last years, attention has been 

concentrated in improving the catalyst selectivity, achieving an unparalleled degree of 

versatility and specificity. Thus, the design of fine-tuned, tailor-made ligands has 

become one of the determining characteristics of an homogeneous catalyst. Other 

factors, such as the solvent, may decisively influence the outcome of the catalytic 

reaction. 

 

3.1.1 Homogeneous epoxidation catalysis. Transition metal 
oxides 
 

As it has been stated above, epoxidation reactions in a laboratory scale usually involve 

stoichiometric reagents such as peracids.(22, 23) 

 

 

 
Scheme 6 Epoxidation reaction of unprotected allylic alcohols with the peracid m-CPBA (from 

(23)).  
 

Regardless of this fact, the use of transition metal-based oxidising reagents is still quite 

common in research. Amongst them, high oxidation state species have been 

considered key molecules in the oxidation of organic substrate due to their enhanced 

Lewis acidity. Classical organic synthesis oxidation reagents such as OsO4,(59) the Cr-

based Jones reagent (60) or NaMnO4, for example, have been extensively used in 

hydroxylation reactions during the past century. The major drawback of these reagents 
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is their application as stoichiometric reactants, which in the case of osmium involves the 

formation of highly toxic by-products. 

The more recent introduction of related high valent transition metal species as catalysts 

in oxidation reactions has opened new perspectives in both the industry and the 

academic research fields.  

In his 1989’s exhaustive review, Jørgensen summarised the most relevant catalytic 

epoxidation systems based on transition metals. The author chose to organise them 

from a group perspective. This section will follow a similar structure.(8) 

 

Group IV: Ti, Zr, Hf 

The most relevant metal in this group is titanium. Some of its oxides have been 

successfully applied in the industry, such as Ti(IV) alkyloxo derivatives (which, for 

example, are the core of Enichem’s TS-I catalystxiii). Other examples include Ti 

cyclopentadienyl derivatives and the well known Ti-based Sharpless asymmetric 

epoxidation, which will be introduced in the following chapters.(61)  

Zr and Hf have also been employed in epoxidation catalysis, though the catalytic 

systems are closely based in the previous Ti studies.(62)  

In all cases, TBHP is the usual epoxidation agent; green oxidants such as O2 have been 

introduced with average results at best.(54) 

 

Group V: V, Nb, Ta 

The application of vanadium (V) oxides as epoxidation catalysts was already reported 

during the first half of the 20th century.(32) These species show many similarities with 

certain Ti compounds.(63) Related Nb and compounds have shown similar properties, 

although their catalytic performance is significantly lower.(62) 

Ta species, on the other hand, are a most promising candidate in mimetising alkyloxo 

Ti(IV) compounds in the heterogeneous phase due to their additional coordination site. 

This compounds will be described in the following chapters.(64) 

 

Group VI: Cr, Mo, W 

Although certain chromium species have been found to be active in epoxidation 

catalysisxiv, they have been eclipsed by the huge success of Mo(VI) oxides, which are 

                                                 
xiii See section 2.2.2 
xiv Amongst them, one of the first salen complexes used for olefin epoxidation (See section 3.3.1). 



Olefin Epoxidation from a Catalyst Point of View 21 
 

considered to be the best epoxidation catalysts with alkyl hydroperoxides.(10, 65-67) 

Part III of the present work will be entirely dedicated to organometallic Mo complexes 

and their application in epoxidation catalysis. Moreover, related W species, which show 

similar properties albeit with lower activities, will also be studied. It must be noted that, 

unlike molybdenum species, tungsten oxides have been shown to be suitable 

epoxidation catalysts with hydrogen peroxide.(31) 

 

Group VII: Mn, Rexv 

Manganese compounds, in special Mn(III) oxides, have attracted a lot of interest due to 

the similarities with biologically relevant systems, such as manganese porphyrins.(68) 

A special trait of manganese catalysed reactions is the use of the hypoclorite moiety as 

oxygen source. This applies to the abovementioned porphyrin systems, but specially to 

the later developed Mn(III) salen compounds, whose asymmetric epoxidation 

capabilities will be described in section 3.3. High oxidation Mn oxides such as the 

permanganate ion can also trigger epoxidation reactions; however, and apart from 

being a stoichiometric reagent, this species is often involved in further ring-opening 

reactions, leading even to the cleavage of the double bond.(69)  

Still unknown by the time of Jørgensen’s review, the application potential of Re oxides 

has bloomed during the last decades, especially in the case of methyltrioxorhenium.(9, 

70-72) Part II of this work will deal with Re olefin epoxidation chemistry in detail. 

 

Group VIII: Fe, Ru, Os 

Iron complexes have an enormous importance in the field of organometallic chemistry, 

thus making their application as catalysts a primary concern amongst researchers.(73, 

74) Although many important catalytic systems based in Fe have been reported, the 

number of references concerning iron epoxidation catalysis is relatively low. Among 

them, Fe porphyrin systems based on the biologically relevant cytochrome P-450 (75) 

have been approached and found to catalyse the epoxidation of sterically crowded 

olefins such as cyclooctene, norbornene and cis-stilbene, using iodosylbenzene as 

oxygen-transfer agent.(76) Related enantioselective systems will be discussed in 

Chapter 3.  

Ruthenium oxo-complexes with N-donor ligands such as Schiff bases, bisamides, 

pybox complexes or the abovementioned porphyrins have been examined in 
                                                 
xv Due to its radioactive nature, technetium is automatically discarded in most industrial 
applications. 
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epoxidation catalysis.(77) Due to their enantioselective properties, similar as those of 

similar Mn derivatives, they will be discussed in the next chapter. 

On the other hand, osmium complexes show a comparatively low range of applications 

in epoxidation catalysis, and have therefore not been as studied as its neighbouring 

transition metals. The well known dihydroxylation reagent OsO4 and other related 

strongly oxidising agents are not suitable for epoxidation reactions. Therefore, attempts 

have been made to synthesise less reactive Os (VI) species, using the structure of 

methyltrioxorhenium derivatives as template.(9) 

 

Group IX: Co, Rh, Ir 

Whereas Rh and Ir are particularly useful in the field of homogeneous hydrogenation, 

they find no significant applications in oxidation catalysis. On the other hand, and in 

parallel to manganese, cobalt (III) salen compounds have aroused attention in the field 

of asymmetric catalysis and chiral resolution; some examples will be introduced in 

Section 3.3.(78)  

 

Groups X and XI: Ni, Pd, Pt, Cu, Ag, Au  

Unlike earlier transition metals, most elements in groups X and XI do not fare well in 

epoxidation catalysis, with the exception of silver and more recently, certain copper 

compounds. All tested applications find much better examples in other systems, and 

are therefore of no special relevance in the framework of the present manuscript.  

As it has been discussed in the previous chapters, silver is of great importance in the 

epoxidation of ethylene and other non-allyllic olefins via heterogeneous catalysis, being 

the active catalyst in the Union Carbide and Shell EtO production processes (see 

Section 2.1). 

A recent review from Punniyamurthy et al. has highlighted the versatility of copper 

compounds as oxidation catalysts.(79) Amongst them, some copper (II) salts have been 

found to catalyse alkene epoxidation with molecular oxygen in the presence of aliphatic 

aldehydes as correductants. Other examples of aerobic epoxidations have been 

reported, but the epoxide yield is very low in comparison to other oxidation byproducts. 

 

Homogeneous catalysts in the epoxidation industry 

Despite the plethora of homogeneous epoxidation catalysts discovered throughout the 

last decades, only a minority have found their way through the “development funnel” 
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into an industrial successful application.(5) Currently, even the most well established 

epoxidation methods, such as the Halcon/ARCO process, are losing ground in front of 

the heterogeneous HPPO processxvi. 

Despite this, new trends in homogeneous and heterogeneous catalysis plead for mutual 

collaboration. The last decades have seen the introduction of an ever growing number 

of techniques and procedures which belong neither to homogeneous nor 

heterogeneous catalysis, but lie somewhere in between. Surface organometallic 

chemistry and single site heterogeneous catalysis, to name two important examples, 

belong to this actively researched field.(64, 80-82)  

 
 

3.2 Asymmetric epoxidation 
 
 
In parallel with the ever increasing applications of enantiomerically pure compounds, 

the industry has been forced to adopt new strategies in order to fulfil the current 

demand. Unfortunately, current large scale procedures still employ rather obsolete 

methods, the most important of them (<50% of enantioenriched drugs) still being 

classical resolution, which has the obvious disadvantage of having the whole wrong 

enantiomer as waste.(83) On the other hand, the chiral pool approach uses chiral 

building blocks originating from natural products. Since many natural products offer a 

high degree of enantiomerical purity, this approach is often chosen in the early 

development of drugs. A third common method is the enantioselective synthesis, in 

which a covalently bonded chiral auxiliary helps forming the target chiral product. An 

obvious complication is that the auxiliary part must be either discarded or recycled once 

the target molecule has been synthesised. Enantioselective catalytic reactions, based 

either on chemocatalysts or biocatalysts, offer many advantages over the 

abovementioned synthetic procedures, including greater atom economy and versatility. 

However, only a minority of methods based on asymmetric catalysis are applied in an 

industrial scale.(84-86) As it has been stated above, this also applies to the epoxidation 

reaction. This chapter will briefly describe the enantioselective reactions in the olefin 

epoxidation field known to date, along with the current perspectives in the field. 

 

 

                                                 
xvi See section 2.2 
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3.2.1 Asymmetric homogeneous epoxidation catalysts 
 

Homogeneous catalysis has led the academic attempts in designing industry-suitable 

enantioselective procedures.(87) Asymmetric hydrogenation has proved to be one of 

the main research topics in the field. Thus, one of the first reported catalytic asymmetric 

reactions was 1968’s Knowles’ Rh-mediated catalytic hydrogenation of α-phenyl acrylic 

acid to hydratopic acid, obtaining a 15 % ee.(88) Knowles followed a similar approach 

in the following years, developing in 1974 the first industrial application of a catalytic 

asymmetric reaction.(89) The catalyst for this process, a Rh cationic complex with a 

chiral inducing diphosphine (R,R-Di-PAMP), successfully hydrogenised highly 

enantiomerically pure L-DOPA from prochiral amides. 

Asymmetric hydrogenation is still the leading field in enantioselective catalysis, but it is 

closely followed by asymmetric oxidation.(83, 90) Due to the many reasons stated in 

previous chapters, epoxidation constitutes a most important segment of this research 

field. Amongst other significant contributions, the work of Sharpless, Katsuki and 

Jacobsen has proven to be determining in expanding the field of asymmetric 

epoxidation. As it will be described below, their work has spawned two of the most 

significant catalytic systems in the field.  

 

Sharpless epoxidation 

The first and to date one of the most significant catalysed asymmetric epoxidation 

reactions is the Sharpless epoxidationxvii, which consists of the enantioselective 

epoxidation of allylic alcohols using TBHP, Ti(OiPr)4 and optically pure diethyl 

tartrate.(91, 61) This system affords reasonable yields and very high ees (generally over 

95%) and has found a plethora of applications in organic synthesis, including kinetic 

resolution procedures.(84, 92, 93)  

In spite of this method’s significance, the Sharpless epoxidation is still only being 

applied in a laboratory scale, mainly due to its homogeneous nature and the use of alkyl 

hydroperoxides as oxidants. 

This is not the case of the new generation of Salen-based oxidation catalysts - 

developed by Jacobsen and Katsuki – which, as it will be seen below, have found 

sound industrial applications. 

 

                                                 
xviiAlso known as Katsuki-Sharpless epoxidation. 
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Scheme 7 The Sharpless asymmetric epoxidation process and the putative active catalyst 

(right). 
 

Metal-salen catalysts. The Jacobsen-Katsuki epoxidation 

The pioneering work of Sharpless and Katsuki significantly contributed to the 

development of similar enantioselective catalysis. Thus, two similar methods for 

asymmetric epoxidation were independently developed in 1990 by the groups of 

Jacobsen and Katsuki.(77) Based in the earlier work of Kochi et al, who reported the 

synthesis and characterisation of Cr(V) salen complexes,(94) this reaction uses cationic 

Mn(salen) complexes instead. The reaction proved to be extraordinarily effective in the 

asymmetric epoxidation of cis-olefinsxviii using NaOCl (bleach) as oxidant and affording 

very high enantioselectivities (>95% ee).  
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Scheme 8 The Jacobsen-Katsuki epoxidation, showing the active Mn-salen catalyst (right). 

 

This system has already found an industrial application by ChiRex Inc. (now a joined 

venture with Rhodia) for the stereoselective HIV-protease-inhibitor Crixivan (Merck & 

Co).(95) 

The field of Mn(III) salen enantioselective catalysts continues to grow. Apart from Mn, 

other metals such as Ru or Co are being successfully applied as catalysts; also, ligand 

modification has broadened the range of applications, making certain unfunctionalised 

                                                 
xviii trans-olefins, however, cannot be employed as substrates due to the Mn oxo transfer 
mechanism. 



26 I. INTRODUCTION 
 

or trans- olefins feasible epoxidation candidates.(96, 97) Moreover, this reaction has 

been found to have promising applications in a plethora of topics, such as asymmetric 

benzylic oxidation, asymmetric hydroxylation, kinetic resolution of alkenes and allenes, 

etc.(77, 98) For example, a Co(salen) complex has been successfully applied in the 

hydrolitic kinetic resolution (HKR) of monosubstituted olefins. This process is currently 

being employed by Rhodia-ChiRex.(78)  

 

Other systems 

Following the results obtained with previously developed Fe-porphyrin systems, Grove 

and Myers have employed the π-interaction of the olefinic substrate and the aromatic 

substituent on the chiral Fe(III)-porphyrin complex to obtain optical inductions of ca. 

51% with iodosylbenzol as oxidant.(99) However, the synthesis of the chiral porphyrin 

ligand is very expensive, making salen derivatives more suitable for similar reactions. 

On the other hand, it has been shown that chirally modified lithium and magnesium tert-

butyl peroxide can be used for the epoxidation of electron deficient olefins, like 

chalcones, leading to yields of ca. 60 % and ees of 90%.(100) 

 



 

 

 

 

4 Objectives of this Work 
 

 

Following the work carried out in our group, the manuscript presented herein will 

concentrate on the synthesis, characterisation and catalytic applications of 

organometallic compounds, in particular high valent rhenium, molybdenum and 

tungsten and complexes. The objectives of this work can be divided in two main blocks: 

 

I. Schiff base adducts of methyltrioxorhenium: 
 

This block will be preceded by a short overview of MTO and its related donor adducts 

(Chapter 5). 

 

• Synthesis and characterisation of Schiff base MTO adducts, and study of the 

adduct stability  

• Application in epoxidation catalysis 

• Conclusions and perspectives in the field 

 

II. Synthesis and catalytic applications of η5-cyclopentadienyl molybdenum 
and tungsten alkyl compounds:  
 

As above, this part will be introduced by an overview of the most relevant high valent 

molybdenum and tungsten catalytic systems (Chapter 7), paying special attention to the 

half-sandwich cyclopentadienyl derivatives. On the other hand, Chapter 9 will give some 

insight into ansa bridged complexes. 

  

• Mechanistic studies of the olefin epoxidation reaction catalysed by 

CpMo(CO)3Me 

• ansa compounds of Mo and W 

- Synthesis of the spiro ligands 

- Synthesis and characterisation of new Mo and W carbonyl ansa 

derivatives with cycloalkyl moieties as bridging units 

- Application of the novel ansa compounds in olefin epoxidation 
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• Perspectives in the field and current work 

- Studies on the dimerisation of C4-bridged ansa derivatives 

- Synthesis of chiral ansa derivatives The menthyl moiety. 

- Catalysis at low temperatures. Application in asymmetric catalysis.  

- Synthesis of novel alkyl bridging units 

- Heterogenisation via the ansa bridge 

- Mechanistic studies. 
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ransition metal oxides have been established as important 

species in many catalytic transformations (1, 2). Amongst 

them, rhenium oxides have achieved great relevance, 

mainly due to the unprecedented success of one single 

species, methyltrioxorhenium (MTO). In the last two decades, the 

synthesis and modification of this and other Re alkyl oxides has 

become a field of research of critical importance in our laboratories. 

This chapter will first highlight the importance of Re alkyl oxides both 

in synthesis and in catalysis, concentrating on MTO and its derivatives, 

especially N-donor adducts. Recent attempts in either asymmetric 

catalysis or heterogenisation will also we presented, along with the 

current perspectives.  
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5. Rhenium Oxides as Epoxidation 
Catalysts 
 

 

Being the last naturally occurring stable atom to be discovered, the application of 

rhenium and its derivatives in catalysis is relatively recent. Thus, the synthesis of 

organometallic compounds and specifically high oxidation Re compounds was first 

reported in the seventies, when Wilkinson et al. synthesised (CH3)4ReO.(3) Soon after, 

Beattie and Jones reported the serendipitous synthesis of methyltrioxorhenium (VII) by 

oxidation of Wilkinson’s tetramethyloxorhenium.(4) Five years later, Herrmann et al. 

reported the synthesis of the unexpectedly stable η5-Cp*ReO3 (Cp* = 1,2,3,4,5-

pentamethylcyclopentadienyl), one of the first aryl organorhenium (VII) complexes to be 

described.(5) 

Re(VII) oxides display a d0 electronic configuration, thus making them relatively stable 

and Lewis-acidic.(6) Since similar oxides from neighboring atoms display catalytic 

activity in oxidation reactions, the use of rhenium species in epoxidation catalysis was 

considered as soon as they were available in sufficient quantities. Due to the scope of 

this work, only σ-bound Re-C compounds will be studied in detail. 

 
 

5.1 Alkyl- and aryl-trioxorhenium compounds 
 
 
Though classically considered much less stable than their arene counterpartsi, σ-alkyl 

and aryl metallorganic compounds have attracted much attention during the last 

decades.(7) This is particularly true in the case of organometallic rhenium oxides.  

Herrmann et al. originally concentrated on the synthesis and applications of η5-Cp*ReO3 

compounds and derivatives, originally discovered in 1984 (8), but these studies were 

                                                 
i One of the alleged reasons is that arene compounds can apport more electrons than σ bound 
complexes; thus, stable 18e- species can be formed in the former case, while the latter are 
traditionally electron-deficient. This, as it will be seen later, is the case of methyltrioxorhenium 
(VII), with a formal electron number of 14. 



Rhenium Oxides as Epoxidation Catalysts 37 
 

 

quickly overshadowed by methyltrioxorhenium (VII), which, unlike other related 

compounds, showed an improved stability both in air and moisture.(9) 

The unprecedented success of MTO has not stopped the search for similar alkyl 

derivatives. Thus, in the last two decades a renewed interest for σ-aryl and alkyl 

rhenium oxides has arisen.(8, 10) Some examples of these compounds are included in 

Figure 1.  

 

 

 
Figure 1 Some aryl and alkyltrioxorhenium complexes, including MTO (upper left corner). 

 

These compounds, though extremely interesting in a synthetic point of view, have not 

yet surpassed the capabilities of MTO itself both in terms of synthesis, stability, and 

catalytic applications; therefore, the latter remains the state-of-the-art. 

 
 

5.2 Methyltrioxorhenium: an overview 
 
 

5.2.1 Properties 
 

MTO presents unique properties amongst other Re alkyl derivatives. It can be easily 

melted and sublimed without noticeable decomposition; moreover it is soluble in most 

solvents, including water (see Table 1). 

Moreover, MTO has certain characteristics that determine its catalytic capabilities. 

These are a remarkable steric accessibility (low coordination number, small ligands), a 

strong metal-carbon bond (with ΔH >~ 237 kJ mol-1), and a pronounced Lewis acidity at 

the metal due to its high oxidation state. In contrast, other derivatives such as the 

cyclopentadienyl and phenyl congeners suffer from either steric crowding or insufficient 

stability under catalytic conditions. 
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Experimental data for methyltrioxorhenium 

Colourless needles 
 
Soluble in common organic solvents (especially polar solvents) and water 
Melting point: 111ºC (without decomposition), Sublimable at 25ºC/1mmHg 
No decomposition in the gas-phase < 300ºC 
 
Density = 4.103g·cm-3 
 
IR(cm-1): ν(ReO) 1001w, 965vs(CS2); ν(CH) 2989m, 2986vw, 2900m (CH, str.) 
UV/Vis (diethylether): λ1(max) = 260nm (ε1 = 1400L·mol-1·cm-1), λ2(max) = 232 (1900) 
NMR (CDCl3, 25ºC): δH = 2.61, δC = 19.03[2J(CH) = 138Hz], δO = 829 ppm 
NMR (solid state, 25º): δH = 2ppm (ext. H2O), δC = 36 ppm (ext. adamantane) 
MS: m/z = 250 (M+., 187Re), 220 ([M-H2CO]; 100%

 
Table 1 

 

5.2.2 Synthesis 
 

Originally obtained as a long term oxidation subproduct of (CH3)4ReO,(4) MTO was only 

made easily available in reasonable yields in 1989, using Sn(CH3)4 along with Re2O7 as 

starting materials.(11) 

 

 

 
Scheme 1 The tetramethyltin approach (above) and the improved synthetic method developed 

by Herrmann, Kühn et al. (below).  
 

This reaction, however, has a major drawback, since part of the dirhenium heptoxide 

forms a non reactive compound with the tin reactant (stannyl perrhenate), thus limiting 

the overall yield to a 50% at best with respect to the rhenium metal. 

The work of Herrmann, Kühn et al. in 1992 found a convincing solution to this problem, 

using anhydrides of perfluorinated carboxylic acids and two molar equivalents of 

tetramethyltin.(12) This approach, which can also be applied to other alkyltrioxorhenium 

(VII) derivatives, has been improved over the years. Currently, MTO has been easily 

obtained using methyl zinc acetate and non-fluorinated perrhenylacetate, obtaining both 

high yields (ca. 85%) and an a rather easy purification of the product.(13, 14) It is also 
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worth mentioning that these new procedure drops the use of hazardous reagents such 

as tetramethyltin or perfluorinated compounds.  

 

 
 

Scheme 2: The new, “green” synthesis of methyltrioxorhenium, as reported by Herrmann et al. 
 

It must be noted that the carboxylato compound shown in Scheme 2 is a most valuable 

precursor in the synthesis of ReO3-based derivatives, together with the less stable 

ROReO3 species. Due to this fact, the abovementioned methods have been adapted to 

synthesise similar alkyl and aryl derivatives.(10) 

 
 

5.3 Catalytic applications of MTO 
 
 
The unexpected high stability of methyltrioxorhenium prompted many studies 

concerning both its properties and reactivity.(11) Inmediately after, research was 

focused on potential catalytic applications, due to the similarity of MTO with other high 

valent transition metal oxides.(15)  

 

 

 
Scheme 3 Catalytic aldehyde olefination mechanism with MTO according to Herrmann et al. 

(From (16)). 
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It turned out that the new Re species was an extremely versatile and powerful catalyst, 

with applications ranging from olefin oxidation to olefin metathesis, Diels-Alder 

cycloaddition and aldehyde olefination.(16, 17) The mechanism of the latter reaction is 

depicted in Scheme 3.  

Despite the above-average results obtained in other fields, MTO is first and foremost 

considered an oxidation catalyst, and is particularly well known for its almost 

unparalleled epoxidation capabilities. 

 

5.3.1 Methyltrioxorhenium as a homogeneous oxidation catalyst  
 

As it has been mentioned above, MTO was applied in olefin oxidation soon after its 

synthesis was optimised. Thus, Herrmann et al. reported the successful application of 

MTO as an olefin epoxidation catalyst, using H2O2 as oxidant.(6) The subsequent 

dihydroxilation reactions have also been thoroughly studied. 

Moreover, and amongst many other applications, MTO proved extremely effective in 

other reactions such as the Baeyer-Villiger oxidation,(18) arene oxidation (Scheme 

5),(19) C-C bond cleavage (via an epoxide intermediate, see Scheme 4),(20) secondary 

amine oxidation to nitrones(21) and terminal alcohol oxidation.(22) 

 

 
 

Scheme 4 C-C MTO-catalysed cleavage of olefins via an epoxide intermediate. 
 

 

 
Scheme 5 Arene oxidation reaction with MTO. 
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It is important to highlight that, unlike related transition metal oxidesii, H2O2 can be used 

as oxidant without noticeable decomposition of the catalyst.  

When looking through the recent literature, the olefin epoxidation reaction clearly stands 

out as the most significant application of MTO. This owes to certain key factors, such as 

the abovementioned use of water peroxide as the oxidant or the low catalyst 

concentration needed for the reaction to take place. 

 

5.3.2 Mechanistic implications in the epoxidation reaction 
 

The extraordinary versatility of methyltrioxorhenium soon aroused questions about the 

reaction mechanisms of MTO-catalysed processes, amongst them the most relevant 

oxidation reactions. Herrmann et al. soon reported mechanistic studies of the olefin 

epoxidation reaction.(23) Since then, this reaction has been extensively studied.(24-27) 

 

Peroxo and bis-peroxo MTO derivatives 

Methyltrioxorhenium (VII) shows a similar behaviour to other high valent d0 transition 

metal oxides, such as Mo(VI), V(V) and Ti(IV). Thus, the active species is an electron-

deficient peroxometal, which is formed by heterolyzation of the oxidant via an 

electrophilic mechanism.(27) 

 

 

 
Scheme 6 Formation of the mono- and bis-peroxide derivatives of MTO. 

 

In the case of MTO, both the mono- and the bis-peroxo complexes are comparably 

active.(28) However, the much higher oxidant concentration forms preferably the bis-

peroxo species, which is normally a more active oxidation catalyst. The mechanistic 

features of the reaction are resumed in Scheme 7.  

 

                                                 
ii On the other hand, Mo oxides, which will be introduced in the following chapters, are preferably 
reacted with alkylhydroperoxides such as TBHP.  
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Scheme 7 The proposed mechanism for the MTO-catalysed epoxidation. 

 

The formation of the active species involves a single oxygen transfer. Furthermore, the 

mechanism proceeds without the formation of radical species; as a result, the selectivity 

of the reaction is very high in most cases. Obviously, the use of this catalyst can avoid 

many undesired by-products, something uncommon for other species such as 

stoichiometric oxidising agents. 

The properties of MTO have been thoroughly studied, including its deactivation 

mechanisms. In 1996, Espenson et al. reported an exhaustive study of MTO 

decomposition, studying all the species involved in the catalytic reaction and the 

possible pathways that deactivate the catalyst.(29) It has been shown that MTO and the 

monoperoxo complex (and the bisperoxo complex to a much lesser extent) decompose 

via a pH and [H2O2] dependant mechanism. 

However, due to the high Lewis acidity of methyltrioxorhenium which is a characteristic 

of high oxidation species, many epoxidised substrates undergo a further ring opening, 

yielding in the respective diols. While this can be useful in certain processes, it is mostly 

an undesired side reaction. In order to reduce the diol formation, several strategies 

involving donor bases were developediii. 

 

5.3.3 Heterogeneous derivatives of MTO 
 

The hydrolysis of MTO in the absence of oxidant promotes the formation of the so-

called “poly-MTO”.(16) The structure of this metallorganic polymer has been found to be 

                                                 
iii See Section 5.4 
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{H0.5[(CH3)0.92ReO3]}·. Some of its most prominent properties including its inherent 

conductivity have been studied, but to the best of our knowledge no catalytic 

applications have been reported.(30) Similarly, using a solvent-free, auto-polymerisation 

procedure, ceramic MTO has been obtained. Amongst other properties, this compound 

has been found to promote certain amine oxidation reactions.(31)  

 

MTO

N

H2N Si
O
O

O

ReO
O

O
CH3

Si
O
O

ORe
O

OO
 

 
Figure 2 Examples of MTO-based heterogeneous catalysts. 

 

On the other hand, many attempts to graft methyltrioxorhenium on solid supports have 

been reported. These include the inclusion of the MTO moiety within zeolites, or the use 

of Niobium-supported MTO (together with urea hydroperoxide (UHP) as oxidant) in 

olefin epoxidation. Various modified mesoporous materials have been reported to 

directly graft MTO moieties.(32-35)  

Moreover, heterogeneous Lewis base-MTO adducts based on polystyrene 

(microencapsulated organometallic moieties) and poly(4-vinylpyridine) (bound to the 

pyridine fragments) have been synthesised and tested in glycal oxidation catalysis.(36-

39) Lewis adducts of MTO will be introduced in the next section. 

 
 

5.4 Base adducts of methyltrioxorhenium and 
their effect in epoxidation catalysis 
 
 
The use of donor bases in high oxidation Re species has been common in the last 

years, as described in the comprehensive review by Romão, Kühn and Herrmann.(17) 

The highly versatile Re2O7 was used to synthesise adducts based on the ReO3
+ moiety, 

first stabilising it with donor species such as triazocycloalkyls and THF.(40) Albeit its 
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undeniable synthetic interest, these species have not found further relevant catalytic 

applications.  

 

 

 
Figure 3 Some examples of Re oxides stabilised by donor adducts. In some cases, adducts with 

weakly donor ligands such as THF (lower right corner) are formed. 
 

The use of donor adducts has afforded much more significant results when applied in 

alkyltrioxorhenium chemistry. As it has been introduced above, the production of water 

stemming from H2O2 combined with the pronounced Lewis acidity of MTO were 

identified as the main reasons for ring opening reactions of sensitive epoxides.(17) 

Shortly after, it was found that Lewis-base adducts of MTO largely suppress this 

reaction.(11) Hence, a number of studies reporting MTO-donor adduct systems have 

been reported and its catalytic capabilities tested. In certain cases, they have been 

found to outperform the original catalyst in terms of activity and selectivity. 

 

5.4.1 Nitrogen donor adducts 
 

Herrmann et al. reacted N-donor ligands to form the first stable methyltrioxorhenium 

adducts, first out of mere synthetic interest and later to reduce the acidity of MTO.(9, 

11, 24, 41) In all cases, results shown that whereas the selectivity to epoxide was 

significantly increased, it was at the expense of a significant loss of catalytic activity. 

In light of these results, Sharpless et al. reported the critical dependance of the catalyst 

lifetime on the amount of pyridine present in the reaction media.(42) Hence, the addition 

of 1 mol % or 12 mol % of pyridine under similar conditions lead to the decomposition 

of the catalyst or to a 95% conversion and the preservation of the catalyst, respectively.  
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Figure 4 N-donor adducts of methyltrioxorhenium. 

 

Moreover, the ring opening reactions were minimised, even for highly reactive epoxides 

such as β-methylstyrene and stilbene oxides. Further studies with meta-substituted 

cyanopyridine afforded high yields with terminal olefins.(43, 44) 

The work of Sharpless et al. with pyridine derivatives prompted many similar 

investigations. Thus, a plethora of meta- and para-substituted pyridines were 

introduced, including 4,4’-bipyridine, along with their respective oxides and other 

heterocycles such as pyrazole.(28, 45, 46) The results show that pyridine derivatives 

give overall better results than pyrazole derivatives. However, the oxidation of the 

former ligands plays a major role during the catalytic reactions, and albeit similar or 

even greater bonding strength to MTO these oxides are far less efficient ligands. More 

recently, new substituted 4,4’-bipyridine adducts have been reported, showing 

interesting catalytic capabilitites depending on the substituent.(47) This topic is 

currently being researched in our group. 

Many of these adducts have been isolated and characterised via X-ray crystallography. 

Moreover, some comprehensive studies have been made on the pyridine derivatives 

equilibrium binding constants and their influence in the catalytic activity of MTO.(28) 

Moreover, the affinity of MTO for donor ligands as well as the influence in its Lewis 

acidity has been studied via DFT calculations.(48) 

Another relevant synthetic attempt involved the exclusion of water using the well known 

urea hydrogen peroxide adduct, which had been successfully applied in olefin 

epoxidation with Mn salen and porphyrin complexes.(49) 

 

Chiral derivatives 

The stabilty of the MTO adducts quickly aroused the possibility of employing chirality 

inducing Lewis bases. One significant example is the reaction of the Tröger’s Base with 

MTO, forming a stable compound which has been characterised by X-ray 

crystallography.(50) The application of this adduct in enantioselective catalyst, however, 
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afforded no enantiomeric excesses, due to the rapid equilibria of MTO with the ligand in 

solution. 

 

 

 
Scheme 8 Formation of the MTO-Tröger Base chiral adduct. 

 

On the other hand, modified chiral pyrazoles have been also applied in asymmetric 

epoxidation catalysis, obtaining very low conversions and ees. The weak coordination 

of these ligands has been assumed to be the cause of this poor catalytic 

performance.(50)  

Heterogenised Lewis-base adducts of MTO have been introduced in the previous 

sections. In the abovementioned polymeric species, MTO is stabilised either by a 

homogeneous donor ligand before encapsulation or by N-donor polymeric compounds 

such as PVP-2 or PVP-25.(39) Other attempts include the successful synthesis of a 

heterogenised 4-ferrocenylpyridine-MTO adduct over β-cyclodextrin; the catalytic 

performance of this system, however, is very poor.(51) 

 

 

 
Figure 5 Heterogenised MTO-Lewis Base adducts. 

 

As it will be introduced in the next section, Schiff bases are interesting candidates for 

the heterogenisation of methyltrioxorhenium. 
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5.4.2 Oxygen donor adducts. Chiral diols 
 

As it has been previously introduced, certain O-donor compounds have been found to 

form adducts with MTO. Other ligands with both O and N donor atoms, such as 2-

aminophenols, 8-hydroxiquinoline and catechol have been found to form stable adducts 

with MTO.(52, 53)  

 

 

 
Figure 6 The reaction of MTO with a diol (above) and some examples of prochiral diols. 

 

The previously reported reaction of MTO with diols - forming the respective glycolates - 

(54) has been used as template for the synthesis of prochiral MTO complexes.(55) They, 

however, yield ees of 41% at best, along extremely low conversions due to the 

temperatures applied. 

 

5.4.3 Schiff bases and its role in synthesis and catalysis  
 

Schiff bases, i.e. compounds that contain a carbon-nitrogen double bond with the N 

atom connected to an aryl or alkyl group- but not hydrogen, have become relevant 

ligands in coordination and organometallic chemistry. A notorious example of this class 

of compounds are the previously mentioned salen complexes, which have been found 

to induce high enantioselectivities in a number of olefin epoxidation reactionsiv.  

There are few reported examples of the reaction of bidentate and tetradentate Schiff 

bases with Re (V) species.(56, 57) These compounds (specially those with bidentate 

ligands) are active in cyclooctene epoxidation using TBHP as oxidant, achieving 

moderate conversions. 

                                                 
iv See Section 3.3 of the Introduction 
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Figure 7 General structure of bidentate (left) and tetradentate (right) Re (V) Schiff base adducts.  

 

Recently, MTO-Schiff base adducts based on salicylaldehyde and substituted anilines 

have been reported.(58) Though originally considered to be bound via both the O and 

the N atom in a similar fashion to the abovementioned Re(V) species, it has been found 

that they coordinate only through the oxygen atom. These adducts will be studied in 

detail in the next chapter.  

 

Heterogenised Schiff bases 

Several Schiff base Au(III) and Pd(II) adducts have been successfully grafted to 

mesoporous materials such as MCM-41 and applied in hydrogenation catalysis as well 

as in the Heck and Suzuki coupling reactions.(59-63)  

 

 

Figure 8 Synthesis of heterogenised Pd(II)-Schiff base complexes on a silica support. 
 

The stability of the reported grafted complexes under catalytic conditions could lay the 

foundation of related, heterogenised MTO oxidation catalysts. Further studies on this 

matter are currently being carried out in our laboratories. 



 

 

 

 

6. Synthesis and Catalytic 
Applications of MTO Schiff Base 
Complexes 
 

 

The application of MTO donor adducts of Lewis bases and, more recently, Schiff bases 

shows very promising features and constitutes a main research topic in our group.(42, 

45-47, 58, 64) As it has been mentioned in previous sections, decreasing the Lewis 

acidity of MTO reduces the tendency of epoxide ring opening to yield diols. 

Furthermore, the ligand-MTO ratio has been studied in detail to optimise the catalytic 

systems because in some cases addition of Lewis bases can lead to catalyst 

deactivation or decomposition while in other cases excess of these bases enhance both 

activity and selectivity.(47)  

Recently, stable Schiff base adducts of MTO have been synthesised in our laboratories 

(Figure 9).(58)  

 

 

 
Figure 9 Schiff Base MTO adducts previously synthesised in our group (see reference (58)). 

 

The majority of these adducts show good catalytic activities and above-average stability 

under catalytic conditions. Since an excess of ligand is not required for these 
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compounds to be used in catalysis, they might be promising candidates not only in 

homogeneous but also in heterogeneous catalysis, where catalyst leaching should 

avoided.(59, 60, 38, 36)  

In this chapter, a follow-up of this work is presented. Hence, the synthesis of new 

catalytically active Schiff base adducts, based on either salicylidene or 2-

hydroxynaphtalene moieties is described and their catalytic activity in olefin epoxidation 

tested. Special insight in the coordination of MTO to the ligand is given, including 

variable temperature NMR experiments and structure determination of the adducts by 

X-ray single crystal diffraction. Furthermore, in a comparative study of the metal-ligand 

interaction of the synthesised complexes the stability of such adducts is discussed. 

 
 

6.1 Abstract 
 
 

The equimolar reaction of derivatives of (salicylidene)aniline and ((2-hydroxynapthalene-

1-yl)methylene)aniline with MTO affords complexes with the ligand OH group 

coordinating to the Re atom. Crystallographic studies of these compounds show 

characteristic distorted trigonal-bipyramidal structures, with the methyl group oriented 

either in a cis or trans coordinated position to the Schiff base. Amongst a plethora of 

different bases, only certain ligands, which apply to some specific structural 

requirements may be used to form stable adducts with MTO. Such compounds have 

been tested as catalysts in olefin epoxidation, with a catalyst : substrate : oxidant ratio 

of 1 : 100 : 200. The Schiff base ligands modify the catalytic behaviour of the MTO 

moiety, ranging from very good conversions to catalyst decomposition.(65) 

 
 

6.2 Results and discussion 
 
 

6.2.1 Synthesis and spectroscopic characterisation 
 

In continuation of the previous work on Schiff base adducts of MTO,(58) carried out in 

our laboratories, compounds 1-10 were synthesised by reacting MTO with the 

respective ligands, at room temperature in diethyl ether. It has to be emphasised that 

below 0°C no reaction takes place. Yields of 80 – 90 %, however, are obtained in all 
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examined cases when the reaction is performed at 20 °C. All products were 

recrystallised from dichloromethane / n-hexane mixtures.  

 

 

 
Scheme 9 General reaction pathway for the synthesis of Schiff bases with MTO. 

 

 

 
Scheme 10: Synthesised Schiff base adducts. 
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All compounds are relatively stable and show no evident signs of decomposition under 

an air atmosphere, either in the solid state or in solution. However, it has been detected 

that compounds 4, 6 and 10 are slightly moisture sensitive and need to be stored under 

dry hexane (6) or at low temperatures (4, 10) in order to avoid decomposition. 

 

IR spectroscopy 

The IR spectra (in KBr) of the compounds show some common features. The stretching 

bands of the iminic bonds, located at ca. 1600 - 1650 cm-1, are shifted to higher wave 

numbers when compared to the free ligands in the case of the adducts due to electron 

delocalisation. The geometry and coordination of the compounds can be inferred 

qualitatively when looking at the characteristic Re=O and Re-C stretching bands of the 

CH3ReO3 moiety (see Tables 2 and 3).  

On account of the expected complex symmetry (C3v), a splitting (ca. 15 cm-1) of the 

asymmetric ReO3 stretching band can be expected. This is seen in the case of 

compounds 3, 5-7, 9 and 10, but for complexes 1, 2, 4 and 8, only one broad peak is 

observed. As the separation between the peaks is only ca. 10 cm-1 in the case of 

compound 3, it is likely that the splitting is too small in these compounds to be resolved 

properly. Due to the donor capability of the ligands - which reduce somewhat the Re=O 

bond order - and the moderate charge transfer from the ligand to the Lewis acidic MTO, 

average symmetric and asymmetric Re=O stretching vibrations are slightly red-shifted 

(20 - 30 cm-1) in comparison to non-coordinated MTO. This difference is generally higher 

for salycidene(aniline) complexes than in the case of ((2-hydroxynapthalen-1-

yl)methylene)aniline derivatives. The same conclusion can be drawn from the observed 

blue shift changes of the iminic stretching vibrations. While the difference between the 

coordinated and non-coordinated ligands is only ca. 10 cm-1 in compounds 1 - 4, it is 

significantly bigger (20 - 50 cm-1) in complexes 5 - 10. As pointed out in our previous 

work, (58) this displacement of the C=N stretching band could be explained in part by 

the formation of an intramolecular H bond between the N atom and the phenolic proton, 

which - according to the obtained IR data - seems to be quite weak in the case of 

adducts 1 – 4. It must be noted that molecules of the type PhCH=NPh usually display a 

medium strength IR band at about 1650 cm-1, arising from the C=N stretching mode, if 

undisturbed. For the ligand complexes 5–10, these bands are found between 1601–

1619 cm-1 (Table 3). This lowering of 40–50 cm-1 also strengthens the assumption of the 

existence of an intramolecular hydrogen bond between the phenolic hydrogen and 
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nitrogen atoms. After complexation, the proton is attached to the nitrogen atom, the 

C=N vibrations being observed at higher wave numbers ranging from 1620 to 1650 cm-1. 

 

MTO 1 2 3 4 5 6 7 8 9 10 Assignment 

1368 1355 1366 1355 1356 1369 1378 1375 1385 1363 1371 CH3,  
asym.def. 

1205 1215 1217 1219 1217 1247 1245 1252 - 1217 1266 CH3, 
sym.def. 

998 991 989 1006 992 999 1000 1001 1011 1005 1006 ReO3 sym. 
str. 

965 930 926 
940 

925 
930 931 930 

918 
926 931 ReO3 asym. 

str. 931 913 918 918 913 917 

567 566 567 558 553 575 576 553 558 558 555 ReC str. 

981 961 958 959 959 947 950 950 965 948 951 ReO str. 
average 

33 61 63 71 67 77.5 76 76.5 93 83.5 82 (νs-νa) ReO3 

 
Table 2 Characteristic vibrations of the MTO fragments (cm-1) in 1-10. 

 

Compound Imine group Phenolic OH group and coupled ring vibrations 

 ν(C=N) β ν(CX) ν(CX) ν(CX) γ 
C17H13NO 1621 1331 1251 1138 821s 750vs 

1 1629      

C18H15NO 1620 1327 1251 1083 815m 742m 

2 1631      

C19H17NO 1619 1339 1257 1108 829m 747m 

3 1632      

C19H17NClO 1622 1324 1257 1092 821m 752vs 

4 1615      

C17H13NClO 1615 1367m,sh 1281s 1056m,sh 818m 750vs 

5 1633s      

C14H13NO2 1601s 1368m 1287s 1045s 834m 752s 

6  1650s      

C14H13NO 1617vs 1365m 1280s 1035m 835s 754vs 

7  1643s      

C13H15NO2 1617m 1367m 1258s 1107m,sh 838s 754s 

8  1634s      

C13H11NO2 1619s 1391m,sh 1241vs 1047s 841m 741s 

9  1645s      

C15H15NO3 1617s 1359m 1263s 1036m 850s 680m 

10  1646s      
Notation of vibrational modes: ν(C=N), C=N stretching; β(OH), hydrogen bonded OH in-plane 
deformation; ν(CX) substituent sensitive aromatic ring stretchings; γ(OH) phenolic out-of-plane 
vibrations. 
 

Table 3 Selected IR data (cm-1) for MTO and Schiff Bases 1-6. 
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Moreover, the absence of OH stretching bands of the Schiff bases in the region around 

3400 cm-1 further indicates the presence of a strong hydrogen bond with the nitrogen 

atom of the imine group to form a six-membered ring. The broad band with a specific 

fine structure in the range 2900–2400 cm-1 is most likely from the phenolic OH 

stretching feature characteristic of a strong hydrogen bond. There are other low-

frequency bands, which are characteristic for a phenolic OH group in the spectra of the 

pure Schiff base ligands. These bands, together with the OH stretching vibrations, are 

also conspicuously absent in the spectra of the newly synthesised compounds 1–10 

(see Table 3), thereby supporting our original ideas about the coordination of the Schiff 

base ligands to MTO.  

The differences between the averaged symmetric and asymmetric stretching vibrations 

as given in the last row of Table 2 deserve some attention. In the previous work from 

our group, the differences between the values were mainly ascribed to the symmetry of 

the coordination around the Re atom.(58) However, the larger quantity of data available 

now leads to a somewhat different hypothesis as an explanation. The value obtained for 

compound 8 is the most prominently different from the value of compound 2 or the 

previously synthesised unsubstituted salycidene(aniline) adduct. Compound 8 has a 

donor ligand in the para position of the aniline moiety. The weaker donor in compound 9 

lead to a considerably less pronounced enlargement of the value, while electron 

acceptor ligands (such as the para-Cl derivative of our previous work) or the para-

methyl ligand of compound 3 lead to a slight reduction of the difference between the 

symmetric and asymmetric stretching vibrations. The ortho- and meta- substitutions 

lead only to smaller effects than those observed for the para-substituted compounds 

(comparable to the order of magnitude observed for compound 3). It can be concluded 

that their electronic effects on the attached MTO moiety therefore is on average less 

pronounced than that of the substituents in the para position. 

 

NMR spectroscopy 

A selection of the NMR data of complexes 1 - 10 is shown in Table 4. 1H NMR spectra 

show only slight changes from the non-coordinated MTO to Schiff base coordinated 

MTO, especially in the case of adducts 1 - 4. The proton signals of the MTO moiety 

show practically the same chemical shift in all cases, whereas the -OH group proton 

signal is shifted and significantly broadened in case of adducts 5 -10 (in CDCl3 at room 

temperature). Further experiments were carried out at different temperatures (223, 253, 

273, 293 and 323 K) in order clarify the reason for this broadening. These experiments 
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show that at low temperatures the -OH signal of the complexes resembles that of the 

free ligand in terms of peak shape and chemical shift, indicating that the coordination of 

the ligand to MTO - as well as the position of the phenolic proton - could be affected by 

a temperature dependent equilibrium in solution. In support of this hypothesis, it should 

be noted that the use of other solvents than chloroform show important differences in 

the chemical shift of the phenolic H atom of the coordinated Schiff base, ranging from 

minor changes in its intensity and chemical shift (benzene) to the complete 

disappearance of the peak (methanol). 

 

 

Figure 10 1H-NMR comparative of compound 6 at different temperatures, comparing both the 
phenolic (left) and iminic (right) proton signals. 

 

The 13C NMR data show also a slight downfield shift in the MTO methyl carbon ranging 

from 0.9 to 0.1 ppm, this shift being more pronounced in the case of compounds 1, 2 

and 5. It can not be excluded that the bulky substituents in the case of the complexes 3, 

4 and 10 may be responsible for the observed weakening of the Re-O bond, which 

translates into minor changes in MTO carbon and proton NMR signals. Similar 

conclusions were previously drawn with respect to the interactions of MTO with 

sterically hindered pyridines.(66) 

The use of 17O labelled MTO has proven to be a useful tool in establishing the position 

of the oxygen atoms.(23, 67) Axially coordinated oxygen is usually quite distinguished 

by its chemical shift from equatorial oxygen atoms. This variation is particularly obvious 

at low temperatures, since the influence of exchange phenomena is reduced. In order to 

follow the behaviour of the adducts described in this work under these conditions, a 

number of 17O NMR experiments were carried out at different temperatures, using 

deuterated chloroform as solvent. Despite a broadening of the 17O signal at 223 K, only 
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a single signal can be obtained. As seen in the 1H NMR experiments (see above), this 

would be in agreement with a fast equilibrium in solution.  

 

Compound δMTO-CH3 δN-(O)-H 
 δ(1H) δ(13C) δ(1H) 
 CDCl3 DMSO CDCl3 CDCl3 DMSO 
MTO 2.63 1.91 19.03 - -
1 2.59 - 19.46 15.48 -
2 2.50 - 19.88 15.49 -
3 2.58 - 19.26 15.72 -
4 2.62 - 19.09 15.40 -
5 2.63 - - 13.07 -
6 2.60 - 19.52 13.22 -
7 2.61 1.91 - 13.49 13.37
8 2.60 1.90 - 13.52 13.30
9 - 1.90 - - 13.41
10 2.62 - 19.11 13.22 -

 
Table 4 Selected 1H and 13C NMR data of MTO complexes in CDCl3 and DMSO. 

 

The CI-MS spectra show, in all cases, the peaks of MTO and the ligands separately. In 

addition, the molecular peak of the complete molecule can only be seen in the case of 

complex 1. These observations point to comparatively weak interactions between MTO 

and the respective Schiff base ligands, but the behaviour is in principle not uncommon, 

since it has also been observed and noted for MTO Lewis base adducts under the same 

conditions.(45, 64) 

 

6.2.2 Schiff base adducts of MTO: a comparative study of their 
stability 
 

Besides the described compounds 1 - 6, several other Schiff bases as ligands for MTO 

were tested. While some of these ligands did not react with MTO, others lead to instable 

products, decomposing either in solution or during the drying procedure while 

evaporating the solvent.  

A comparison of these failed attempts with the compounds that could be isolated 

reveals that Schiff bases must share some common features in order to lead to the 

formation of reasonably stable MTO adducts. First of all, their stability clearly depends 

on a variety of electronic effects within the Schiff base. Thus, only structures seen in 

Scheme 1 have been successfully isolated. 
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Scheme 11 Selection of some of the Schiff bases reacted with MTO (1:1, ether or THF, 20 °C). 

They either do not react with MTO (1) or yield unstable adducts, which decompose either in 
solution or during the removal of the solvent (2). 

 

The Re atom interacts with the O atom of the salicyl / 2-hydroxynaphthyl moiety, which 

after proper rearrangement via intramolecular H bonding forms a conjugated system 

similar to that of the free ligand. Experimental evidence supports that these interactions 

are mainly responsible for the stability of the adducts.(68) 

Accordingly, all attempts to synthesise stable adducts with ligands where either no OH 

moiety is present or where the OH group is placed in other positions, do not lead to 

isolable products. Decomposition is observed when Schiff bases without an aniline 

moiety are applied. This observation originates very likely from the changed stability of 

the conjugated system in the latter case. 
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Besides these electronic effects, steric effects also seem to play a key role in the 

adduct formation. Bulky substituents in the meta position of the -OH substituted phenyl 

ring and/or in the ortho-substituted benzilidene aniline ring, obviously hinder the MTO 

coordination. In the specific reaction of salicylidene(2,5-dimethyl)aniline with MTO, a 

catalytically applicable, yet highly unstable adduct is obtained. Its 2-hydroxynaphthyl 

counterpart (compound 4), however, has been isolated and successfully as a catalyst.  

Furthermore, a number of bidentate Schiff bases (i.e., derivatives of therephthal 

dialdehyde, 1,6-diaminonaphtalene, etc.), which could allow more than one MTO 

molecule to coordinate, yield either unstable adducts or do not react at all. THF was 

used as solvent due to the low solubility of these ligands in ether. This might have 

resulted in a competition for the free coordination sites at MTO between the 

coordinating solvent THF and the Schiff base and may therefore have contributed to the 

non availability of adducts of MTO with the afore mentioned Schiff bases. 

 

6.2.3 X-ray structures of compounds 5-10 
 

Figures 11-15 show the solid-state structures of complexes 5-9. These display a 

distorted trigonal-bipyramidal geometry, the methyl group of MTO being either in cis or 

trans position with respect to the Schiff base. 

 

 
 

Figure 11 ORTEP style plot of compound 5 in the solid state. Thermal ellipsoids are drawn at the 
50% probability level. The molecule is located on a mirror plane. 
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Figure 12 ORTEP style plot of compound 6 in the solid state. Thermal ellipsoids are drawn at the 

50% probability level. 
 

 

 

 
Figure 13 ORTEP style plot of compound 7 in the solid state. Thermal ellipsoids are drawn at the 

50% probability level. The molecule is located on a mirror plane. 
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Figure 14 ORTEP style plot of compound 8 in the solid state. Thermal ellipsoids are drawn at the 

50% probability level. 
 

 

 

 

Figure 15 ORTEP style plot of compound 9 in the solid state. Thermal ellipsoids are drawn at the 
50% probability level. 
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Compound 6 shows only a cis-positioning of the methyl group with respect to the 

coordinating Schiff base ligand at the Re atom; thus, the methyl group and two oxo 

ligands occupy the equatorial position while the donating phenolic group and the 

remaining oxo ligand occupy the axial positions. As reported previously, very few MTO 

adducts with such an arrangement of the ReO3 moiety have been described.(1, 2, 17, 

69). Recent christallographic studies of compound 10 show that in the case of this 

adduct, both the cis and trans isomers (10a and 10b) coexist in the unit cell.(70) The 

ORTEP plot of the structure is depicted below. 

 

 

 
Figure 16 ORTEP style plot of molecules 10a and 10b of compound 1 in the solid state. Thermal 

ellipsoids are drawn at the 50% probability level.  
 

It must be noted that the previously synthesised Schiff base adduct with a para-OMe 

substituent also displays a cis-configuration (see Figure 9 and reference (58)) However, 

and due to the recent studies on compound 10, the reasons for this uncommon 

configuration might owe to packing reasons rather than to ligand or substituent 

influences. 
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Compound 5 6 7 
Empirical formula C14 H13 Cl N O4 Re C15 H16 N O5 Re C15 H16 N O4 Re  
Formula weight 480.91 476.50 460.49  
Crystal system Orthorhombic Triclinic Monoclinic 
Space group Pnma P1  P21/m 
Unit cell parameter a = 9.9098(4) Å a = 8.4120(2)  Å  a = 9.904(2) Å   
 b = 6.4517(3) Å  b = 8.8998(2) Å  b = 6.6370(13) Å   
 c = 22.6637(14) Å   c = 10.4936(3) Å  c = 12.081(2) Å   
 α= 90° α= 78.9701(9)° α= 90° 
 β= 90° β= 85.5727(9)° β= 110.198(3)° 
 γ= 90° γ= 75.9375(15)° γ= 90° 
Volume 1449.01(13) Å 3 747.60(3) Å 3 745.3(2) Å 3 
Z, Calculated density 4, 2.204 mg/m3 2, 2.117 mg/m3 2, 2.052 mg/m3 
Absorption coefficient 8.584 mm-1 8.150 mm-1 8.167 mm-1 
Crystal size (mm) 0.15×0.51×0.61 0.20×0.30×0.33 0.3×0.30×0.24 
Colour red orange red
θ data range collection 4.11 to 26.71° 1.98 to 25.24° 1.80 to 25.02° 

Reflections collected 
/unique 

20593, 1669 
[R(int) = 0.0121]  

16099, 2689 
[R(int) = 0.035] 

3145 / 1433  
[R(int) = 0.0670]  

Goodness-of-fit on F2 1.087 1.151 1.018 

Final R indices[I>2σ(I)] R1 = 0.0229,
wR2 = 0.0609 

R1=0.0159,
wR2=0.0384 

R1 = 0.0323 
wR2 = 0.0764 

R indices(all data) R1 = 0.0229,
wR2 = 0.0609 

R1=0.0159,
wR2=0.0384 

R1 = 0.0355 
wR2 = 0.0785 

 
Table 5 X-ray crystal data, data collection parameters, and refinement parameters of 

compounds 5-7. 
 

Compound 8 9 10 
Empirical formula C16 H18 N O5 Re C14 H14N O5Re C14 H14N O5Re 
Formula weight 490.51 462.46 506.52 
Crystal system  Triclinic Monoclinic Triclinic 
Space group  P-1 P21/c P1  
Unit cell parameter a = 8.7989(13)Å a = 6.8678(11)Å a = 11.4383(1)Å 
 b = 9.9414(14)Å  b = 22.432(3)Å  b = 11.9898(1)Å   
 c = 10.9315(15)Å  c = 9.5822(14)Å  c = 12.8468(4)Å   
 α= 116.959(2)° α= 90° α= 94.4663(4)° 
 β= 98.219(2)° β= 97.319(3)° β= 102.1709(4)° 
 γ= 94.460(2)° γ= 90° γ= 106.9578(5)° 
Volume 832.5(2) Å 3 1464.2(4) Å 3 1628.96(3) Å 3 
Z, Calculated density 2, 1.957 mg/m3 4, 2.098 mg/m3 4, 2.065 
Absorption coefficient 7.322 mm-1 8.319 mm-1 7.492 mm-1 
Crystal size (mm) 0.26×0.24×0.18 0.26×0.20×0.18 0.25×0.48×0.66 
Colour orange red red 
θ data range collection 2.13 to 25.02° 1.82 to 26.39° 1.64 to 25.42 

Reflections collected 
/unique 

4196 / 2900
[R(int) = 0.0432]  

8133 / 2991
[R(int) = 0.0784] 

35534 / 5524 
[R(int) = 0.057] 

Goodness-of-fit on F2 1.068 0.999 1.108 

Final R indices[I>2σ(I)] R1 = 0.0496,
wR2 = 0.1217 

R1 = 0.0451,
wR2 = 0.1111 

R1 = 0.0214, 
wR2 = 0.0244 

R indices(all data) R1 = 0.0520,
wR2 = 0.1263 

R1 = 0.0553,
wR2 = 0.1178 

R1 = 0.0544, 
wR2 = 0.0557 

 
Table 6 X-ray crystal data, data collection parameters, and refinement parameters of 

compounds 8-10. Additional data for compound 10 is available via reference (70). 
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 5 6 7 8 9 
Re–Oterminal 1.708(4) 1.714(3) 1.693(6) 1.697(6) 1.690(6) 
 1.717(3) 1.721(2) 1.697(5) 1.701(6) 1.714(5) 
 1.717(3) 1.724(2) 1.697(5) 1.703(6) 1.719(6) 
Re–Obridge 2.286(3) 2.166(3) 2.309(5) 2.234(6) 2.271(4) 
Re–CH3 2.116(5) 2.116(3) 2.089(10) 2.073(9) 2.098(8) 
C–Obridge 1.316(5) 1.320(4) 1.315(9) 1.324(9) 1.311(7) 
Cmethylene–N 1.310(6) 1.301(4) 1.301(9) 1.295(9) 1.305(7) 
Caryl–N 1.416(6) 1.419(4) 1.438(10) 1.416(9) 1.418(8) 

 
Table 7 Selected bond lengths (Å) of compounds 5-9. 

 

 5 6 7 8 9 
Oterminal–Re–Oterminal 119.04(10) 103.77(13) 117.7(4) 118.3(4) 118.1(3) 
 119.04(10) 103.49(13) 119.6(2) 119.1(43) 119.2(3) 
 119.63(14) 119.34(12) 119.6(2) 119.9(4) 120.4(3) 
Oterminal–Re–CH3 94.9(2) 89.15(13) 95.4(2) 94.6(5) 94.5(3) 
 95.08(12) 116.87(12) 95.4(2) 95.6(4) 94.5(3) 
 95.08(12) 116.63(12) 96.6(4) 96.0(4) 96.2(3) 
lOterminal –Re–Obridge 83.81(15) 80.04(11) 82.0(3) 79.5(3) 81.3(2) 
 85.54(10) 85.51(10) 85.3(2) 86.8(3) 86.3(2) 
 85.54(10) 166.23(11) 85.3(2) 87.6(3) 87.2(2) 
Obridgel–Re–CH3 178.75(17) 77.48(12) 178.6(3) 175.4(3) 177.5(3) 

 
Table 8 Selected bond angles (°) of compounds 5–9. Values for compound 6 reflect its cis-

configuration. 
 

The ReO3 fragment has a pseudotetrahedral geometry. Re-C distances for compounds 

5-9, are 2.116(5), 2.116(3), 2.089(10), 2.073(9), and 2.098(8) Å respectively, all longer 

than free MTO (d (Re-C) = 2.063(2) Å).(5) This effect is already known from Lewis base 

adducts of MTO. It contributes to the higher lability of the Re-CH3 bond and 

accordingly, adducts of MTO are generally somewhat less stable than the non-

coordinated organometallic compound alone. The Re-O bond distances range between 

2.166(3) (compound 6) and 2.271(4) Å (compound 9) and are in agreement with the 

results obtained for the previously synthesised adducts and the obtained IR data.(58, 

70) These distances are significantly shorter than the average Re-O bond distance, as 

found in many other donor adducts of organorhenium(VII) oxides.(36, 38, 60, 71) It 

should be noted that the cis-configured adducts display the shortest Re-O bridged 

bond distances, as seen in the case of 6 and the previously synthesised para-OMe 

substituted Schiff base adduct.(58) 

In the case of the recently characterised compound 10, both the cis and trans isomers, 

which are organised in pairs, can be seen within the unit cell. Bond distances and 

angles are in general within the expected range for both isomers. Thus, Re-O distances 

range from 2.218(2) Å (cis isomer) to 2.295(2) Å (trans isomer). However, it has to be 

noted that the latter is the longest distance observed to date for this type of Schiff base 
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adducts. Intramolecular interactions have been suggested as being responsible for the 

observation of both isomers.(60, 38, 36, 71) Scheme 2 shows the unit cell of the 

compound, in which it is possible to see that the piling of cis and trans structures could 

help minimising the sterical hindrance of the methyl groups. Moreover, the distance 

between aromatic rings in these cis-trans pairs ranges between 3.5 and 3.7 Å, 

suggesting that so-called π-stacking interactions.(72, 73) might also be of certain 

importance in this case. 

 

The position of the proton 

The position of the phenolic proton has been a matter of discussion for the Schiff base 

adducts of MTO. X-ray studies display this proton bound to the iminic N based on 

atomic electronic density, as shown in the structural drawings. Iminic bond distances lie 

also within the usual range in all compounds, but seem to be slightly elongated 

(~0.05Å). NMR and IR data show the OH signals both broadened and shifted to higher 

fields and the C=N stretching bands significantly blue-shifted due to the formation of a 

conjugated system. Additional NMR experiments have shown that the broadening and 

shifting of the phenolic proton signal is temperature dependant, being completely 

reversed at low temperatures. This is also in agreement with the experimental data, in 

which the synthesis of MTO-Schiff base adducts was not achieved at temperatures 

below 0 °C.  

Hence, it can be concluded that the phenolic proton of compounds 5-10, whereas 

being clearly bound to the N in the solid state due to the abovementioned conjugating 

effect is apparently fluxional in solution. Although no X-ray data is available for 

compounds 1-4, experimental data suggests that the same conclusions can be drawn 

for these adducts. To the best of our knowledge - with the sole exception of our 

previously published results on MTO Schiff base adducts (58) - such behaviour is 

unprecedented for similar compounds. In order to find out more clearly about the nature 

of the N-H interactions, neutron diffraction experiments have been planned.  

 

6.2.4 Application in epoxidation catalysis 
 

Compounds 1-10 were examined as catalysts for the epoxidation of cyclooctene with 

hydrogen peroxide. Further details of the catalytic reaction are given in the experimental 

section. In the case of cyclooctene as the substrate, no significant amounts of epoxide 
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are formed in the absence of catalyst, and no by-products (such as diols) were detected 

during the course of the reaction. 

The ratio of catalyst : substrate : oxidant was 1 : 100 : 200 in all cases, using mesitylene 

as internal standard. 

 

 

Figure 17 Yield of cyclooctene epoxide after 1h (blue bars), 4 h (red bars) and 24 h (green bars) 
of compounds 1-10 as catalysts and H2O2 as oxidant (catalyst : substrate : oxidant = 1 : 100 : 

200; reaction temperature: 20 °C). 
 

((2-hydroxynapthalen-1-yl)methylene)aniline derivatives 

Compounds 1-3 show low catalytic activity achieving yields not higher than 40 % 

during the first 24 h. On the contrary, complex 4 affords a 70 % yield within 4 h, 

reaching 100 % after 24 h. All complexes do not decompose in solution for 2 - 3 days. 

A possible explanation may be the dilution of the reaction mixture in dichloromethane. 

 

 (salicylidene)aniline derivatives 

As expected from the results obtained with compound 4, the catalytic activity and 

stability in solution for compound 5 is very high, exceeding 75 % yield after 4 h and 

achieving 100 % after 24h. The TOF for this compound is 400 h-1. Compounds 6-8 

afford moderate conversions, with TOFs ranging from 150 to 250 h-1. 

Compound 10 affords lower conversion (56 % yield after 4 h, 64 % after 24 h) and 

starts decomposing in solution after one hour reaction time. This adduct was also 

tested at lower catalyst concentrations (catalyst : substrate : oxidant ratio of 1 : 1000 : 
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2000). Although the TOF value is moderately high (140 h-1), the reaction reaches only 

low yields after 4 h (10%).  

It should be pointed out that, apart from compounds 1-10, some of the above 

mentioned Schiff bases exhibit catalytic activity when reaction takes place with MTO in 

situ. However, in all these cases decomposition of MTO occurs during the first hours of 

the catalytic reaction. Kinetic NMR studies in which different MTO : Schiff Base ratio 

have been applied show that an excess of ligand and concentrated reaction mixtures 

increase decomposition and reduce the catalytic activity of the adducts. This is in 

contrast to the behaviour of Lewis base adducts of MTO, where pyridine based ligands 

accelerate the catalytic reactions significantly, when applied in larger excess. (36, 38, 

60, 71) 

Compounds 5-9 were also tested in the epoxidation of 1-octene and styrene. Both are 

terminal olefins, and yield usually much worse results than cycloalkenes such as 

cyclooctene. 1-octene is epoxidised in moderate to high yields by all tested 

compounds, achieving conversions up to 84% in the case of compound 7. No diol 

formation was observed. On the other hand, oxidations with styrene as substrate yield 

moderate amounts of styrene oxide during the first two hours; however, the reaction 

proceeds further toward the diol, with the latter species becoming predominant after 4 

hours and being the only detectable product after 1 day. 

 

Compound 
 1-octene epoxidation Styrene epoxidation 

Time (h) Substrate
(%) 

Epoxide
(%) 

Diol
(%) 

Substrate
(%) 

Epoxide 
(%) 

Diol 
(%) 

5 
2 61.5 38.5 0 55.3 40.7 4 
4 54 46 0 26.2 28.4 45.4 

24 46.6 53.4 0 0 0 100 

6 
2 58 42 0 39.7 36.3 24 
4 45.6 54.4 0 16.1 0 83.9 

24 25 75 0 0 0 100 

7 
2 58.7 41.3 0 56 40.5 3.5 
4 46.7 53.3 0 35.1 28.8 36.1 

24 16.3 83.7 0 0 0 100 

8 
2 67.9 32.1 0 26.2 28.4 45.4 
4 63.8 36.2 0 9.8 0 90.2 

24 57.9 42.1 0 0 0 100 

9 
2 61.5 38.5 0 39.1 30.2 30.7 
4 52.3 47.7 0 14.1 0 85.9 

24 36.8 63.2 0 0 0 100 
 

Table 9 Catalytic activities of compounds 5-9 in the epoxidation of 1-octene and styrene. 
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6.3 Conclusions 
 
 
A number of Schiff bases which apply to certain electronic and steric requirements 

afford stable complexes with distorted trigonal bipyramidal structures on reaction with 

MTO in an equimolar fashion. The Schiff base ligands are either arranged in a cis or a 

trans positions with respect to the Re bound methyl moiety. The crystallographic data 

show that in some cases the molecules can adopt both positions in the solid state, most 

likely because of packing requirements and π-stacking interactions. However, none of 

those conformations are kept in solution due to temperature-dependent equilibria, as 

has been suggested by NMR experiments. As seen in the catalytic experiments, Schiff 

base ligands have an important influence on the performance of the complexes in 

catalysis. Depending on the substituents, and especially on their positions in the 

aromatic rings, the Schiff bases can behave in different fashion, from being highly stable 

against the catalytic oxidative conditions to decomposing within the first minutes of the 

reaction. 

Given the ready availability and stability of the title complexes, together with the good 

catalytic performance of some, they are good alternatives to the – in many cases - less 

stable MTO N-donor complexes as epoxidation catalysts. As the latter, the Schiff base 

adducts can also be prepared and applied in situ. In contrast to the N-donor adducts no 

pronounced ligand excess is necessary to achieve high yields and selectivities in olefin 

epoxidation catalysis. High ligand : MTO ratios even reduce the catalytic activity by 

inducing complex decomposition. Future applications of these adducts should include 

both their immobilisation to enable catalyst recyclisation and the introduction of chirality 

in the system. 
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espite their earlier start-up, the history of organo-

molybdenum(VI) oxides is far less spectacular than 

that of the organorhenium(VII) oxides, lacking a “star” 

compound such as MTO. This is at least in part due 

to the early success of a plethora of at least partially ill defined 

molybdenum compounds in industrial catalysis, such as those 

conforming the Halcon and Arco processes.i Hence, it seemed 

quite unnecessary to synthesise sensitive organo-molybdenum 

species for catalytic applications, considering that such 

straightforward and stable compounds as Mo(CO)6 could be 

applied as homogeneous oxidation catalysts in the presence of 

TBHP. During the last years, the increasing concern over the 

synthesis of more selective catalysts has encouraged revisiting 

previously synthesised organometallic species which, as MTO, 

were at first considered mere curiosities. As a result, a number of 

Mo and W organometallic oxides have been tested in catalysis, 

showing promising capabilities and quickly becoming important 

fields of research in organometallic chemistry. This part will 

concentrate in the recent synthesis of organometallic Mo oxides, 

especially those containing a η5-coordinated cyclopentadienyl 

rings and their applications in olefin epoxidation catalysis. 

Parallelly, the much similar, though less relevant tungsten 

systems will be also studied. Moreover, the current research in 

ansa derivatives will be emphasised, as well as its potential 

applications in enantioselective catalysis. 

                                                 
i See section 2.2.1 
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7. High Valent Organometallic Oxides 
of Molybdenum and Tungsten as 
Epoxidation Catalysts 
 

 

Following their previous research of in η5-cyclopentadienyl compounds of Feii, Fischer 

et al. first reported the oxidation of CpV(CO)4 to CpVOCl2, followed by the formation of 

tetrameric CpCr oxides.(1-4)  A few years later, Green and Cousins first reported the 

formation of small amounts of CpMoO2Cl while studying the properties of alkyl 

carbonyls.(5-7). This discovery, along with the unexpected stability of the complex, 

prompted the investigation of similar species.  

It was some time later when the first compounds with Mo-C σ-bonds were reported.(8) 

These compounds have been further stabilised by adding donor bases. Its related 

species, together with the abovementioned Cp derivatives have become the most 

relevant high valent Mo systems used in as catalysts in epoxidation reactions.(9)  

This chapter will introduce both species, first the molybdenum dioxo complexes of 

formula MoO2R2L2 (R = alkyl, halogen; L = donor ligand) and then the CpMo derivatives 

(carbonyls and oxidised derivatives). Apart from putting special attention into the most 

relevant enantioselective catalytic systems, the synthesis, characterisation and catalytic 

properties of the latter will be also studied, especially in the case of the alkyl derivatives 

of formula CpMo(CO)3R (R = methyl, ansa bridge). In parallel, the much similar tungsten 

derivatives will also, when necessary, be properly introduced and compared with its 

molybdenum counterparts. It must be noted that the catalytic properties of the former 

species are in general much more moderate.  

                                                 
ii i.e., Ferrocenyl compounds 
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7.1 Dioxomolybdenum complexes  
 
 
The MoO2

2+ moiety constitutes the pillar of all high valent molybdenum species 

employed in catalysis. As it will be observed throughout this chapter, this fragment and 

its peroxo derivatives are present in both organometallic and non-organometallic 

species. 

 

7.1.1 Non-organometallic molybdenum dioxo compounds. 
Adducts with donor ligands 
 

A significant number of Mo dioxo compounds are synthesised from MoO2X2 (X = Cl, Br) 

species, which at their turn are synthesised from MoO2 and the respective halides via 

oxidative addition. Molybdenum species prefer octahedrical environmentsiii, and the 

distortedly tetrahedral MoO2X2 species readily coordinate two solvent molecules when 

dissolved in THF, DMF, DMSO, acetonitrile, etc.(10) Due to the similarity with Re(VII) 

oxides, which proved to be excellent oxidation catalysts, these species have been 

object of extensive studies. It has been observed that these compounds can be further 

stabilised with donor bases (utterly displacing the weakly donor solvent molecules).  

A number of donor ligands form successful adducts with Mo dioxo compounds, 

including phosphine oxides, sulphur complexes, alkoxides, siloxils, glycols, siloxanes, 

pyridines, amines, etc.iv 

 

N-donor bases 

MoO2X2 compounds have been found to form stable adducts with a plethora of N-donor 

bases, including diamines, chelate N-donor ligands, pyridines, pyrazolpyridines and 

Schiff bases. 

                                                 
iii In addition, both oxygen ligands are in a cis-position with respect to the other in order to avoid 
competing for the same p and d orbitals, hence magnifying the π-bonding to the metal. 
iv A comprehensive review on this topic, including a detailed description of the to-date reported 
complexes can be found in the Ph.D. thesis of Dr. Jin Zhao (Technische Universität München, 
2005). 
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Figure 1 Some examples of MoO2X2 N-donor adducts (X = halogen). 

 

O-donor bases 

Oxygen donor compounds (see Section 5.4 for a view on the closely related MTO 

derivatives) are occasionally used as ligands for Mo dioxo compounds. Most results are 

inscribed within the field of optically active complexes, and will be introduced in the 

next sections. 

 

7.1.2 Organometallic derivatives with M-C σ bonds 
 

Heyn and Hoffmann were the first to report a σ-bound molybdenum dioxo compound, 

MoO2(mes)2 (mes = 2,4,6-trimethylbenzyl) by reaction of the abovementioned MoO2Cl2 

with mesitylmagnesium bromide.(8)  
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Figure 2 Various examples of σ-bound Mo-C dioxo compounds, including the first reported 

compound of its kind (left). 
 

During the following years, many related compounds have been successfully 

synthesised, including N-donor adducts, especially those derived of 4,4’-bipyridine. A 

recent, comprehensive review from our group summarises the synthesis, 

characterisation and catalytic activity of σ-alkyl bound dioxo molybdenum 

compounds.(9) 
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Due to their importance in the present work, the much more studied π-bonded 

complexes, in special η5-derivatives will be discussed separately in Section 7.2. 

 

7.1.3 Chiral derivatives 
 

The great number of potential ligands available for the MoO2
2+ moiety includes many 

chiral derivatives. Many of these reported systems draw inspiration from Sharpless’ Ti-

tartrate and Jacobsen’s salen catalysts.(11, 12) During the last two decades, a number 

of chiral dioxomolybdenum compounds have been synthesised. The comprehensive 

review of Kühn et al (13) covers the most significant literature concerning both 

organorhenium and organomolybdenum chiral complexes. Some significant examples 

are included in Figure 3. Preferred approaches include the use of polydentate donor 

ligands coordinating in [O, O], [N, O], [N, N], [N, N, O] fashions, amongst others. Most of 

these complexes have been applied in epoxidation catalysis. Siderophore cis-

dioxomolybdenum (VI) complexes have been also reported. In this case, azotochelin 

and other biologically inspired ligands, along with modified natural products such as 

sugar and menthyl derivatives (Figure 3) readily form chiral complexes with Mo 

oxides.(14-16) 

 

Mo
OO

O O
N N

N
OH

N

OH

O

OH O
O

N

O
O

Mo
O'''
O'''O''

O'

O'
O''

R

R

O NH HN O

OH

OH

HO

HO

HOOC *

NH HN
O O* *

OH HO

HOOH

Mo
O

O

N
O

O

O
H

HO
HO

OR

R'

 

 
Figure 3 A selection of asymmetric ligands (left) and two examples of the chiral Mo-dioxo 

compounds (right).  
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7.1.4 Application in epoxidation catalysis 
 

As it happens with other transition metal oxides, many Mo(VI) species display 

remarkable catalytic activities in certain oxidation reactions. Due to their similar 

structures, obvious comparisons with methyltrioxorhenium (VII) have arisen; whereas 

certain Mo species can surpass MTO in terms of selectivity and catalytic activity, they 

display rather poor performances - even at high temperatures - when using H2O2 as 

oxidant. This owes to the reduced stability of the compound in aqueous media. 

Therefore, catalytic studies usually employ alkylhydroperoxides such as TBHP.(10) σ-

bound alkyl derivatives generally afford worse results than non-organometallic 

derivatives. It must be noted that compounds of formula MoO2R2(bpy) (R = Me, Et) have 

been found to catalyse ROMP (Ring Opening Metathesis Polymerisation) using MeMgBr 

as cocatalyst.(9) 

 

Asymmetric Epoxidation 

The success of Sharpless et al. in Mo, V and especially Ti-catalysed asymmetric 

epoxidation of allyllic alcohols prompted similar studies with neighbouring transition 

metals, amongst them molybdenum oxides. Yamada et al. treated MoO2(acac)2 with 

alkylephedrines, obtaining ees up to 33%.(17) The reaction of the same oxide with 

excess N-methylprolinol afforded species that were also found to induce chirality, 

achieving moderate to low enantiometic excesses.(18)  

The application of chiral dioxomolybdenum (VI) adducts in catalysis is relatively recent. 

The first promising results were reported by Herrmann et al., in which a chiral 2’-

pyridinyl alcohol derivatives afforded moderate enantiomeric excesses.(19) Sugar 

derived chiral Schiff bases have been also found to moderately induce asymmetric β-

methylstyrene epoxidation.(14) Similarly, certain bis(oxazoline) and pyridyl alcoholate 

adducts were also found to induce chirality with the same substrate, although the 

obtained ees were generally low. 

On the other hand, enantiomeric excesses up to 75% have been recently obtained by 

Kühn, Romão et al. using chiral diimines (Figure 4). However, these results come at the 

expense of very low conversions.(20) In a recent paper, the group of Romão has 

reported the synthesis of Mo and W (VI) BINOL complexes and their application in 

oxidation reactions, including sulphoxidations and asymmetric epoxidation. In the latter 

case, the conversions and ees obtained were very poor.(21)  

 



High Valent Organometallic Oxides of Molybdenum and Tungsten as 
Epoxidation Catalysts

81 

 
 

 

 
Figure 4 Chiral diimine bis(chloro)dioxomolybdenum complexes (From (20)). 

 

7.1.5 Tungsten derivatives  
 

In comparison with molybdenum derivatives, tungsten oxides have been much less 

studied. This owes to their higher costs and reduced catalytic activity. Despite these 

facts, the compounds display certain advantages over their Mo counterparts, most 

notably an improved stability. 

 

Application in epoxidation catalysis  

The most significant difference of W oxides in comparison with its Mo counterparts is 

their reported catalytic oxidation capabilities using H2O2 as oxidant. However, only a 

small number of publications reporting its applications in epoxidation catalysis can be 

found in the literature. Payne and Smith first reported the catalytic activity of tungstic 

acid in the hydroxylation of cyclohexene with water peroxide more than half century 

ago.(22) After a few further attempts, Sharpless and Kirshenbaum rediscovered the 

WO4
2- moiety as a feasible catalytic species for the aqueous epoxidation of α,β-

unsaturated acids with H2O2.(23) In 1992, Noyori et al. reported yet another tungsten-

based catalytic epoxidation system based on Na2WO4 dihydrate, (aminomethyl)-

phosphonic acid and methyltri-n-octylammonium hydrogensulfate in a 2:1:1 molar ratio, 

employing aqueous hydrogen peroxide (30%) as oxidant and using either toluene or no 

organic solvents at all.(24) This system has proved extremely active in epoxidation of 

terminal alkenes such as 1-octene, achieving almost quantitative conversions after 4 

hours and displaying high selectivities towards the epoxide. 

Soon after the catalytic activity of molybdenum oxides of general formula MoO2X2L2 was 

discovered, several groups attempted the synthesis of similar W derivatives.(25) 

Whereas the latter generally display lower catalytic activity in the epoxidation of various 

substrates with alkylhydroperoxides, it has been found that they clearly outperform Mo-
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based catalysts when using hydrogen peroxide as the oxidising agent. Recent studies 

have reported the synthesis and catalytic applications of W oxo-peroxo derivatives with 

dppmO2 (diphenylphosphinomethane oxide) donor ligands, which show promising 

activities in the epoxidation of cyclooctene with H2O2.(26)  

 

 

 
Figure 5 Several examples of synthesised W dioxo compounds with donor ligands. 

 
 

7.2 η5-Cyclopentadienyl compoundsv 
 
 
The cyclopentadienyl group is possibly one of the most significant ligands in 

organometallic chemistry - both from a historical as well as a synthetic point of view. Of 

all its possible coordination modes, the η5 arrangement has been classically the most 

common, due to its firm bonding and inert character towards either nucleophilic or 

electrophilic reagents.(27) 

 

 

 
Figure 6 From left to right: η1, η3 and η5 coordination modes of the cyclopentadienyl ligand to a 

given metal. 
 

Apart from the well known metallocenes (such as ferrocene, which decisively 

contributed to the development of organometallic chemistry in the early fifties),(1) 

attention has been drawn to half sandwich compounds of formula CpMLn (28), L being 

carbonyl, halide, oxo and oxo-peroxo groups, amongst others. The two latter groups 

                                                 
v Tungsten species are occasionally featured alongside its molybdenum counterparts. Though 
this section will concentrate on the latter, CpW compounds will be mentioned when necessary. 
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have aroused attention in the last years due to their catalytic capabilities. These oxides 

will be discussed in the present work, as well as their most common precursors, in 

special carbonyl compounds. 

 

7.2.1 Cyclopentadienyl Carbonyl metal derivatives 
 

As it has been discussed in previous sections, the active catalytic species in olefin 

oxidation are organometallic oxides containing the metal in a high oxidation state.(29) 

Due to their stability and relatively easy synthesis, cyclopentadienyl carbonyl 

compounds have become the most common precursors for these high valent CpM 

species (M = Mo, W).(30) The well established two-step synthesis of these compounds 

– both the alkyl and halide derivatives - uses Mo(CO)6 and the respective cyclopenta-

dienides in high yields.(31) Despite the versatility of this method, certain Cp derivatives 

of Mo and W cannot be synthesised from molybdenum hexacarbonyl. To put an 

example, in the next sections the synthesis of ansa-bridged Cp compounds will be 

introduced; these species precise of much more labile metallic precursors in order to 

facilitate both the coordination of the cyclopentadienyl moiety as well as the formation 

of the metallorganic bridge. A common approach in order to afford these species is to 

“activate” the metal carbonyls by displacing the strongly bonded CO molecules with N-

donor ligands. 

 

Precursors for the synthesis of CpMo compounds 

As it has been mentioned above, the synthesis of most CpMo derivatives can be carried 

out with Mo(CO)6, whereas certain alkyl derivatives (such as the ansa derivatives) 

demand the use of more labile ligands. Tris-acetonitrile compounds of molybdenum and 

tungsten are known since the 60ies.(32) Due to the lability of the CH3CN ligands, they 

are employed in a number of reactions, especially in the formation of CpMo allyl and 

alkyl derivatives (complete).(33, 34) These precursors are, however, highly sensitive to 

both moisture and air and are generally impurified by highly reactive by-products that 

hamper subsequent reactionsvi. In order to minimise these problems, chelate triamine 

precursors such as pentamethyldiethylenetriamine (PMTA) have been more recently 

introduced. Amongst many other advantages, they display an improved solubility in 

                                                 
vi This fact will discussed in chapter 10. 
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polar solvents and are much easier to handle. These compounds were successfully 

applied as reagents for the synthesis of certain metallic clusters.(35-37) 

Angelici et al. improved the synthesis of the PMTA precursor, which apart from forming 

the M(CO)3(RCN)3 derivatives in high yields and purities can react with various 

phosphines as well as with benzene to form η6-aryl tricarbonyl derivatives.(38) In the 

latter case, a strong Lewis acid (such as BF3) is used to activate the phenyl moiety. 

 

 

 
Figure 7 Precursors for the synthesis of cyclopentadienyl Mo and W complexes. From left to 

right, M(CO)3PMTA, M(CO)3Me3tach, M(CO)3Me3tacn. 
 

The use of cyclic tridentate amines such as trimethyltriazacyclohexanevii has also been 

reported.(39-41) These products have shown a significant advantage over the PMTA 

derivatives due to the facial conformation of the chelate ligand, which make these 

compounds interesting precursors for the synthesis of fac-M(CO)3L3 complexes (L = 

phosphine, (CH3CN), etc.). 

 

7.2.2 Cyclopentadienyl oxo-metal derivatives 
 

Despite their enhaced stability, η5-Cp organometallic compounds were originally 

considered to lose the cyclopentadienyl moiety under oxidative conditions. The 

pioneering work of Fischer et al. in the 50ies on CpCr and CpV oxides from its 

respective metallocenes or half-sandwich carbonyls, proved otherwise.(42) Concerning 

the present work, attention must be drawn to the significant research of Cousins and 

Green, who prepared many Mo cyclopentadienyl oxo derivatives using molecular 

oxygen as oxidant. Both discoveries considerably raised the interest in organometallic 

high-oxidation state transition metal compounds and its potential applications. Hence, a 

plethora of these compounds has been synthesised during the last decades, including 

the already mentioned (η5-C5R5)ReO3 (R = Me or H), (η5-C5H5)ReOMe2, (η5-

C5H5)WO(C2H2)Me, (η5-C5H5)WO(C2SiMe3 and (η5-C5R5)VOCl2, amongst others.(42-46)  
                                                 
vii As it has been seen in previous sections, there are many reported N-donor chelate complexes 
of Re and Mo oxides with triazacyclononanes. 
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Scheme 2 A selection of the obtention methods of CpMo dioxo complexes reported in the 

literature (from (9, 43, 47-50) and references cited therein). 
 

There are many reports with regard to the synthesis of organometallic molybdenum (VI) 

oxides. Scheme 2 summarises the most significant procedures used in the synthesis of 

(CpR5)Mo dioxo species (R = H, Me, etc.). It was recently shown that MoCp carbonyl 

species are easily oxidised via TBHP when used as precatalysts for certain 

oxidations.(51) Hence, and due to the difficult and isolation of the CpMo (VI) active 

species, the in situ generation of this species during the catalytic reaction is a much 

preferred approach.(30) This will be seen in the next chapters. 

 

Oxo-peroxo species 

Apart from the dioxo derivatives, cyclopentadienyl Mo (and W) complexes can be 

further oxidised to yield the respective oxo-peroxo species.(45, 52) These compounds 

and their implications in oxidation catalysis are of special importance in the present 

manuscript and will be discussed in Chapter 8. 

 

7.2.3 Chiral derivatives 
 

Whereas a plethora of MoO2R2 adducts with chiral moieties have been thoroughly 

examined, there are not many examples of CpMo chiral systems. This is mainly due to 

the late application of such compounds in catalysis. Our laboratories recently reported 
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the synthesis of a both menthol-Cp and chiral ansa-bridged derivatives (see Figure 

8).(53, 54) Since these systems are closely related to the experimental work presented 

in this manuscript, they will be examined in detail in chapters 9, 10 and 11, along with 

the most recent advances in the area. 

 

 

 
Figure 8 Recent examples of CpMo precatalysts with chiral moieties. 

 

7.2.4 Application in epoxidation catalysis 
 

In parallel to the more known MoO2R2L derivatives, CpMo complexes (and W to a lesser 

extent) have been also studied and their catalytic properties examined.(55) These 

compounds have shown interesting features in the field of epoxidation catalysis, as 

reported for related organometallic oxides.(56) During the last years, many (CpR5)Mo (R 

= H, Me, Bz, Ph) compounds have been applied in olefin epoxidation. The obtained 

results are in some cases on par (and even surpassing) MTO-based catalysts. One of 

the major advantages of cyclopentadienyl Mo and W oxo-derivatives is that they can be 

synthesised from their carbonyl precursors using alkylhydroperoxides such as TBHP. 

Since the same peroxides are used as an oxygen source in catalytic epoxidation 

reactions, the precatalyst can be oxidised in situ, conveniently forming the catalitically 

active species without having to isolate it first. The research group of C. C. Romão 

reported a detailed study of Cp’Mo(CO)3Cl species as precatalyst for olefin 

epoxidation.(30, 51) In general, the results reported to date favour the abovementioned 

halide derivatives over the alkyl compounds. Moreover, benzyl pentasubstituted 

cyclopentadienyl ligands have afforded the best cyclooctene epoxidation catalytic 

performances, achieving TOFs up to 21000 h-1. (1 : 10000 : 20000 catalyst : substrate : 

oxidant ratio). Chiral CpMo carbonyl derivatives have recently been applied as 

precatalysts in prochiral olefin epoxidation, obtaining rather low yields and enantiomeric 

excesses.(53, 54, 57) Some of these catalytic reactions have been revisited in the 

present work. Due to their reduced activity, related tungsten species have rarely been 

applied in catalysis. In a recent publication, alkyl and ansa bridged CpW carbonyls were 
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tested as catalysts in cyclooctene epoxidation.(58) Significant results were only 

achieved for a reaction temperature of 90 ºCviii. 

 

7.2.5 Heterogenisation of cyclopentadienyl molybdenum 
compounds. Applications in ionic liquids 
 

Despite the numerous studies on related compounds, the use of CpMo systems in 

catalysis is still in its infancy. Hence, the few reported heterogenised cyclopentadienyl 

molybdenum complexes are relatively recent.(47) Grafting of the compounds have been 

achieved via the Cp ring and the σ-bound alkyl moiety. The majority of the work origins 

from the research of Sakthivel, Zhao and Kühn, and includes various supports (MCM, 

SBA, zeolites, etc).(54, 59-65) The catalytic performance of these systems, though 

inferior in comparison with its homogeneous counterparts, is remarkable a least. 

 

 

 
Figure 9 Some examples of heterogenised CpMo(CO)3R compounds (above). Below, a selection 

of RTIL, including BMIM (n = 1), C8MIM (n = 5) and its counteranions. 
 

Certain room temperature ionic liquids (IL or RTIL) have been also applied as solvents in 

epoxidation, using (CpR5)Mo(CO)3X (R = H, Me; X = Me, Cl).(66) Amongst them, the use 

of [BMIM]NTf2 has afforded activities comparable to those of the homogeneous 

systems. 

 

                                                 
viii Reactions with Mo compounds are usually carried out at 55 ºC. 
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7.3 Mechanistic implications in the 
epoxidation reaction. A comparative 
 
 
Once the synthesis and the catalytic activity of the organometallic Mo oxides was well 

established, it was found imperative to study its mechanistic features, with the aim of 

comparing the molybdenum species with the well known MTO epoxidation system.(67-

71) The number of mechanistic reports on Mo-catalysed epoxidation is, however, rather 

low. The following chapter will present the mechanisms proposed to date, either for 

MoO2R2 or for CpMoO2 systems. 

 

7.3.1 Mechanistic features of molybdenum dioxo species. The 
Mimoun and Sharpless mechanisms 
 

Despite the few reports on the oxidation catalysis performed by molybdenum oxides, 

two mechanistic systems were already proposed in the early 70ies, first by Mimoun and 

later by Sharpless.(72, 73) The main difference between both systems (depicted in 

Scheme 3) lies primarily within the mechanism of the oxygen transfer and the 

coordination of the olefin to the catalytic species – either directly to the metal centre or 

through one of the Mo-bound oxygen atoms. 

 

 

 
Scheme 3 The two possible mechanistic pathways for the Mo catalysed epoxidation reaction. 

 

Sharpless carried out 18O labelling experiments and observed that the marked peroxo-

complexes did not contain any of the labelled oxygen atoms in the epoxidised products. 

Thus, it was proposed that the peroxide would coordinate to the central atom and 
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transfer the oxygen atom to the substrate via a concerted mechanism. In 1997, Thiel 

studied the mechanistic features of seven-coordinate oxobisperoxo molybdenum 

complexes with chelating pyrazolylpyridine ligands.(74) The proposed mechanism 

(Scheme 4) followed a Sharpless-like mechanism, with the hydroperoxide directly 

bound to the metal centre and the olefin coordinating via the α-O of the peroxide; again, 

the peroxo moiety was not involved in the oxygen transfer mechanism. Further studies 

on related species, including DFT calculations, have been also reported, drawing similar 

conclusions.(75)  
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Scheme 4 The epoxidation mechanism in seven-coordinated Mo bisperoxo compounds. 

 

MoO2X2L2 species 

The first studies on the oxidation mechanism of dioxomolybdenum (VI) species were 

reported in 1983 by Mimoun et al. (Scheme 5).(72) In their study, the authors compared 

the results obtained with different oxidants such as H2O2, Ph3COOH and tBuOOH. The 

results, including 18O labelling, highlighted the difference between tBuOOH and 

Ph3COOH as oxidants, regarding the former a much preferred choice of oxidant. In 

agreement with Sharpless’ studies, the proposed mechanism ruled out the formation of 

a peroxo-intermediate, but still favoured the formation of a cyclic intermediate 

containing the olefin and the coordinated alkylperoxide. 
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Scheme 5 Proposed olefin epoxidation mechanism catalysed by tBuOOH. 

 

In 2002, Kühn et al. presented a detailed study on MoO2X2L species (L = octahedral 

bipyridine and bipyrimidine), including DFT calculations for the epoxidation mechanism 

with these complexes.(76) This mechanism (Scheme 6) closely resembles that proposed 

by Thiel, ruling out the formation of the “pseudocycle” proposed by Mimoun.  

 

 

 
Scheme 6 The epoxidation mechanism for MoO2X2L2 complexes (X = Halogen, L2 = bidentate N-

donor ligand, as proposed by Kühn et al. 
 

7.3.2 Cyclopentadienyl derivatives. Catalytic activity of dioxo and 
oxo-peroxo species  
 

Unlike other related oxides, the olefin mechanism catalysed by CpMo oxides has not 

been studied in detail. In the case of the well studied MTO, peroxo derivatives have 

been shown to be the active catalysts and metal attached η2-peroxo groups react with 

olefins already when applied stoichiometrically.(67, 69, 77, 78)  

In 1991, Trost and Bergman studied the epoxidation reaction catalysed by 

(Cp*)MoO2Cl.(79) In this system, the dioxo species was found to be primarily active, 
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whereas the oxo-peroxo derivative decomposes explosively; hence, this species was 

considered responsible for the loss of activity of the catalyst (see Scheme 7 below). 

Compounds of formula Cp’Mo(CO)3R and their oxidation products have not yet been 

examined in comparable detail, particularly with respect to mechanistic implications, 

and no active species beyond the Mo(VI)-dioxo species has been found or proposed to 

date.(48, 80) However, catalytic results show that their activity is considerable and, in 

contrast to MTO, they are both easier to derivatise and immobilise.(9, 29, 44, 45, 49, 53, 

57-59, 81-84)  

 

 

 
Scheme 7 Proposed epoxidation mechanism for Cp*Mo(CO)3Cl (from (79)). 
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8. Kinetic Studies on the Oxidation of 
η5-Cyclopentadienyl Methyl 
Tricarbonyl Molybdenum(II) and the 
Use of its Oxidation Products as 
Olefin Epoxidation Catalysts 
 

 

In this chapter, a detailed examination of the reaction mechanism of CpMo(CO)3R-

based olefin epoxidation with TBHP as the oxidising agent is presented, based on 

kinetic experiments. It involves a comprehensive investigation of the system starting 

with 1) the tricarbonyl, 2) the dioxo, and 3) the oxo peroxo compounds after adding 

excess TBHP in the presence and in absence of olefin. Detailed kinetic studies have 

also been carried out on the activity of an oxo peroxo derived active species with 

respect to olefin epoxidation with TBHP. 

 
 

8.1 Abstract 
 
 

The oxidation of η5-CpMo(CO)3CH3 (1) with excess tert-butylhydroperoxide (TBHP) 

initially yields the dioxo derivative η5-CpMoO2CH3 (2), which further reacts with TBHP 

forming η5-CpMoO(O2)CH3 (3). The solid state structure of 3 has been determined by 

single crystal X-ray diffraction. Detailed kinetic studies have been carried out on the 

oxidation of 1 with TBHP as an oxidising agent and on the catalytic activities of the 

resulting oxidation products, 2 and 3 in olefin epoxidation. In the absence of oxidant, 

none of the molybdenum species is able to transfer an O-atom to an olefin. However, 

both Mo(VI) species act as catalysts for the epoxidation of olefins with TBHP through 

the formation of active intermediates. It has been found that compound 3 reacts with 

excess TBHP to give an active intermediate, which exists in equilibrium with the catalyst 

precursor 3 with a Keq close to one. This intermediate is slowly formed in a reversible 
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initial step. It reacts rapidly with an olefin, while it decomposes in absence of olefin. 

Furthermore, the kinetic results indicate the formation of another active intermediate, 

originating from 2 that is 3-5 times more active than the active intermediate formed from 

3 in epoxidation catalysis. A mechanistic scheme is proposed, based on the kinetic 

results. 

 
 

8.2 Results and discussion 
 
 
The title compound CpMo(CO)3CH3 (1) was synthesised and purified using a slightly 

modified literature method.(31) When the carbonyl compound is treated with a TBHP 

excess of at least 5 equivalents in dichloromethane, the Mo(VI)oxo-peroxo complex (3) 

is formed and can be isolated in good yields. 

 

 
 

Scheme 8 Synthesis of the Mo(VI) oxo-peroxo compound (3). 

 
Compound 3 was characterised by UV-Vis, IR and NMR spectroscopy (see 

experimental section), and the solid state molecular structure was determined by single 

crystal X-ray diffraction (see Figure 10 and Appendix A). 

 

 
Figure 10 ORTEP style plot of compound 3 in the solid state. Thermal ellipsoids are drawn at the 

50% probability level. Details of the single crystal X-ray diffraction studies are given in the 
supporting information. 
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The single crystal X-ray crystallographic analysis of compound 3 reveals a slightly 

distorted “three-legged piano stool” conformation, in which the midpoint of the peroxo 

ligand is one of the legs of the piano stool. Two other structurally characterised Mo oxo-

peroxo compounds and three W(VI)-oxoperoxo compounds of composition 

Cp’WO(O2)(CH2SiMe3) and Cp*WO(O2)Cl have a similar structural arrangement.(48, 52, 

79)  

 

8.2.1 Kinetic studies 
 

Reaction of CpMo(CO)3CH3 (1) with TBHP 

The reaction of 1 with TBHP was carried out at room temperature and followed by NMR 

(in dry CDCl3) and UV-vis (in dry CH2Cl2) spectroscopy, respectively. The changes in the 

chemical shifts of the Cp and/or the methyl protons in the NMR spectra are particularly 

informative. When 0.06 mmol of 1 and 10 equivalents of TBHP are mixed in 0.5 ml 

CDCl3, the reaction starts immediately. The Cp signal of the carbonyl compound at 5.27 

ppm decreases with time and a new signal at 6.33 ppm appears. The area of this new 

signal reaches a maximum after 15 min whereas the carbonyl compound peak is 

reduced to around 60% of its original size.  The reduction of the signal at 6.33 ppm is 

associated with the build up of a new signal at 6.29 ppm. After 2 hours, the Cp signal of 

the carbonyl compound and the Cp signal at 6.33 ppm disappear completely and only 

the signal at 6.29 ppm remains. The signal intensity-time curves are shown in Figure 

11A. The 95Mo NMR examination shows similar results. After 2 h, the 95Mo signal of 1 at 

–1424 ppm vanishes completely, and a new peak at –609 ppm, which has been 

assigned to the complex 3 is the only one observed.(9) An intermediate forming and 

disappearing in the same time frame as for the 1H-NMR experiments is observed at -

346 ppm.  
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Figure 11 (A) The changes in the relative peak intensities with time of 1 (●) (at δ = 5.27 ppm), and 
its products 2 (○) (at δ = 6.33 ppm) and 3 (■) (at δ = 6.29 ppm) during the reaction of 1 (0.06 

mmol) with 10 eq. TBHP in CDCl3 at 20 oC. (B) UV-vis spectral changes (at 6 min intervals for the 
first hour and then every 10 min) for the reaction of 1 (0.33 mM) with TBHP (10 eq.) in CH2Cl2 at 

20 oC. 
 

An experiment was designed to examine the intermediate compound (at 6.33 ppm), 

which is usually formed shortly after mixing TBHP with the carbonyl compound and 

later disappears. The above reaction was repeated and quenched after 15 min by 

adding MnO2. The filtrate was evaporated to dryness and extracted with diethyl ether to 

give a yellow solid. The product was analysed by 1H and 95Mo NMR spectroscopy. The 
1H NMR spectrum shows a signal at 6.33 ppm and a signal at 1.45 ppm with 5:3 relative 

intensities, respectively. The 95Mo NMR shows one signal at -346 ppm. A similar 

reaction profile can be obtained if the reaction is carried out in C6D6 under the same 

conditions and the chemical shifts match with the NMR data for the dioxo-Mo(VI) 

compound, CpMoO2CH3 (2).(80) These results suggest that the formation of 3 from the 
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reaction of the carbonyl compound 1 with TBHP proceeds via compound 2, as shown 

in Scheme 9. 

 

 

 

Scheme 9 Proposed reaction pathway for the oxidation of compound 1. 

 

In the NMR experiments described above, the yield of compound 3 is less than 60% 

(with respect to 1), due to a side reaction which forms an insoluble precipitate (hence 

explaining the decrease in the Cp signal’s intensity observed in the NMR experiments). 

This was isolated as a blue solid, containing 42.3 % of Mo, 18.7 % of C and 2.9 % of H. 

Further characterisation attempts were unsuccessful due to its insolubility in all 

common solvents. The blue solid can also not be redissolved by adding excess of 

TBHP. It has been further tested as a catalyst in olefin epoxidation, and was found to be 

completely inactive, even after prolonged reaction times. The yield of compound 3 can 

be increased by increasing the TBHP:1 ratio, suggesting that the major reaction 

pathway, which leads to the relatively stable product 3 is favoured. The side reaction 

pathway is totally suppressed with the addition of a substrate in the catalytic reaction. 

The reaction progress was also followed by UV-Vis spectroscopy with different 

concentrations and catalyst/TBHP ratios in CH2Cl2. 1 has strong absorptions at λmax = 

256, 267 and 316 nm, and a shoulder peak at λmax ~ 370 nm. When the carbonyl 

complex (0.33 mM) is treated with a 10-fold excess of TBHP at room temperature, the 

absorbance at 316 nm decreases with time and the absorbance in the range 207 – 270 

nm increases to give two clear isosbestic points at 307 and 270 nm (Figure 11B). These 

changes in absorbance are due to the formation of complex 2. The reaction of 2 with 

TBHP proceeds leading to an additional absorbance decrease in the range 307 - 335 

nm and a slight increase in the absorbance in the range 335 - 400 nm, due to the 

formation of compound 3. However, the isosbestic points due to this change are not all 

entirely clear, a possible explanation, based on further experimental evidence is given in 

the next subchapter. It is noteworthy, however, that under UV experimental conditions 

no precipitate was observed, possibly due to the higher TBHP excess that may 

decrease catalyst decomposition or side reactions. 
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The intensity-time curves and the changes in the UV-absorbance with time can be used 

to determine the rate constants for the oxidation of the carbonyl compound 1 with 

TBHP to yield 2 and the formation of 3 from compound 2. In the presence of excess 

TBHP, the reactions follow pseudo-first-order kinetics, and the decrease in the intensity 

of the signal at 5.27 ppm (Cp protons of the carbonyl compound) with time fits to a first-

order exponential decay equation (It = I∞ + (Io - I∞) exp(-kψt)). The value of the observed-

first-order rate constant was obtained from this fitting to be kψ = (1.12 ± 0.15) x 10-3 s-1. 

This indicates that the reaction is first-order with respect to the concentration of 1. The 

build up and the decay of the signal intensity at 6.33 ppm (Cp protons of 2) was fitted to 

a biexponential (build up and decay) equation to determine the pseudo-first-order 

constants for the formation of 2, (kf = (1.25 ± 0.35) x 10-3 s-1) and for its reaction with 

TBHP (kr = (8.5 ± 0.3) x 10-4 s-1). The rate constant kf is also valid for the reaction of the 

carbonyl compound with TBHP and is in accordance with the value obtained above 

from the time-dependent decrease of the carbonyl signal. These kinetic results confirm 

the observations made, when 2 is prepared from 1 in the presence of excess TBHP. The 

oxoperoxo compound 3 starts appearing immediately after 2 is formed because the two 

rate constants for the formation of 2 and its reaction with TBHP to produce 3 are 

comparable.  

Previous studies on CpMo(CO)3Cl-type compounds indicate that the Mo-dioxo moiety 

is rapidly formed in the case of the Cl containing compounds but reacts more slowly 

with additional TBHP to yield the final Mo-oxoperoxo product. (52, 46, 48, 80, 79) From 

the results obtained here, it appears that the presence of a methyl group instead of a 

chloro ligand does not strongly affect the initial oxidation rate from Mo(II) to Mo(VI). 

However, the presence of a methyl group seems to significantly enhance the 

displacement rate of the oxo with the peroxo group on the Mo(VI) centre. This difference 

in behaviour of the Mo(VI) species between the Cl and the CH3 derivative seems to 

become more pronounced in the further reaction between compound 3 and TBHP, 

where compound 3 can be transformed to an active species (I, see Scheme 11), while 

the Cl derivative has been reported not to form an active catalyst in the presence of 

TBHP.(52, 44, 79)  

 

Reaction of CpMoO(O2)CH3 (3) with TBHP 

When 3 reacts with a large excess of TBHP (>100 eq) in the absence of an olefin, a 

slight change of its UV-vis spectra occurs. After mixing a 0.3 mM solution of 3 in CH2Cl2 

(total volume 3 mL) with 0.15 mmol TBHP at room temperature, the absorbance at 335 
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nm decreases exponentially with time and levels off after ca. 20 minutes. By adding 

more TBHP, the absorbance decreases further but never becomes zero even with very 

high TBHP excess (~1500 eq), as shown in Figure 12. This must be due to the formation 

of an intermediate (I) which exists in equilibrium with 3.  

 

 

 

The equilibrium constant and the extinction coefficient of the intermediate were 

determined from the variation of the equilibrium absorbance with [TBHP] using 

Equation. 1. This equation is derived from the equilibrium expression and the mass-

balance equation ([Mo]T = [3] + [I]). A complete derivation of Equation 1 is shown in 

Appendix A. 

 

 

 

where Abseq is the absorbance at equilibrium, [Mo]T is the initial concentration of 3, εI 

and εp are the extinction coefficients of the intermediate and 3, respectively.  

 

 

Figure 12 Changes in absorbance with time at 330 nm for the reaction of 3 with TBHP in CH2Cl2 
at 20 oC. The inset shows a plot of Abseq/[Mo]T against [TBHP], the solid line represents the 
calculated values based on Eq. 1 with Keq = 1.23, εI = 748 M-1cm-1 and εp = 2460 M-1cm-1. 
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Figure 13 A plot of the observed-first-order rate constant (kobs) against [TBHP] for the reaction of 
3 (0.3 mM) with TBHP in CH2Cl2 at 20 oC. 

 

The absorbance-time curves in Figure 12 are exponential, and fit to a 1st-order 

exponential equation, At = A∞ + (Ao - A∞) exp(-kψt), to determine the values of kψ at each 

[TBHP]. The observed-first-order rate constants (kψ) vary linearly with [TBHP] in a 

relatively large intercept (Figure 13).  

Since the reaction between TBHP and 3 is reversible, the observed-rate constant is the 

sum of the forward and the reverse rate constant. With TBHP being present in large 

excess over the catalyst, the observed-rate constant can be expressed as:   

 

kψ = kp[TBHP] + k-p      (2) 

 

Therefore, the intercept of the straight line represents the value of the reverse rate 

constant (k-p = 3.2·10-3 ± 2·10-4 s-1), and the slope expresses the forward rate constant 

(kp = 4.7·10-3 ± 3·10-4 M-1s-1). The value of the equilibrium constant (Keq = 1.47 ± 0.36) 

calculated from these kinetic data agrees with the value (Keq = 1.23) obtained from 

Equation 1 within the experimental error range of these measurements. After the 

equilibrium is established, a slow decrease in the absorbance continues with time, 

probably due to the decomposition of the catalytic system, in the absence of olefin and 

increases with the TBHP concentration and the solvent polarity. (59) 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 0.1 0.2 0.3 0.4 0.5 0.6

k ob
s/ 1

03 s-1

[TBHP]/ M



100 III. SYNTHESIS AND CATALYTIC APPLICATIONS OF CYCLOPENTADIENYL MOLYBDENUM 
AND TUNGSTEN ALKYL COMPOUNDS 
 

8.2.2 Catalytic epoxidation 
 

Epoxidations starting from CpMo(CO)3CH3  (1) 

Since the olefin does not react with TBHP without the catalyst being present, no 

corrections were needed for the uncatalysed process. In the presence of an olefin, the 

epoxide is formed and the conversion to the epoxide proceeds to completion. Figure 14 

shows the time resolved formation of cyclooctene oxide in an NMR experiment initially 

started with 1 (0.05 mmol), TBHP (0.6 mmol) and cyclooctene (0.44 mmol) in CDCl3 at 

20 oC. When TBHP was added last to a mixture of the catalyst and the olefin, the 

epoxide appears slowly in the first 10 minutes of the reaction. The rate then increases 

and becomes linear in the next 20 minutes, and the build-up continues exponentially. 

 

 

Figure 14 Yield of cyclooctene oxide against time. The reaction was carried out using 0.44 mmol 
cyclooctene, 0.6 mmol TBHP and 0.05 mmol 1 in CDCl3 at 20 oC. 

 

This kinetic behaviour is typical for a catalytic reaction where the catalyst precursor 

initially reacts with the oxidant to produce the active species in rates slower or similar to 

the rate of the reaction of the active species with the substrate. In addition, the reaction 

rate in the later stages of the reaction becomes slower, indicating that the catalyst is (at 

least) partially deactivated. It has been previously reported that the accumulation of t-

BuOH as a byproduct deactivates the catalyst, most likely by adduct formation.(9, 29, 

48, 49, 58, 59, 80-82) In this catalytic system, 1 reacts with TBHP to form 2 and 3. One 
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or both of them could be the active species, directly epoxidising the olefin or acting as 

catalysts to activate TBHP toward epoxidation. To get further insight on the catalytic 

cycle, 3 was isolated and its activity tested with different substrates (cyclooctene, β-

methylstyrene and β-methoxystyrene).  

In the absence of TBHP, both Mo(VI) species are inactive toward the epoxidation of 

cyclooctene and β-methoxystyrene at room temperature. However, when excess TBHP 

is added, the catalytic reaction proceeds. The epoxidation of cyclooctene and β-

methylstyrene leads to the corresponding epoxides only, whereas the oxidation of β-

methoxystyrene produces benzaldehyde. Similar behaviour was observed for the 

oxidation of β-methoxystyrene with Re(VII)-peroxo species as a catalyst. The reaction 

initially produces the epoxide, which is not stable due to the electron donating ability of 

the methoxy group, and undergoes C-C bond cleavage leading to benzaldehyde as the 

final product.(67)  

A general pathway (Scheme 10) for this catalytic reaction can thus be proposed, 

involving three Mo species: the carbonyl (1), the dioxo (2), and the oxo-peroxo (3) 

complexes. Kinetically, it is possible to investigate the proposed pathways by studying 

each species separately. 

 

 

 
Scheme 10 General reaction scheme for the oxidation of 1 by TBHP and the epoxidation activity 

of the oxidation products, 2 and 3. 
 

Epoxidations utilising CpMoO(O)2CH3 (3) 

Compound 3 was found to catalyse the epoxidation of cyclooctene and styrene with 

TBHP as oxidising agent at room temperature. Figure 15 shows the change in the 

absorbance with time at 265 nm due to the epoxidation of β-methoxystyrene by the 

TBHP/3 system. In the absence of TBHP, the olefin is not oxidised, nor does it react in 

any form with 3 (when 3 was mixed with cyclooctene or β-methoxystyrene no changes 

were observed by NMR and UV spectroscopy). However, as discussed above, UV 

experiments show that 3 reacts with TBHP in the absence of olefin. This suggests that 
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the epoxidation of the olefin is carried out by an active intermediate I, which is formed 

by the reaction of 3 with TBHP (Scheme 11). 

 

 

 
Scheme 11 General mechanism for the oxidation of CpMo(CO)3CH3 (1) and catalytic activity of 

the resulting complexes in the presence of TBHP. 
 

Although both homolytic and heterolytic activation of peroxides by metal catalysts is 

possible, activation of TBHP by a homolytic cleavage of the O-O bond (which would 

generate reactive radicals, such as RO. or HO.) does not occur due to the reaction 

insensitivity against oxygen. Also, the olefin reactivity, which was found to increase with 

the olefin nucleophilicity rather than with the radical stability, does not support a radical 

mechanism. Furthermore, radical mechanisms have not been proposed by the previous 

studies on epoxidations catalysed by similar Mo compounds.(79, 85, 74, 75, 86, 72) 

Therefore, it appears reasonable to assume that the reactive intermediate (I), in 

equilibrium with the catalyst, transfers an O-atom to the olefin to form the epoxide and 

regenerate the catalyst (Scheme 11). 
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Figure 15 The absorbance-time curve at 265 nm for the oxidation of β-methoxystyrene (0.1 mM) 
with TBHP (10 mM) catalysed by 3 (0.4 mM) in CH2Cl2 at 20 oC. 

 

During the catalytic reaction, the concentration of I can be defined by either a steady-

state approximation or a pre-equilibrium condition. The epoxidation rate according to 

Scheme 4 is expressed by Equation 3: 

 

 

 

If the rate equation is derived by means of a steady-state approximation for [I] with the 

mass balance expression, [Mo]T = [3] + [I], the rate of the reaction can be written as 

followsix: 

 

 

The kinetics of the epoxidation of β-methoxystyrene with TBHP catalysed by 3 were 

investigated by following the absorbance change due to the consumption of β-

methoxystyrene and the formation of the product(s) in the region 260-270 nm. Kinetic 

                                                 
ix Derivation for this equation is included in the Appendix. 
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measurements were carried out with a constant concentration of β-methoxystyrene of 

0.1 mM and a constant [TBHP] of 10 mM. The concentration of 3 was varied in the 

range 0.1 - 0.5 mM. Reaction mixtures were prepared in a spectrophotometric cell, the 

last added reagent being TBHP. The initial rates (i.r.) were calculated from the first 5% 

of the curves by using Equation 5. 

 

initial rate   - (1  bΔελ)∗ΔAbsi⁄Δt     (5) 

 

where b is the optical path length and Δελ is the total change in the molar absorptivity at 

λ, and ΔAbsi is the initial change in the absorbance. 

The variation of the initial rate with the catalyst concentration is presented in Figure 16 

and shows a linear dependence on [Mo]T as expected from Equation 4. Using the 

determined values of kp and k-p (0.0047 M-1s-1 and 0.0032 s-1, respectively) and the initial 

concentrations of β-methoxystyrene and TBHP, the value of kep (~ 16 M-1s-1) was 

determined from the slope. 

 

 

Figure 16 Linear variation of the oxidation initial rate of β-methoxystyrene against [Mo]T in CH2Cl2 
at 20 oC. [TBHP] = 10 mM,  [β-methoxystyrene] = 0.1 mM. 

 

Kinetic measurements were also carried out with a constant [Mo]T (3) of 0.4 mM and a 

constant concentration of β-methoxystyrene of 0.1 mM, varying the concentration of 

TBHP in the range 5-500 mM. A low concentration of β-methoxystyrene was used to 
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allow direct measurement of the absorbance change, since β-methoxystyrene has a 

very strong absorptivity in the UV region (ε265 ~ 2x104 M-1cm-1). A plot of the initial rate 

against [TBHP] is shown in Figure 16. At low [TBHP](≤ 20 mM), the initial rate varies 

linearly and is first-order with respect to [TBHP]. The order decreases with increasing 

[TBHP]. This kinetic behaviour agrees with the rate law derived based on a steady-state 

approximation (Equation 4). Fitting the data in Figure 17 to Equation 4 using the known 

values of kp (= 0.0047 M-1s-1) and k-p (= 0.0032 s-1), leads to the epoxidation rate 

constant (kep = 18.3 ± 3.8 M-1s-1). This value of kep is close to the value estimated above 

from varying the concentration of the catalyst.  

 

 

Figure 17 Variation of the oxidation initial rate of β-methoxystyrene (0.1 mM) with TBHP 
catalysed by 3 (0.4 mM) in CH2Cl2 at 20 oC. The data was fitted to Eq. 4 with the values of kp (= 

0.0047 M-1s-1) and k-p (= 0.0032 s-1) being held constant, and kep (=18.3 ± 3.8 M-1s-1) being varied. 
 

 

The reactions of trans-β-methylstyrene (UV method) and cyclooctene (NMR method) 

were studied similarly, and the values of kep for their epoxidation with TBHP catalysed 

by 3 are 0.5 and 1.3 M-1s-1, respectively. These results show that the epoxidation rate 

constant (kep) increases with the olefin nucleophilicity: 

 

β-methoxystyrene >> cyclooctene > trans-β-methylstyrene 
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β-methoxystyrene is the most nucleophilic olefin among the examined substrates (due 

to the presence of an OCH3 group), and it is ca. 15 times more reactive than 

cyclooctene.(67-69, 76, 87-89) 

Additionally, the epoxidation reaction is stereoselective. When trans-β-methylstyrene is 

oxidised, only the trans epoxide is obtained. Epoxidations that occur by an external 

attack of the nucleophilic olefin onto the electrophilic oxygen of the M-alkylperoxo (or 

M-peroxo) group by a concerted O-transfer step are usually stereoselective, and 

coordination of the olefin to the metal centre prior to the oxygen transfer step is less 

likely happening.(53, 57, 59) 

 

Epoxidation catalysed by CpMoO2CH3 (2) 

The profile of the reaction between 1 (0.05 M), cyclooctene (0.44 M) and TBHP (0.6 M) 

in CDCl3 at 20 oC (Figure 4) indicates the presence of at least two catalytic systems 

formed from the initial Mo(II) precursor. Each catalyst activates TBHP (through an active 

intermediate) for the epoxidation of an olefin (as shown in Scheme 3). It was not 

possible to study the catalytic activity of 2 separately, because in addition to the 

epoxidation reaction, 2 also reacts with TBHP to form 3, which also catalyses the 

epoxidation of olefin as shown above.  However, the values of the rate constants for the 

reactions of 1 with TBHP to yield 2 and 3 were determined in the absence of the olefin 

under the same conditions and the rate constants for the epoxidation of cyclooctene by 

the TBHP / 3 catalytic system (kp, kp and kep in Scheme 4) were determined separately. 

Therefore, it is possible to estimate the relative rates of the epoxidation reactions by 2 

from reactions initially started with the precursor 1 (see Appendix A). An initial rate 

method with the olefin existing in much higher concentration than the catalyst and 

TBHP was used. The initial rates were calculated from the initial 2-5% conversion of the 

olefin. Under these conditions, 3 is not involved, and the rate constant for the 

epoxidation of an olefin by 2/TBHP was estimated. For cyclooctene, the epoxidation 

rate constant for reactions catalysed by compound 2 are 3-5 times higher than those 

catalysed by compound 3 under the same conditions, which might origin from the 

slightly different structure of the intermediates. This shows that 2 is more active than 3. 

However, when TBHP is present in large excess over the olefin and the catalyst 

formation of 3 from 2 occurs at the beginning of the catalytic reaction, most of the 

epoxidation is carried out by the active species formed from 3 rather than that from 2.  
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8.3 Conclusions 
 
 
Based on detailed kinetic studies and experimental evidences, the mechanism shown in 

Scheme 11 has been proposed for the catalytic olefin epoxidation promoted by the 

precursor CpMo(CO)3CH3 (1). In the presence of excess alkyl hydroperoxide (TBHP), 

CpMo(O)2CH3 (2) and CpMo(O)(O2)CH3 (3) are formed. Whereas the isolated compound 

3 is inactive for stoichiometric epoxidation of cyclooctene and styrenes, epoxidation 

with 3 does proceed in the presence of TBHP under formation of a reactive species I. 

The kinetic results of the variation of the reaction rate with the alkyl hydroperoxide are 

consistent with the formation of a σ-alkylperoxo intermediate species as has been 

postulated for other Mo(VI) based catalyst systems.(67-69, 76, 87-89) In the presence of 

excess olefin, the catalytic system is stable and the major pathway is the catalytic 

epoxidation reaction. As far as it can be concluded from the published literature, 

CpMo(CO)3CH3 differs in several aspects from the previously examined CpMo(CO)3Cl 

with respect to its reaction behaviour and applicability as catalyst. Work is currently 

undertaken in our laboratories to examine the apparently different catalytic behaviour of 

the Cl derivative in more detail.  

Related alkyl derived compounds such as Mo and W cyclopentadienyl ansa-complexes, 

which display similar epoxidation capabilities, will be studied in the next chapter. The 

catalytic mechanism of this species is also being object of study, paying special 

attention the the similarities with the CpMo(CO)3CH3 system. 
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9. ansa Compounds  
 

 

Intramolecular coordination compounds are a most significant research topic in 

organometallic chemistry. Amongst them, ansa complexes have aroused special 

attention.(90, 91) In these compounds, a cyclopentadienyl fragment containing a chain-

like substituent coordinates to the metal via both the Cp ring and the terminal fragment 

of the chain, forming a handle-like structure in the process (hence the name “ansa”). 

The terminal moiety can be either a donor species (phosphine, amine, etc.) or an alkyl, 

aryl and even another cyclopentadienyl fragment (see Figure 18). 

 

 

 
Figure 18 General structure of ansa coordinated compounds. 

 

During the last decades, a vast number of ansa compounds have been reported.(92) 

They can be roughly divided between those that include either a heteroatom or a C 

coordinated to the metal via the ansa fragment. This chapter will summarise the most 

significant compounds of this family, paying special attention to those who display 

prominent catalytic activities. 

 
 

9.1 Classification 
 
 

As it has been mentioned above, the concept of ansa bridged compounds includes an 

enormous variety of organometallic species. Though the work presented herein deals 

with half-sandwich, η5-cyclopentadienyl-η1-alkyl compounds, it is interesting to 

highlight the most prominent species of this ever-growing class of complexes, including 

both bent metallocenes and heteroatomic bridged compounds. 
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9.1.1 ansa bridged bent metallocenes 
 

Shortly after the discovery of ferrocene and the establishment of its sandwich structure 

with parallel rings, the first bis-cyclopentadienylx metal complexes with inclined angles 

to one another were synthesised. Amongst other properties, these compounds allowed 

the coordination of additional ligands to the metal.(93) During the last decades, a wealth 

of related complexes was reported. It was found that bent metallocenes (especially 

titanocenes and zirconocenes) are powerful catalytic species in olefin polymerisation; 

thus, they are regarded as a valid alternative to the well established, heterogeneous 

Ziegler-Natta catalysts.(94) The bent structures may allow the inclusion of a bridge 

between both cyclopentadienyl moieties. These ansa metallocenes have been profusely 

studied due to their potential applications in asymmetric olefin polymerisation 

catalysis.(95, 96) Moreover, these complexes can undergo ring opening polymerisation 

(ROP), forming the respective poly(metallocenes), which are interesting novel 

materials.(97)  

 

9.1.2 Heteroatomic “half-sandwich” ansa compounds. 
Constrained geometry catalysts 
 

In parallel with their bent-metallocene counterparts, the so-called constrained geometry 

catalysts (CGC) have been widely studied in the last two decades due to their promising 

performances in copolymerisation reactions. Most of the available literature deals with 

Ti and Zr derivatives, which form heteroatomic bridges with a variety of species (see 

Figure 19). These systems - which are also applied in olefin polymerisation - are 

commonly synthesised from fulvene derivatives, forming structures of the type Cp-R1-R2 

(where R1 = C,Si, R2 = N, P and R2 is bound to the metal centre).(98) The properties of 

the bridge can be tuned depending on the nature of the members of the ansa fragment, 

further allowing the synthesis of highly selective catalysts. Other CGCs can be 

synthesised from amino substituted fulvene derivatives, allowing the insertion of 

vinilydene groups.(99) 

Certain CpMo carbonyls have been also found to form heteroatomic ansa bridges with 

N-donor atoms. The lability of the Mo-N bond, however, promotes dimerisation 

                                                 
x Apart from cyclopentadienyl, certain moieties such as indenyl and fluorenyl form bent 
metallocenes as well. 
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reactions.(100) Similar structures with cyclopentadienyl vanadium moieties have been 

recently reported.(101) 

 

 
 

Figure 19 A selection of half sandwich heteroatomic ansa compounds. 
 

9.1.3 M-C ansa compounds 
 

To the best of our knowledge, Weiss et al. were the first to report a cyclopentadienyl 

ansa bridged complex from the reaction of iron carbonyl and pentafulvene.(102) Further 

studies by Weiss, Behrens et al. reported the synthesis of similar complexes with iron 

and ruthenium.(103-106) These compounds have been occasionally revisited, including 

reactions with difbenzofulvalene derivatives.(107) 

 

 

 
Scheme 12 A possible reaction pathway to form an iron ansa carbonyl (from (104)). 

 

The pioneering research of Eilbracht et al. with spiro ligands (108) as substitutes for the 

fulvene moiety generated a number of novel metallorganic η5-η1 σ M-C complexes, 

including molybdenum and tungsten derivatives. The next chapter will concentrate on 

this group of complexes, paying special attention to the latter compounds and 

highlighting its promising catalytic applications. 

 
 

9.2 ansa compounds of Mo and W as 
oxidation catalysts 
 
 
Following the research of Weiss and Behrens, Eilbracht et al. comprehensively studied 

the reactions of spiro compounds with different carbonyl compounds, including Ni(CO)4, 
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Fe(CO)5 and M(CO)3(CH3CN)3 (M = Mo, W).(109-121) Amongst many other reactions, 

Eilbracht concentrated both on the synthesis of the bridged derivatives as well as on the 

ring cleavage or carbonyl insertion within the ansa bridge (see Figure 20). 

 

 

 
Figure 20 Selection of ansa-bridged compounds synthesised by Eilbracht et al. 

 

The work of Eilbracht with Mo and W derivatives was revisited on few occasions, 

including studies with indenyl and fluorenyl derivatives. In this case, the metal centre 

can coordinate in both η5 and η6 fashions; the latter, however, do not form the expected 

insertion, ansa bridged products.(122, 123) 
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10. Stable and Catalytically Active 
ansa Compounds With Cycloalkyl 
Moieties as Bridging Units 
 

 

A plethora of catalyst systems based on Mo and W have been extensively studied and 

applied in asymmetric epoxidation catalysis, but have been found to give only moderate 

ee values at best.(14, 19, 124-133) These can be improved by performing the catalytic 

experiments at lower temperatures, leading in all cases to a significant loss of 

activity.(20, 75, 79) In the last years, CpM(CO)3R compounds (M = Mo, W, R = halogen, 

alkyl) have been thoroughly examined in epoxidation catalysis. Amongst these, ansa-

type complexes, which had first been described by Eilbracht et al. in the late 1970ies, 

have aroused attention due to their potential applications in the field of asymmetric 

catalysis.(53, 57, 84, 95, 96, 101, 109-112, 134-139)  

 

 

 
Figure 21 General catalysts of the type CpM(CO)3R and ansa-CpM(CO)3R. M = Mo, W; R = Cl, 

CH3, CH2CH3; R1 = Ph, CH3, R2 = H, CH3. 
 

Continuing the work of Zhao et al. carried out in our laboratories,(53, 57, 58) the next 

chapter will study the first representatives of a series of new molybdenum and tungsten 

ansa complexes with cycloalkyl moieties as exceptionally stable bridging units, as well 

as the use of these complexes as catalysts for olefin epoxidation reactions at room 

temperature. For the sake of comparison, a number of previously reported complexes 

will be also studied and their catalytic properties tested. 
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10.1 Abstract 
 
 

Compounds [Mo(η5-C5H4(CH(CH2)n)-η1-CH)(CO)3] and [W(η5-C5H4(CH(CH2)3)-η1-

CH)(CO)3] (2a, 3a n=3; 2b, 3b n=4; 2c, 3d: n=5; 2d, 3d n=6) were synthesised by 

reacting spiroligands 1a-d with M(CO)3(CH3CN)3 or M(CO)3L (M = Mo, W; L = Me3tach, 

PMTA). NMR spectroscopy as well as X-ray diffraction studies confirm the formation of 

the intramolecular ansa bridge. The complexes display a remarkable stability in the solid 

state (stable up to 180 ºC under air in thermogravimetric studies) and are very active 

catalysts at room temperature (Mo compounds) or moderate temperatures (W 

compounds) in olefin epoxidation. In the case of cyclooctene, TOFs up to 3600 h-1 are 

obtained. Moreover, the catalysts display a high selectivity in the epoxidation of cis- and 

trans-stilbene. In addition, the novel complexes were compared with previously 

synthesised related compounds, displaying comparable (if not better) catalytic 

performances. 

 
 

10.2 Results and discussion 
 
 

10.2.1 Synthesis and characterisation of the spiroligands 1a-d 
 

Reaction of the respective bis(methanesulfonate)cycloalkyls with NaCp in THF was 

carried out following known reaction procedures,(134) and resulted in the novel spiro-

annulated dienes 1a-d. In contrast to more simple spirodienes such as spiro[2.4]hepta-

4,6-diene, these oily compounds cannot be distilled, but are obtained in good yields 

and purities via pentane extraction. 

 

 

Scheme 13 Synthesis of the spiroligands 1a-d. 
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1H-NMR data (see Figure 22 for the 1H spectrum of ligand 1a) show a group of signals in 

the range between 6 and 6.6 ppm, corresponding to the cyclopentadienyl moiety. 

Moreover, a second multiplet can be observed between 2.2 and 2.6 ppm; this has been 

assigned to the cycloalkyl protons next to the ipso carbon, which are slightly shifted to 

lower fields due to the effect of the Cp fragment. On the other hand, the 13C NMR 

displays four signals in the 125-145 ppm range and a fifth signal at ca. 50 ppm 

corresponding to the ipso carbon. CI mass spectroscopy shows one strong signal 

corresponding to the molecular peak of the complexes. Minor polymerisation 

byproducts (mostly dimeric species), as well as a fragment with [M+] = 66 (assigned to 

the Cp fragment) can also be observed. 

 

 
 

Figure 22 1H NMR spectra (solvent: CDCl3) of compound 1a, showing the Cp system (6.6 - 
6.0ppm) and the cycloalkyl fragment (2.6 - 1.7ppm) signals. 

 

10.2.2 Synthesis of the ansa compounds 2a-d 
 

The obtained spiroligands were reacted with M(CO)3(CH3CN)3 (M = Mo, W) in THF to 

afford the complexes [Mo(η5-C5H4(CH(CH2)3)-η1-CH)(CO)3] (2a) and [W(η5-C5H4 

(CH(CH2)3)-η1-CH)(CO)3] (2b) in moderate yields. On the other hand, compounds 2b-d 

and 3b-d were obtained in either low (2b-d, 3b) or trace yields (3c-d). In light of these 

results, a new synthetic method was developed. 

2

1

3

4
5
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Figure 23 Diagram of the novel C2-spiroligands and ansa compounds (below, the previously 

synthesised ethylene-bridged compounds, 2e and 3e). 
 

Improved synthetic procedure 

In order to optimise the reaction, an improved pathway involving chelate metal 

precursors with terdentate amines was developed. The amines used were 

pentamethydiethylenediamine PMTA and trimethyltriazocyclohexane (Me3tach), and the 

precursors were synthesised according to published procedures.(38-40) In comparison 

to their acetonitrile counterparts, these compounds show an improved stability and a 

much higher purity, avoiding the formation of highly reactive carbonyls which are 

common during the synthesis of M(CO)3(CH3CN)3.(40) 

The reaction proceeds at room temperature after adding a strong Lewis acid such as 

BF3. In the case of the bulkier W derivatives, however, overnight reflux is needed for the 

reaction to take place. The reaction can be easily monitored with the change of colour 

of the mixture, which turns from a yellow suspension to a dark-orange red solution. 
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Scheme 14 Synthesis of ansa complexes 2a-d, showing both the original (above) and the 

improved (below) synthetic methods. 
 

Moreover, the ansa complexes obtained with this method have little to no impurities. 

With the previously employed methods, the hexane/pentane extracts were 

contaminated with unstable species which can lead to the utter decomposition of the 

target compound.  

Comparative studies show that Me3tach derivatives display a better activity than PMTA 

complexes. This might owe to the facial disposition of the chelating amine, in contrast 

to the meridional disposition of the PMTA derivative.(38, 40) 

The same synthetic route was also applied for previously synthesised ansa compounds, 

such as [M(η5-C5H4(CH2)2-η1-CH)(CO)3] (M= Mo (2e), W (3e)), obtaining the target 

compounds in better yields and purities.(135) This is particularly striking in the case of 

compound 2e, which was originally considered to be thermally unstable, but can be 

stored for hours at room temperature and under air without visible decomposition.(135) 

NMR characterisation of 2e (see Appendix B), along with the preliminary X-ray 

diffraction studies seen in Figure 24 confirm this fact. 
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Figure 24 Ball and stick model for the preliminary X-ray structure of compound 2e. 
 

10.2.3 Properties and characterisation 
 

The colour of the complexes ranges from bright orange (2a, 3a) to bright red (2b, 2d) or 

dark red (2c, 3b-d). All compounds are slightly sensitive towards light and moisture, but 

show an improved stability in comparison to previously synthesised ansa compounds. 

Thus, 2a-d can be handled at room temperature under air for some hours without 

decomposition in the solid state, whereas 3a-d can be stored indefinitely under air. 2b 

and, to a lesser extent, 2a, 2c and 2d have been shown to decompose faster when 

exposed to light in solution. It was however not possible to quantify the decomposition 

rate of the complexes using UV spectroscopy. 

 

Study of the stability. Thermogravimetric studies 

TG-MS measurements for 2a show a first decomposition step at 140 °C by loss of the 

carbonyl ligands according to a sharp MS signal for 28 m/z. For 2b, the starting 

temperature of decomposition is 180 °C. The other compounds show a similar trend, 

ranging from 120-160 ºC (Mo species) and 140-180 ºC (W species). This is in agreement 

with the observed stability of the compounds under air and moisture. 
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Mass spectroscopy 

CI mass spectroscopy shows both the molecular peaks of the ansa compounds, as well 

as the M-CO fragments for the molybdenum species. Due to their enhanced stability, 

only the molecular peak is observed for most tungsten derivatives. 

 

NMR spectroscopy. COSY experiments 

Relevant NMR data for compounds 2a-d and 3a-d are included in Table 1. NMR 

spectra for 2a and 3a are included in Figures 25-29xi. 1H-NMR for 2a-2d show a group 

of multiplets at in the range between 5.0 and 5.3 ppm, which are attributed to the four 

protons of the cyclopentadienyl moiety, indicating a cleavage of the spirocycle and the 

insertion of the metal into one of the Cdiene-C bonds, forming a η5-coordinated 

cyclopentadienyl moiety and a η1-coordinated metal-carbon bond. This is further 

confirmed by the shift of the Cp-CH proton signal, which appears between 2.9 and 3.4 

ppm. On the other hand, the proton bound to the η1-coordinating carbon displays a 

chemical shift of δ = 0.4-0.8 ppm due to the deshielding effect of the metal centre. The 

effect of the cycloalkyl moiety, however, significantly shifts this signal to lower fields, as 

inferred when comparing these values with those for the ethylene bridged compounds 

2e and 3e. 

This tendency is observed for the rest of the obtained complexes, with the size of the 

alkyl ring and the metal centre playing an important role in the shift of the ansa-C proton 

(see below, organised from higher to lower fields): 

 

2e > 3e >> 2a > 3a > 3b > 2b > 2c > 3c > 2d > 3d 

 

The effect of the substituents is also observed in both the 2-phenyl- and the 1,2-

dimethyl-substituted derivatives previously synthesised in our group. The reported 

values for the Cansa protons are also in agreement with the results obtained herein.(53) 

Both 13C-NMR and two-dimensional COSY experiments support these assignments. 
13C-NMR for compound 2a-2d shows four different signals in the range between δ = 90 

– 86 ppm, attributed to the four non-substituted cyclopentadienyl carbons, and a low 

intensity signal at δ = 80-70 ppm, corresponding to the cyclopentadienyl carbon bearing 

the ansa-cyclopentadienyl unit. The η1-bound carbon is found in the range within -12 

                                                 
xi NMR spectra of all the obtained complexes, including the previously commented spiro ligands, 
are available in Appendix B. 
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(2d) and -27 (2a) ppm, and the values are in agreement with those obtained in the 1H-

NMR experiments. Moreover, the rather elusive carbonyl signals can be observed at 

201.3 ppm (see Figure 26). CO signals usually appear between 190 and 230 ppm.  

2D-COSY experiments (see Figures 27 and 29 for the obtained bidimensional spectra of 

complexes 2a and 3a) show two separate spin systems, one for the four protons of the 

Cp moiety and other for the ansa fragment. The interactions between the members of 

the ansa ring are observed in all cases. 

Similar values are generally observed for the tungsten complexes (see NMR spectra of 

2b in Figures 25-27). In this case, the 13C signals of the metal bound carbon are 

generally shifted to higher fields than its Mo counterparts (-24 to -38 ppm)  
95Mo NMR of compounds 2a-2d shows the molybdenum signals at δ = -1389, -1400, -

1413, and -1668 ppm, respectively. These values are consistent with previously 

reported ansa compounds.(53, 57) To further confirm this fact, 95Mo NMR experiments 

were performed with the previously reported compound 2e, showing a peak at -1395 

ppm. 

 

 

 
Figure 25 1H NMR spectra of compound 2a. 
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Figure 26 13C NMR spectra of compound 2a. The CO signal is observed in the left part of the 
spectra.  

 

 

Figure 27 2D-COSY of 2a, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 
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Figure 28 1H NMR spectra of compound 3a. 
 

 

Figure 29 2D-COSY of 3a, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 
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 1H 13C 95Mo 
Compound Cp-CH M-CH Cp-CH M-CH 

2a 3.38 0.40 76.6 -25.9 -1389 
2b 3.11 0.72 72.2 -22.1 -1400 
2c 2.95 0.74 73.5 -15.9 -1413 
2d 3.17 0.80 73.0 -12.0 -1668 
2e 2.94 -0.42 67.0 -49.7 -1395 
3a 3.40 0.46 80.2 -38.0 - 
3b 3.11 0.68 75.6 -36.1 - 
3c 2.99 0.77 76.9 -24.30 - 
3d 3.25 0.81 76.6 -25.29 - 
3e 2.91 -0.25 70.9 -61.7 - 

 
Table 1 Selected NMR data for the new cycloalkyl ansa-compounds. In italic, the previously 

synthesised ethylene-bridged complexes. 
 

10.2.4 X-ray structures of compounds 2a, 3a and 2b 
 

Compounds 2a, 3a and 2b were characterised by X-ray crystallography. All complexes 

display a distorted four-legged stool structure similar to that established for analogous 

complexes.(53, 57, 135)  

Whereas only one of the possible enantiomers - (S,R)-[Mo(η5-C5H4(CH(CH2)4)-η1-

CH)(CO)3] - is clearly observed in the case of compound 2b, complexes 2a and 3a 

display a mixture of isomers (a and a’) depending on the conformation of the cycloalkyl 

ring (either a distorted envelope or a distorted half-chair conformations). In the latter 

cases, however, the ansa bridge still displays an (S,R) configuration.  

Tables 3 and 4 show a selection of bond distances and angles for all the obtained 

structures. As expected, the cyclopentadienyl ligand is coordinated in a η5-fashion, 

inferred from the total value of the angles at the ring and the distances from the central 

atom to each of the carbon atoms (ranging from 2.304(5) to 2.3394(14)Å) and to the Cp 

centroid (ranging from 1.977 to 1.981 Å). Both C-O distances (ca. 1.14 Å) and M-C-O 

angles (ca. 177-180º) are well within the expected values for this kind of compounds. 
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Figure 30 Crystal structure of compound 2a. 

 

 

 
Figure 31 Crystal structure of compound 2b. 
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Figure 32 Crystal structure of compound 3a. 

 

The greatest difference between the obtained a and a’ isomers lies within the observed 

Mo-C distance values, which differ in approximately 0.04 Å. Moreover, the terminal 

cycloalkyl fragment is found to shift between two different conformations, affecting the 

configuration of the ansa bridge with respect to the metal centre.  

Apart from 2a and 3a, preliminary X-ray diffraction studies on complex 3b (see Figure 

33 for the ORTEP diagram) suggest that both the R,R and the R,S diastereomers 

crystallise. Whereas the obtained Cpcentroid-W and W-Cansa distances lie within the 

expected values (1.99 Å and 2.34 Å, respectively), most ellipsoids near the ansa bridge 

are significantly broader than usual. This is particularly clear when observing the carbon 

atom next to the Cansa, and further indicates that the obtained crystal is in fact a mixture 

of different isomers. These results contradict previous studies with related bridged 

compounds, which considered that the synthesis of the ansa complexes was 

enantioselective.(53) It seems, however, that certain enantiomers (such as in the case of 

3b) are preferably crystallised. This result, coupled with the fact that an asymmetric 

carbon is directly attached to the metal centre makes these new compounds promising 

candidates in asymmetric epoxidation reactions. 

 



Stable and Catalytically Active ansa Compounds with Cycloalkyl Moieties as 
Bridging Units

125 

 
 

Compound 2a 2b 3a 
Formula C13H12MoO3 C14H14MoO3 C13H12WO3 
Formula Weight 312.17 326.19 400.07 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group C2/c (No. 15) P21/n (No.14) C2/c (No. 15) 
a,b,c (Å) 24.3045(6), 13.3776(4), 

14.8051(4) 
7.7140(3), 13.3671(6), 
12.2217(5) 

24.290(5), 13.415(3), 
14.817(3) 

α, β , γ (º) 90, 97.0970(13), 90 90, 96.273(2), 90 90, 96.847(6), 90
V [Å3] 4776.8(2) 1252.68(9) 4793.7(18) 
Z 16 4 16 
D (calc) [g·cm-3] 1.736 1.730 2.217 
μ (MoKα) [mm-1] 1.090 1.043 9.631 
F (000) 2496 656 3008 
Crystal Size [mm] 0.10 x 0.30 x 0.41 0.10 x 0.10 x 0.24 0.03 x 0.18 x 0.43
Temperature (K) 123 123 123 
Radiation [Å] MoKα 0.71073 MoKα 0.71073 MoKα 0.71073 
θ Min-Max [º] 2.8, 25.4 2.3, 30.6 1.7, 25.4 
Dataset -29:29; -14:14; -17:17 -11:11; -17:17; -17:17 -29:29; -14:15; -

17:17 
Tot., Uniq. Data, R(int) 67622, 4175, 0.032 32779, 3691, 0.038 14937, 4345, 0.039
Observed data  
[I > 2.0σ(I)] 

3983 3509 3886 

Nref, Npar 4175, 317 3691, 163 4345, 307 
R, wR2, S 0.0258, 0.0690, 1.321 0.0191, 0.0493, 1.062 0.024, 0.0655, 1.033

Max. and Av. 
Shift/Error 

0.00, 0.00 0.00, 0.00 0.00, 0.00 

Min. and Max. Resd. 
Dens. [e/ Å3] 

-0.70, 1.37 -0.48, 0.54 -0.99, 1.29 

1: w = 1/[s2(F0
2) + (0.0340P)2 + 6.7318P] where P = (F0

2 + 2Fc
2)/3 

2: w = 1/[s2(F0
2) + (0.0177P)2 + 0.9030P] where P = (F0

2 + 2Fc
2)/3 

3: w = 1/[s2(F0
2) + (0.0307P)2 + 21.5575P] where P = (F0

2 + 2Fc
2)/3 

 
Table 2 Crystal data, data collection and refinement parameters for structures 2a, 2b and 3a. 

 

 

 2a 2a’ 2b 3a 3a’ 
M-CO 2.019(2) 

1.985(2) 
1.990(2) 

2.016(2)
1.987(3) 
1.985(2) 

2.0128(15)
1.9921(15) 
1.9885(14) 

2.014(5) 
1.987(5) 
1.998(5) 

2.014(6)
1.982(5) 
1.991(5) 

M-Cansa 2.372(2) 2.408(3) 2.4011(13) 2.353(5) 2.398(4)
M-Cpcentroid 1.977 1.978 1.981 1.981 1.982
M-Cp (CH) 2.324(3) 

2.335(2) 
2.336(2) 
2.305(2) 

2.316(3)
2.330(2) 
2.337(2) 
2.314(2) 

2.3279(14)
2.3389(15) 
2.3394(14) 
2.3065(14) 

2.330(5) 
2.337(5) 
2.333(5) 
2.304(5) 

2.318(5)
2.334(5) 
2.339(5) 
2.317(5) 

M-Cp (Cansa) 2.293(2) 2.294(2) 2.2945(12) 2.306(5) 2.301(5)
(C-C)ansa  1.551(3) 1.549(3) 1.5517(18) 1.564(7) 1.562(7)
Cp-Cansa 1.510(3) 1.509(3) 1.5133(19) 1.503(7) 1.516(7)

 
Table 3 Selected bond distances (in Å) for compounds 2a, 3a (and their respective isomers) and 

2b. 
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 2a 2a’ 2b 3a 3a’ 
M-Cansa-Cansa 96.30(13) 96.03(14) 95.91(8) 96.9(3) 96.7(3) 
CpC-Cansa-Cansa 100.50(17) 101.51(19) 100.95(10) 100.2(4) 100.7(4) 
CpCH-CpC-Cansa 124.0(2) 

124.3(2) 
123.5(2)
125.0(2) 

123.55(13)
124.69(13) 

124.1(5)
123.9(5) 

123.5(5) 
125.5(5) 

COtrans-M-Cansa 146.37(8) 146.82(9) 146.15(5) 146.19(17) 146.46(18) 
COcis-M-Cansa 78.49(9) 

78.51(9) 
80.06(9)
76.24(10) 

75.38(5)
81.29(5 

79.04(18)
78.9(2) 

80.68(18) 
76.5(2) 

COcis-M-COtrans 80.45(10) 
80.10(10) 

80.34(10)
80.94(10) 

80.98(6)
79.46(6) 

79.9(2)
79.9(2) 

79.9(2) 
80.6(2) 

COcis-M-COcis 100.88(10) 99.54(10) 100.26(6) 101.8(2) 100.7(2) 
 

Table 4 Selected bond angles (in º) for compounds 2a, 3a (and their respective isomers) and 2b. 
 

 

 

 
Figure 33 ORTEP plot for the preliminary X-ray structure of compound 3b. The position of the 

atoms (especially those in the vicinity of the ansa cycloalkyl ring, see purple ellipsoids) could not 
be properly determined. 

 

10.2.5 Application in epoxidation catalysis 
 

All complexes were tested in the epoxidation of cis-cyclooctene, 1-octene, cis-stilbene 

and trans-stilbene, with tert-butyl hydroperoxide (TBHP) as the oxidant and under air at 

room temperature (Mo and W derivatives) and at 55 ºC (W derivatives). A 

catalyst:oxidant:substrate ratio of 1 : 200 : 100 was used for all reactions except stated 

otherwise.  
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Cyclooctene 

Being the most common epoxidation substrate in the literature, cyclooctene was 

exhaustively tested with the novel ansa compounds. Since there are no comparable 

experiments in the literature, compounds 2e and CpMo(CO)3R (R = Cl, Me) were also 

tested. Catalytic data are summarised in Figures 34-37 (Legend: MoC2 = 2e; MoC5 = 

2a; MoC6 = 2b; MoC7 = 2c; MoC8 = 2d; WC2 = 3e; WC5 = 3a; WC6 = 3b; WC7 = 3c; 

WC8 = 3d; CpMo(CO)3Cl = MoCl; CpMo(CO)3Me = MoMe). 

Upon addition of TBHP, the solution turned light yellow, owing to the oxidation of the 

carbonyl compound to yield the catalytically active species, as described previously.(14, 

19, 51, 58, 76, 124-133, 140-142) An induction period can be observed during the first 

minutes of the reaction, especially in the case of the less active catalytic species. This 

owes to the in situ formation of the abovementioned active speciesxii. A similar 

behaviour has been reported for related complexes.(30, 143)  

The reaction mixture was analysed via GC-MS. Additional data is provided in the 

experimental section.  

 

Figure 34 Catalytic epoxidation of cis-cyclooctene at room temperature with compounds 2a-e 
and the previously reported CpMo(CO)3Me (MoMe) and CpMo(CO)3Cl (MoCl). 

Catalyst:oxidant:substrate ratio 1 : 200 : 100. 
 

Compounds 2a-2e were found to be highly active catalysts for the epoxidation of 

cyclooctene at room temperature, surpassing the activities of both the methyl and 

chloro derivatives (see Figure 34) Quantitative conversions (90 - 100 %) are reached 
                                                 
xii This induction period can be seen occasionally as a small curve in the Figures: this owes 
mostly to the slight experimental error for the 5 min samples. 
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after 30 min. On the other hand, compounds 3a-3e display a much more modest 

catalytic activity at r.t. – a result which was otherwise expected, since W derivatives are 

generally worse catalysts than their Mo analogues. Hence, a further series of 

experiments was carried out at 55 ºC.xiii A comparison between both series of 

experiments is featured in Figure 35. The obtained catalytic activities – both in the case 

of Mo and W derivatives - clearly outperform previous results.(58) The calculated 

turnover frequencies range between 250 and 750 h-1 (2d and 2a, respectively), which is 

within the range of other non-ansa cyclopentadienyl molybdenum alkyls such as 

CpMo(CO)3Me.(ibid.)  

 

 

Figure 35 Catalytic epoxidation of cis-cyclooctene at room temperature and at 55 ºC with 
compounds 3a-e and the previously reported CpMo(CO)3Me (MoMe). Catalyst:oxidant:substrate 

ratio 1 : 200 : 100. 
 

Additional experiments were carried out using a 1 : 2000 : 1000 ratio of 2a, 2b and 2e. 

In this case, a TOF of 3650 h-1 is obtained for the former, whereas 2b displays a 

reduced catalytic activity. In another experiment, a ratio of 2 : 20000 : 10000 was used 

for 2a. Although moderate conversions (ca. 60 %) were obtained after 24 h, the catalytic 

activity of the compound was, in overall, very low. 

                                                 
xiii Previous publication report experiments carried out at 90ºC. This temperature, however, is 
also the decomposition temperature of TBHP; hence, this fact (coupled with the reduced stability 
of the catalyst against moisture and high temperatures) could be responsible for the reduced 
activity of the W catalysts observed therein. 
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In order to properly compare the novel catalysts with those reported in the literature, the 

epoxidation reactions were performed at 55 ºC. In most cases, the catalytic activity was 

either reduced or did not change in comparison with the r.t. experiments. Moreover, the 

catalyst clearly decomposed within the first hour of the reaction. 

 

Figure 36 Catalytic epoxidation of cis-cyclooctene at room temperature with compounds 2a, 2b 
and 2e with lower substrate ratios (cat:ox:subs ratio 0.1 : 200 : 100 unless otherwise stated). 

 

Figure 37 Comparative of the catalytic activity of compound 2e. 

 

The catalyst:oxidant:substrate ratio has also been found to influence the catalytic 

activity. Thus, using 1 molar equivalent of oxidant (instead of 2) significantly reduces the 
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catalytic activity of the complex, whereas 3 molar equivalents do not accelerate the 

reaction significantly.  

In order to test the stability of the catalytic species, further amounts of substrate were 

added after the first run (using 2e as catalyst). It was shown that the catalyst remained 

active after 4 catalytic runs, with a moderate drop in the activity. Further experiments 

with the more stable W derivatives, as well as a comparative between all the tested 

catalysts are currently underway. 

 

1-Octene, cis- and trans-stilbene 

Experiments with 1-octene afford moderate yields (40 % the case of 2a), although no 

diols were detected during the course of the experiment. Moreover, 2a is found to be a 

highly stereoselective catalyst in the epoxidation of cis- and trans-stilbene, affording the 

respective epoxides with almost quantitative cis/trans ratios. These results rule out the 

possibility of the catalyst following a radical mechanism, as it has been reported for 

related speciesxiv.(144) Compound 2b, on the other hand, has been found to form only 

the trans-epoxide from both olefinic substrates. Further studies are currently underway 

in our group. 

 

2a, 2b and 2e, were also tested in the epoxidation of glycidol and the course of the 

reaction monitored via NMR experiments (CDCl3 as solvent, r.t., 1 : 200 : 100 catalyst : 

oxidant : substrate ratio). Preliminary results showed that a significant amount of 

epoxide (ca. 15-20 % conversion) was formed after 4 h of reaction in the case of 2a. 

Moreover, no diol formation was observed. Further experiments include the use of the 

isolated, optically active catalysts in asymmetric epoxidation of glycidol as well as other 

prochiral substrates (such as β-methylstyrene). 

 
 

10.3 Conclusions 
 
 
New molybdenum and tungsten ansa complexes (2a-2d and 3a-3d, respectively) with 

cycloalkyl units as the ansa bridge have been synthesised by the reaction of spiro 

                                                 
xiv It must be noted that a number of experiments using butylated hydroxyanisole (BHA) as 
radical scavenger in the catalytic reaction were performed with compounds 2a-2d. 
Unfortunately, the obtained results were not conclusive. 
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annulated dienes 1a-d with M(CO)3(CH3CN)3, M(CO)3(Me3tach) and M(CO)3PMTA (M = 

Mo, W), the latter being a much preferred synthetic approach. The complexes have 

been characterised by 1H, 13C, 95Mo and two-dimensional COSY NMR experiments. X-

ray structures of compounds 2a, 2b 3a and preliminary structures of compounds 2e 

and 3b confirm the obtained spectroscopic data. In comparison to previously reported 

ansa compounds of Mo and W, these complexes show an improved thermal stability 

and can be stored under air for long periods of time. Catalytic epoxidation with cis-

cyclooctene, 1-octene, cis-stilbene and trans-stilbene as substrate and TBHP as 

oxidant show that 2a-2d are highly active and stereoselective epoxidation catalysts, 

achieving TOFs up to 3600 h-1 at room temperature. Since 3a-3d show only moderate 

activities with cis-cyclooctene as substrate at room temperature, higher reaction 

temperatures are required for it to afford high product yields.  

Further research in the field of ansa compounds, both synthetical and catalytic, is 

currently underway in our group. 

 



132 III. SYNTHESIS AND CATALYTIC APPLICATIONS OF CYCLOPENTADIENYL MOLYBDENUM 
AND TUNGSTEN ALKYL COMPOUNDS 
 
 

 

 

11. Current Research. New ansa 
Derivatives 
 

 

11.1 ansa-C4 compounds. Dimer formation 
 
 
Due to the rather difficult reproducibility of the reaction, the previously reported [Mo(η5-

C5H4(CH2)4-η1-CH)(CO)3] and similar related compounds are being object of further 

synthetic studies. Although they should theoretically be more stable than the C2-ansa 

derivatives, these compounds could not be isolated as described in the literature.(57) 

Instead, a dark red-purple solid was formed independently of the synthetic method 

appliedxv. NMR studies of this product suggest that it consists of a mixture of both the 

ansa monomer and a dimeric species with bis(tetrahydroindenyl) moieties coordinating 

to the metal centres.xvi. According to Eilbracht et al., who detected a similar byproduct 

when reacting W(CO)3(CH3CN)3 with spiro[4.4]nona(1,3)diene, this dimer should 

originate from the ansa monomer, as depicted in Scheme 16.(112) Recent studies on 

similar CpMo dimeric species are also in agreement with the data provided herein.(100) 

Similar results have been observed when attempting the synthesis of [Mo(η5-C5H4(CH2)4-

η1-CH)(CO)3] (4b). Preliminary catalytic tests show that these dimers display a moderate 

catalytic activity, achieving yields up to 40-50 % in the epoxidation of cyclooctene. 

It must be noted that the formation of related ansa C2 derivatives can be ruled out; in 

this case, the fused cyclopentadienyl moiety would suffer from a stronger ring strain. 

 

 

                                                 
xv i.e., using Mo(CO)3(CH3CN)3, Mo (CO)3(PMTA) or Mo(CO)3(Me3tach) as metal precursors 
xvi See Appendix B for spectra of compounds 4a-b and 5a-b. 
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Scheme 16 formation of bimetallic tetrahydroindenyl compounds, originally postulated by 
Eilbracht et al. 

 
 

11.2 Synthesis and catalytic applications of 
highly enantioselective ansa compounds 
 
 
The success of the abovementioned cycloalkyl ansa compounds has prompted our 

research towards similar derivatives. The current work is mostly concentrated in the 

synthesis of related ansa species with enhaced chiral inducing capabilities.  

 

11.2.1 Revisiting the epoxidation catalysis of ansa compounds 
 

The results shown in the previous sections have highlighted the above-average catalytic 

activities of the ansa derivatives at moderate temperatures (room temperature for Mo 

derivatives, 55 ºC for W derivatives), which in most cases clearly outperform previously 

obtained results due to the partial decomposition of the catalyst in the catalytic solution 

at high temperatures. 

 

 

 
Scheme 17 Synthesis of compounds 2f and 2g. 
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These facts have prompted us to revisit the previously synthesised ansa compounds, 

especially those with alleged chiral capabilities.  

Mo(η5-C5H4((CHPh)CH2)-η1-CH)(CO)3, one of the most prominent synthetic attempts of a 

chiral Mo ansa-compound, was reported in 2006 by Zhao et al.(53) The authors reported 

that only one compound (that with the phenyl substituent in α position with respect to 

the Cp ring) was formed, due to sterical effects and relative stability toward ring-

opening reactions (such as β-elimination). Recent studies have shown that the other 

possible insertion product is also formed in significant proportions.1H-NMR and 2D-

COSY experiments (shown in Figures 16 and 17) of the majoritary 2g isomer display 

significant differences in the chemical shift of the ansa bridge protons. In light of the 

promising results of related complexes, these compounds are currently under 

investigation, both from a synthetic point of view as well as from an asymmetric 

catalysis perspective.  

 

 
 

Figure 38 1H NMR spectra of compounds 2f (minor isomer, circled) and 2g. 

 

To this respect, the preliminary results obtained in the epoxidation of allyl alcohol to 

glycidol, along with the X-ray studies presented in Section 10.2.4 have prompted the 

application of the synthesised ansa compounds in this direction.  
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Figure 39 2D-COSY NMR spectra of compounds 2f (minor isomer, in magenta) and 2g, showing 

the interactions between the ansa-bridge protons of each compound. 
 

11.2.2 Use of the menthyl moiety as a chiral inducing agent 
 

The previous work of Abrantes et al. dealing with menthyl-Cp Mo carbonyls and their 

application as epoxidation catalysts(54) has prompted the development of related 

species. Since the authors pointed out that the low enantiomeric species obtained in 

the epoxidation of trans-β-methylstyrene could result of the free rotation of the 

cyclopentadienyl ring, it has been suggested that immobilising the menthyl-Cp moiety 

via an ansa bridge could dramatically enhance the chiral induction properties of the 

catalyst.  
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Figure 40 ansa menthyl derivatives. 
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The promising results shown by the ansa cycloalkyl derivatives in enantioselective 

catalysis has prompted us to synthesise menthyl-Cp substituted derivatives of 

compounds 2a, 2b and 2e as well as to incorporate the menthyl fragment as the ansa 

cycloalkyl ring itself (see Figure 40 and Scheme 18).  

 

 
 

Scheme 18 Synthesis of menthyl derivatives, including the synthesis of cis-menthenediol to 
afford the respective spiroligand (above) and the synthesis of a menthyl-Cp cycloalkyl 

spiroligand (below). 
 

Our group has recently synthesised the spiro menthyl derivatives of ligands 1a, 1b and 

1e (1g, 1h and 1i, see Figure 41)xvii. The 1H-NMR spectra shows a number of isomers, 

depending on the position of the menthyl substituent and the cycloalkyl ring. 

 

 

 
Figure 41 Spiro menthyl derivatives synthesised in our group. 

 

1g and 1h have been reacted without further purification with Mo(CO)3(Me3tach). The 

obtained compounds (dark red oily products) have been characterised by 1H and 13C 

experiments, as well as 2D COSY experiments. Surprisingly, no signals are observed in 

the expected Cansa range. A reason for these results might be the formation of a dimeric 

structure. Mass spectroscopy partly supports these conclusions: apart from a molecular 

                                                 
xvii The 1H spectra of compound 1g is featured in section A.1 of the Appendix  
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peak corresponding to [M-CO]+, a group of smaller peaks which could be assigned to 

the dimeric species [2M-CO]+, [2M-2CO]+ and [2M-3CO]+ are observed. 

The obtained complexes have been also applied as catalysts in the epoxidation of 

cyclooctene. Preliminary results have shown that the obtained compounds do display 

catalytic activity, albeit with moderate to low conversions.  

 

11.2.3 Other alkyl ansa derivatives 
 

Apart from the abovementioned menthyl derivatives, a series of new ansa derivatives 

have been designed. Bicyclic derivatives might be a source for sterically demanding 

ansa compounds. Thus, our group has synthesised mesylated norbornandiol from the 

well known norbornene. Attempts to successfully form the spiro ligand from this bicyclic 

diol in good yields and purities are currently underway.  

On the other hand, compounds with quaternary carbons (such as catechol and 

bi(cyclopentane)-1,1’-diol) in the ansa bridge could feature an improved stability. 

However, first attempts have not been successful due to the high sensitivity of the 

obtained mesyl derivatives.  

 

 

 
Figure 42 Selection of diols as possible ansa moieties (above). Below: the compound reported 

by Thiel et al., a spiro derivative of fluorenyl and its expected ansa derivative. 
 

Indenyl and fluorenyl Mo and W derivatives (with or without ansa bridges) are known 

since the mid 80ies.(122, 123) Further attempts include menthyl-substituted indene 

spiro ligands, which have been found to form highly chiral rhodium heteroatomic ansa 

complexes.(145)  

More recently, Thiel et al. synthesised a Mo dibenzofluorenyl (dbf) derivative (Figure 42, 

lower left corner).(146) It was found that the diphenyl fragments are bent with respect to 

the Cp moiety, hindering the rotation of the dbf ligand.  
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In light of these results, our group is currently attempting the synthesis of indenyl and 

fluorenyl ansa derivatives. However, these compounds display a reduced stability with 

donor solvents such as THF. Moreover, the metal centre can coordinate either to the 

phenyl or the cyclopentadienyl moieties, further hindering metal insertion to form the 

expected ansa derivatives.  

 

11.2.4 Heterogenisation of the cycloalkyl ansa compounds. 
Synthesis of 3,4-dihydroxypyrrolidines 
 

The stability of the reported compounds has aroused the possibility of functionalising 

the ansa cycloalkyl ring in order to graft it to a surface. A promising candidate, 

pirrolidine 3,4-diol, has been synthesised using published procedures (see Scheme 

19).(147)  

 

 

 
Scheme 19 Synthesis of pirrolidine-3,4-diol (from (147)). 

 

So far, the substituted pyrrolidine synthesised in step ii has afforded the spiro derivative 

in low yields and purities. The main reason for this fact is the reaction of the benzylic 

moiety with the strongly basic cyclopentadienide moiety, generating the spiro derivative 

of the pirrolidinediol moiety. Current research aims for the synthesis of the latter 

product, using its deprotonated or protected form to form the expected spiro ligand. A 

scheme summarising this ongoing work is included below. 

 

 

 
Scheme 20 Proposed heterogenisation of the ansa compound. 
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11.2.5 Mechanistic studies  
 

The mechanistic studies of CpMo(CO)3Me reported in the present work have given 

some insight in the particularities of the epoxidation reaction with alkyl derivatives.(143) 

As it has been observed in Chapter 10, our current research with ansa compounds is 

strongly concentrated on studying the catalytic capabilities of these novel compounds. 

Since many comparisons have been done with the CpMo(CO)3Me systems, our group is 

trying to isolate the oxidated derivatives of the cycloalkyl ansa complexes. So far, it has 

been observed that the oxidation reaction of the carbonyl species is highly exothermic 

(which would account for the reduced induction time in comparison with both the chloro 

and the alkyl derivatives). Moreover, preliminary NMR studies during the catalytic 

reaction have detected signals in the range for related Cp-M species, which further 

proves that the ansa species are involved in the oxidation reaction. This conclusion 

rules out the proposed in situ formation of non-organometallic molybdenum oxides, 

which would be the main catalytic species.(82) 
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12. Synthesis and Catalytic 
Applications of MTO Schiff Base 
Complexes (Chapter 6) 
 

 

12.1 Materials and methods 
 
 
All preparations and manipulations were performed using standard Schlenk techniques 

under an argon atmosphere. However, in the case of 1 - 3 the synthesis can be carried 

out under air without decomposition of the products. Solvents were dried by standard 

procedures (n-hexane and Et2O over Na/benzophenone; CH2Cl2 over CaH2), distilled 

under argon and kept over molecular sieves. Elemental analyses were performed with a 

Flash EA 1112 series elemental analyser. 1H, 13C NMR and 17O NMR were measured in 

CDCl3 with a Mercury-VX 300, a Varian 270 and 400 or a 400 MHz Bruker Avance DPX-

400 spectrometers. IR spectra were recorded with a Perkin Elmer FT-IR spectrometer 

using KBr pellets as the IR matrix. CI mass spectra (isobutene as CI gas) were obtained 

with a Finnigan MAT 90 mass spectrometer. Catalytic runs were monitored by GC 

methods on a Varian CP-3800 instrument equipped with a FID and a VF-5ms column or 

on a Hewlett-Packard instrument HP 5890 Series II equipped with a FID, a Supelco 

column Alphadex 120 and a Hewlett-Packard integration unit HP 3396 Series II. The 

Schiff base ligands were prepared as described previously.(1-3). 

 
 

12.2 Synthesis of the Schiff base adducts 
 
 
Compounds 1–10 were prepared as follows: A solution of [(CH3)ReO3] (0.2 g, 0.8 mmol) 

in diethyl ether (5 mL) was added dropwise to an equally concentrated solution of ligand 

(0.8 mmol) in diethyl ether (5 mL) whilst stirring at room temperature. After 20-30 min the 

yellow-orange solution-mixture was dried (compounds 1 - 4) or concentrated to about 3 
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mL (5 - 10) under oil pump vacuum and the orange/red precipitate recrystallised from a 

CH2Cl2/hexane mixture. 

 

1: Yield: 82 %. 1H NMR (400 MHz, CDCl3, 25°C): δ = 15.46 (d, 4J(H-H) = 2.75, 1H, C-OH), 

9.31 (d, 4J(H-H) =3.7, 1H, CH=N), 8.1-7.1 (m, H aryl), 2.59 (s, 3H, CH3-MTO). 13C NMR 

(100.28 MHz, CDCl3): δ = 171.26 (C-OH), 154.13 (CH=N), 144.61, 136.90, 129.71, 

129.40, 128.14, 126.56, 123.55, 122.51, 120.12, 118.74, 108.70 (aryl-C), 19.46 (CH3-

MTO). IR (KBr): see Tables 1 and 2. MS (CI): m/z (%) 498.1 [M+], 250.9 [M+-MTO], 248.9 

[M+-L]. Elemental analysis calcd. (%) for C18H16NO4Re (496.53): C 43.54, H 3.25, N 2.82; 

Found: C 43.84, H 3.24, N 2.81. 

 

2: Yield: 80 %. 1H NMR (400 MHz, CDCl3, 25°C): δ = 15.49 (d, 4J(H-H) = 3.7, 1H, C-OH), 

9.23 (d, 4J(H-H) = 4.9, 1H, CH=N), 8.1-7.0 (m, H-aryl), 2.50 (s, 3H, CH3-MTO), 2.38 (s, 1H, 

Ph-CH3). 13C-NMR (100.28 MHz, CDCl3): δ = 171.87 (C-OH), 153.72 (CH=N), 141.33, 

137.19, 136.66, 133.31, 130.29, 129.37, 128.10, 127.06, 123.43, 122.69, 119.77, 118.62 

(aryl-C), 70.57, 26.48, 20.99 (CH3-Ph), 19.88 (CH3-MTO). IR(KBr): see Tables 1 and 2. 

MS (CI): m/z (%) 262.1 [M+-MTO], 251.0 [M+-L]. Elemental analysis calcd. (%) for 

C19H18NO4Re (510.56): C 44.70, H 3.55, N 2.74; Found: C 45.07, H 3.53, N 2.69. 

 

3: Yield: 94 %. 1H NMR (270 MHz, CDCl3, 25°C): δ = 15.72 (d, 4J(H-H) = 5.6, 1H, C-OH), 

9.26 (d, 4J(H-H) = 5.8, 1H, CH=N), 8.1-7.0 (m, H-aryl), 2.58 (s, 1H, CH3-MTO), 2.45-2.42 (s, 

2H, Ph-CH3). 13C-NMR (100.28 MHz, CDCl3): δ = 172.51 (C-OH), 153.13 (CH=N), 137.15, 

130.96, 129.39, 128.11, 127.24, 123.44, 122.98, 118.66, 117.72, 108.71 (aryl-C), 21.15, 

17.70 (CH3-Ph), 19.26 (CH3-MTO). IR(KBr): see Tables 1 and 2. MS (CI): m/z (%) 276.1 

[M+-MTO], 250.9 [M+-L]. Elemental analysis calcd. (%) for C20H20NO4Re (524.58): C 

45.79, H 3.84, N 2.67; Found: C 45.69, H 3.76, N 2.63. 

 

4: Yield: 75 %. 1H NMR (400MHz, CDCl3, 25°C): δ = 15.40 (d, 4J(H-H) = 3.2, 1H, C-OH), 

9.39 (d, 4J(H-H) = 3.2, 1H, CH=N), 8.1-7.1 (m, H-aryl), 2.62 (s, 1H, CH3-MTO). 13C-NMR 

(100.28 MHz, CDCl3): δ = 168.97 (C-OH), 155.60 (CH=N), 143.23, 136.83, 133.09, 

130.38, 129.43, 128.16, 127.88, 127.50, 127.14, 123.73, 121.71, 118.96, 118,67, 109.22 

(C-aryl), 19.09 (CH3-MTO). IR(KBr): see Tables 1 and 2. MS (CI): m/z (%) 282.0 [M+-

MTO], 250.9 [M+-L]. Elemental analysis calcd. (%) for C18H15ClNO4Re (552.2): C 40.72, H 

2.85, N 2.64, Cl 6.68; Found: C 40.53, H 2.84, N 2.44, Cl 6.78. 
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5: (colour: red) Yield: 85 %; 1H-NMR (400 MHz, CDCl3, RT): δ= 13.07 (s, 1H; NH), 8.70 

(s, 1H; CH=N), 7.51-7.34 (m, 6H; Ph), 7.11-6.94 (m, 2H; Ph), 2.63 ppm (s, 3H; MTO-

CH3); IR (KBr): see Table 1; MS (70eV, CI): m/z (%): 232.00 (100) [C13H10ClNO+H+]+, 

336.0 (13.53), 463.0 (3.19); elemental analysis: calcd (%) for C14H13ClNO4Re (480.92): C 

34.96, H 2.72, N 2.91; found: C 35.07, H 2.77, N 2.95. 

 

6: (colour: orange) Yield: 86 %; 1H-NMR (300 MHz, CDCl3, RT): δ=13.25 (s, 1H; NH), 

8.60 (s, 1H; CH=N), 7.40-7.25 (m, 3H; Ph), 7.03-6.82 (m, 5H;Ph), 3.84 (3H, s, OCH3), 

2.60 ppm(3H, s, MTO-CH3); IR(KBr): see Tables 1; MS (70eV, CI): m/z (%): 228.1 (100) 

[C14H13NO2+H+]+, 251.0 (48.15) [CH3ReO3+H+]+; elemental analysis: calcd (%) for 

C15H16NO5Re (476.50): C 37.82, H 3.36, N 2.94; found: C 37.99, H 3.24, N 2.88.  

 

7: (colour: red) Yield: 78 %; 1H-NMR (400 MHz, CDCl3, RT): δ=13.49 (s, 1H; NH), 8.61 (s, 

1H; CH=N), 7.45-7.28 (m, 3H; Ph), 7.23-7.10 (m, 4H; Ph), 6.97-6.94(m, 1H; Ph), 2.61 (s, 

3H; MTO-CH3), 2.40 ppm (s, 3H; CH3); IR (KBr): see Table 1; MS (70eV, CI): m/z (%): 

212.10 (100) [C14H13NO+H+]+, 250.1 (1.52) [CH3ReO3]+; elemental analysis: calcd (%) for 

C15H16O4NRe (461.06): C 39.12, H 3.50, N 3.04; found: C 39.17, H 3.57, N 3.09. 

 

8: (colour: orange) Yield: 80 %; 1H-NMR (300 MHz, CDCl3, RT): δ=13.43 (s, 1H; NH), 

8.60 (s, 1H; CH=N), 7.38-7.26 (m, 4H; Ph), 7.03-6.90 (m, 4H; Ph), 4.08-4.03 (q, 2H; CH2), 

2.60 (s, 3H; MTO-CH3), 1.45-1.42 (t, 3H; CH3); IR (KBr): see Table 1; MS (70eV, CI): m/z 

(%): 242.1 (100) [C15H15NO2+H+]+, 298.1 (25.54), 483.0 (11.78); elemental analysis: calcd 

(%) for C16H18O5NRe (490.52) C 39.18, H 3.70, N 2.86; found: C 39.19, H 3.74, N 2.94. 

 

9: (colour: red) Yield: 82 %; 1H-NMR (400 MHz, DMSO, RT): δ=13.41 (s, 1H; NH), 9.66 

(s, 1H; OH), 8.90 (s, 1H; CH=N), 7.60-7.57 (m, 1H; Ph), 7.38-7.30 (m, 3H; Ph), 6.97-6.82 

(m, 4H; Ph), 1.90 ppm (s, 3H, MTO-CH3); IR (KBr): see Tables 2 and 3 (p. 67); MS (70eV, 

CI): m/z (%): 212.1 (68.32) [C13H11NO2-H]+, 251.0 (60.02) [CH3ReO3+H+]+; elemental 

analysis: calcd (%) for C14H14O5NRe (462.47): C 36.36, H 3.05, N 3.03; found: C 36.41, H 

3.09, N 3.05. 

 

10: (colour: red) Yield 79 % 1H-NMR (CDCl3, 300MHz, 25°C, ppm): δ = 13.63 (C-OH, s, 

1H), 8.62 (CH=N, s, 1H), 7.32-6.83 (aryl-H, m, 7H), 3.94 (Ph-OCH3, s, 3H), 3.85 (Ph-

OCH3, s, 3H), 2.62 (Re-CH3, s, 3H); 13C-NMR (CDCl3, 100.28 MHz, 25°C, ppm): δ = 

196.59 (C-OH), 162.73, 160.49 (CH=N), 151.51, 149.48, 130.14, 123.83, 118.51, 114.86, 

113.27, 112.62, 107.01 (C-aryl), 56.20, 55.38 (O-CH3), 19.11 (Re-CH3); IR(KBr, ν[cm-1]): 
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1646s ν (CH=N), 1500s, 1488s, 1371m, 1297m ν (C-OH), 1266s, 1142m, 1006m νs 

(Re=O), 931s, 917vs νas (Re=O), 742s, 555m; CI-MS (70 eV): m/z =258.1 [M+-MTO], 

251.0 [M+-L]; elemental analysis: calcd (%) for C16H18NO6Re (506.52): C, 37.94; H, 3.58; 

N, 2.77; found: C, 38.49; H, 3.47; N, 2.70.  

 
 

12.3 X-ray crystal determination of 
compounds 5-9 
 
 

Complexes 5 and 6 

General: Preliminary examination and data collection were carried out on an area 

detecting system (5: STOE IPDS 2T; 6: NONIUS κ-CCD device) at the window of a 

rotating anode (NONIUS FR591) and graphite monochromated Mo-Kα radiation (λ = 

0.71073 Å). Data collections were performed at 173 K (OXFORD CRYOSYSTEMS). 

Reflections were integrated, corrected for Lorentz, polarisation, absorption effects, and 

arising from the scaling procedure for latent decay. The structures were solved by a 

combination of direct methods and difference Fourier syntheses. All non-hydrogen 

atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

calculated in ideal positions (5: riding model, dC-H = 0.95 and 0.98 Å 6: riding model, dN-H 

= 0.88 Å and dC-H = 0.95 and 0.98 Å). Isotropic displacement parameters were 

calculated from the parent carbon/nitrogen atom (Uiso(H) = 1.2/1.5Ueq(C)). Full-matrix least-

squares refinements were carried out by minimising w(Fo
2 - Fc

2)2 with the SHELXL-97 

weighting scheme. The final residual electron density maps show no remarkable 

features. Specials 5: Small extinction effects were corrected with the SHELXL-97 

procedure [ε = 0.0105(5)]. The hydrogen atom located at the nitrogen atom was found in 

the final difference Fourier maps and was allowed to refine freely (dN-H = 0.80(7) Å). 

CCDC reference numbers 702104(5) (compound 5), 702105(6) (compound 6). (4-10)  

 

Complexes 7-9 

The diffraction data were obtained with a Bruker Smart 1000 CCD diffractometer 

operating at 50kV and 30mA using Mo-Kα radiation (λ = 0.71073 Å). Data collection was 

performed at 293 K with a diffraction measurement method and reduction was 

performed using the SMART and SAINT software with frames of 0.3° oscillation in the 

range 1.5 < θ < 26.2°. An empirical absorption correction was applied using the 
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SADABS program. The structures were solved by direct methods and all non-hydrogen 

atoms were subjected to anisotropic refinement by full-matrix least squares on F2 using 

the SHELXTL package. All hydrogen atoms were generated geometrically (C-H bond 

lengths fixed at 0.96 Å), assigned appropriate isotropic thermal parameters, and 

included in structure factor calculations in the final stage of F2 refinement. CCDC 

reference numbers 648768 (Compound 7), 648766 (Compound 8), 648767 (Compound 

9).(11-14) 

 
 

12.4 Catalytic reactions 
 
 
Method A: Cis-cyclooctene (800 mg, 7.3 mmol), 1.00 g mesitylene (internal standard), 

H2O2 (30 % aqueous solution; 1.62 mL, 14.6 mmol) and 1 mol % (73 μmol) of 

compounds 1–10 or 0.1 mol % (7.3  mol) of compound 5 as catalyst were mixed. 

Method B: 1-octene (343.2 mg, 3.12 mmol), 429 mg mesitylene (internal standard), H2O2 

(30 % aqueous solution) (0.64 mL, 6.24 mmol,) and 1 mol % (31.3 μmol) of catalyst (5-9) 

were mixed. 

Method C: Styrene (250 mg, 2.39 mmol), 100 mg mesitylene (internal standard), H2O2 

(30 % aqueous solution) (0.53 mL, 4.78 mmol,) and 1 mol % (24 μmol) of catalyst (5-9) 

were mixed. 

Olefins, mesitylene (internal standard) and the catalysts were added to the reaction 

vessel under standard conditions and dilluted in CH2Cl2. The reaction began with the 

addition of H2O2. The course of the reaction was monitored by quantitative GC analysis 

(cyclooctene and styrene) and GC-MS analysis (1-octene). Samples were taken in 

regular time intervals, diluted with CH2Cl2, and treated with a catalytic amount of MgSO4 

and MnO2 to remove water and to destroy the excess of peroxide. The resulting slurry 

was filtered and the filtrate injected into a GC column. The conversion of cyclooctene, 

1-octene, styrene and the formation of the corresponding oxides were calculated from 

calibration curves (r2 = 0.999) recorded prior to the reaction course.



 

 

 

 

13. Kinetic Studies on the Oxidation 
of η5-Cyclopentadienyl Methyl 
Tricarbonyl Molybdenum(II) and the 
use of its Oxidation Products as 
Olefin Epoxidation Catalysts (Chapter 
8)  
 

 

13.1 Materials and methods 
 
 
All preparations were carried out under an oxygen- and water-free argon atmosphere 

using standard Schlenk techniques. All solvents were derived from MBraun solvent 

purification system. Cyclooctene and  -methoxystyrene (Aldrich) were used as received 

without further purifications. TBHP (Aldrich, 5.0-6.0 M solution in decane) was used 

after drying over molecular sieves to remove the residual water (< 4 % when received). 

IR spectra were measured with a JASCO FT-IR-460 Plus spectrometer using KBr 

pellets. NMR spectra were measured applying a JEOL 400 and 400-MHz Bruker 

Avance DPX-400 spectrometer. The UV spectra were measured on JASCO UV-Vis V-

550 spectrophotometer. 

 
 

13.2 Synthesis of CpMo(O2)OCH3 
 
 
Complex 1 (1 mmol, 260 mg) was mixed with 10 eq TBHP (10 mmol) in 40 mL 

dichloromethane at room temperature. The oxidation continued for 3 h, and then MnO2 

was added to quench the reaction. After another 1 h stirring, the solution was filtrated 

to removed MnO2 and any solid residue. Then the solvent was evaporated under 

vacuum at 0 °C. The pale yellow solid was washed three times with hexane (3x5 mL) 
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and dried under vacuum. Yield: 140 mg (63%). Elemental analysis (C, 32.06; H, 3.76) is 

in agreement with the calculated values for C6H8O3Mo (224.06): C, 32.17; H, 3.60. The 

spectral data of the pure compound are in agreement with those reported for the Mo-

oxoperoxo compound, CpMo(O)(O2)CH3, prepared previously by the method of 

Legzdins.(16, 15) IR (KBr,   cm-1): 3102s (Cp), 3064w, 2987w, 2943w, 2895w, 1633bw, 

1454w, 1420m, 1169m, 1067m, 1029m, 1002m, 951vs (νMo=O), 931s, 877vs (νO-O), 849s, 

831s, 774w, 748w, 575s, 565s (νMo-O); 1H-NMR (CDCl3, 400 MHz, rt., δ ppm): 6.29 (5H, s, 

Cp), 2.12 (3H, s, CH3), 13C-NMR (C6D6, 100.28 MHz, rt. δ ppm): 109.3 (Cp), 24.7 (CH3); 

95Mo-NMR (C6D6, 26.07 MHz, rt. δ ppm): -609 ppm; 17O NMR (CDCl3, 54.26 MHz, rt. δ 

ppm): 869 (oxo), 359 ,336 (peroxo).  

 
 

13.3 Kinetic studies 
 
 
Kinetic data were collected by using 1H NMR and UV methods. The epoxidation of 

cyclooctene was monitored by NMR, and the epoxidation of β-methoxystyrene was 

followed by UV spectrophotometric technique. In each case the temperature was 

controlled at 20 °C. (a) The reactions studied by 1H NMR were carried out in CDCl3 in a 

total volume of 0.5-1.0 mL. The relative amounts of TBHP, the catalyst and cyclooctene 

were chosen with a concern for the requirements of the kinetic analysis which was 

carried out by a first-order or initial rate kinetic. The 1H-NMR spectra were recorded at 

2 - 20 min increments over the 2 - 5 h reaction time. Under pseudo-first-order 

conditions, the changes in the intensity (I) of the cyclooctene signal(s) and/or the 

cyclooctene oxide with time were fit to a single exponential decay: It = I∞ + (Io - I∞) exp(-

kψt). (b) In the spectrophotometric (UV) method, the reaction mixtures were prepared in 

the reaction cuvette (optical path = 1.0 cm, VT = 3.0 mL) with the last component added 

being TBHP or the olefin. Some experiments were carried out in cuvettes with short 

optical paths (0.1-0.2 cm) to allow direct measurement of the absorbance changes 

during the reaction when the catalyst or β-methoxystyrene were varied, because both 

have high molar absorptivities and contribute a large absorbance background at the 

wavelengths used. The data were obtained by following the loss of the β-

methoxystyrene (or trans-β-methylstyrene) absorption in the range between 260 - 270 

nm. Initial rate and pseudo-first-order conditions applied in different protocols. In the 

latter case, the pseudo-first-order rate constants were evaluated by nonlinear least-
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squares fitting of the absorbance-time curves to a single exponential equation, At = A∞ 

+ (Ao - A∞) exp(-kψt). 

 
 

13.4 Crystal data of compound 3 
 
 
Crystal data and details of the structure determination are presented in Table S1 and 

Figure S1. Suitable single crystals for the X-ray diffraction study were grown from 

diethyl ether. A clear yellow fragment was stored under perfluorinated ether, transferred 

in a Lindemann capillary, fixed, and sealed. Preliminary examination and data collection 

were carried out on a kappa-CCD device (NONIUS MACH3) with an Oxford Cryosystems 

cooling device at the window of a rotating anode (NONIUS FR591) with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å). Data collection was performed at 173 

K within the Θ range of 3.45° < Θ < 27.81°. A total of 5660 reflections were integrated, 

corrected for Lorentz polarisation, and, arising from the scaling procedure, corrected for 

latent decay and absorption effects. After merging (Rint = 0.019), 1711 [1662: Io>2σ (Io)] 

independent reflections remained and all were used to refine 94 parameters. The 

structure was solved by a combination of direct methods and difference-Fourier 

syntheses. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Methyl hydrogen atoms were calculated as a part of rigid rotating groups, 

with dC–H = 0.98 Å and Uiso(H) = 1.5Ueq(C). Aromatic hydrogen atoms were placed in ideal 

positions and refined using a riding model with dC–H = of 0.95 Å and Uiso(H) = 1.2Ueq(C). 

Small extinction effects were corrected with the SHELXL-97 procedure [ε = 0.013(2)]. 

Full-matrix least-squares refinements were carried out by minimising Σw(Fo
2-Fc

2)2 with 

the SHELXL-97 weighting scheme and converged with R1 = 0.0384 [Io>2σ (Io)], wR2 = 

0.0989 [all data], GOF = 1.094, and shift/error < 0.001. The final difference-Fourier map 

shows clearly a disorder which could not be resolved and modeled without a doubt. 

This fact is obvious, too, in the unusual high thermal displacement parameters and the 

positions of the two highest difference-Fourier peaks (Figure S2). As can be seen by 

Flack's Parameter ε = 0.51(15) the crystal is twinned and the refinements were 

completed with the TWIN / BASF option. All calculations were performed with the WINGX 

system, including the programs DIAMOND, PLATON, SHELXL-97, and SIR92.(4-10, 17) 
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 3
formula C6H8MoO3

fw 224.06
colour / habit yellow / fragment 
cryst dimensions (mm3) 0.10 × 0.18 × 0.46  
cryst syst Orthorhombic
space group P212121 (no. 19) 
a, Å 6.5225(5)
b, Å 7.9532(5)
c, Å 13.9632(7) 
V, Å3 724.34(8) 
Z 4
T, K 173
Dcalcd, g cm-3 2.055
μ , mm-1 1.751
F(000) 440
θ range, deg 3.45 − 27.81 
Index ranges (h, k, l) ±8, ±10, -10: 18 
no. of rflns collected 5660
no. of indep rflns / Rint 1711 / 0.019
no. of obsd rflns (I>2σ(I)) 1662
no. of data/restraints/params 1711 / 0 / 94
R1 / wR2 (I>2σ(I))a 0.0384 / 0.0984
R1 / wR2 (all data)a 0.0391 / 0.0389
GOF (on F2)a 1.094 
Largest diff peak and hole (e Å-3) +1.23 / -0.72

   aR1 = Σ(||Fo|-|Fc||)/Σ|Fo|; wR2 = {Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]}1/2; 

   GOF = {Σ[w(Fo
2-Fc

2)2]/(n-p)}1/2 
Table S1. Crystallographic Data for [Mo(η5-C5H5)O(O2)CH3] (3). 

 

 

Figure S1 ORTEP style plot of compound 3 in the solid state showing the two highest 
difference-Fourier peaks Q1 (+1.23 e Å-3) and Q2 (+1.17 e Å-3).



 

 

 

 

14. Stable and Catalytically Active 
ansa Compounds with Cycloalkyl 
Moieties as Bridging Units (Chapter 
10) 
 
 

14.1 Materials and methods 
 
 
All preparations and manipulations were performed using standard Schlenk techniques 

under an argon atmosphere. Solvents were dried by standard procedures (THF, n-

hexane and Et2O over Na/benzophenone; CH2Cl2 and pentane over CaH2), distilled 

under an argon atmosphere and used immediately (THF) or kept over 4 Å molecular 

sieves. TBHP was purchased from Aldrich as 5.0–6.0 mol% solution in n-decane and 

used after drying over molecular sieves to remove the water (< 4% when received). 

Microanalyses were performed in the Mikroanalytisches Labor of the TU München in 

Garching. Thermogravimetric analyses were performed with a Netzsch TG 209 system 

at a heating rate of 5 °C min-1 under an oxygen atmosphere. 1H-, 13C- and 95Mo-NMR 

spectra were recorded using a Jeol-JMX-GX 400 MHz or a Bruker Avance DPX-400 

spectrometer. Mass spectra were recorded with a Finnigan MAT 311 A and a MAT 90 

spectrometer. Catalytic runs were monitored by GC methods on a Varian CP-3800 

instrument equipped with a FID and a VF-5ms column (cis-cyclooctene, 1-octene) or a 

Hewlett-Packard HP-6890 instrument with a mass selective detector and a DB-225 

column (cis-stilbene, trans-stilbene). The cycloalkyl bis(methanesulfonates) were 

synthesised from their respective diols using published procedures.(18) (Cyclopentane- 

and cyclohexanediol purchased from Aldrich and used without further purification, 

cycloheptane- and cyclooctanediol were synthesised from the respective olefins via 

KMnO4 dihydroxilation using previously reported procedures (19)). The metal precursors 

W(CO)3(CH3CN)3, Mo(CO)3(CH3CN)3, Mo(CO)3(Me3tach) and W(CO)3(Me3tach) were 

synthesised from the respective carbonyls according to published procedures.(20-22) 

Compounds η5-cyclopentadienyltricarbonylmethylmolybdenum(II) and η5-
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cyclopentadienyltricarbonylchloromolybdenum(II) were synthesised using modified 

literature procedures.(23) 

 
 

14.2 Synthesis of the spiro ligands 
 
 
1a-d were synthesised according to a modified literature procedure.(24) Freshly distilled 

cyclopentadiene (5 mL, 0.06 mol) was added to a suspension of NaH (1.9 g, 0.08 mol) in 

200 mL THF at 0 °C. The flask was then cooled again to 0 °C and the respective 

bis(methanesulfonate) cycloalkyldiols (10 g, 0.04 mol) in 100 mL THF were added 

dropwise. The mixture was stirred overnight at r.t. and 20 mL of methanol were added 

to quench any excess of NaH and NaCp. After addition 100 ml of water, the THF layer 

was separated and the aqueous layer was washed with hexane (3 × 50 mL). The 

combined organic layers were washed with 100 mL water, 100 ml HCl (10%) and 100 

mL water to obtain an orange-yellow solution. All the organic solvents were distilled off 

and the residue was extracted with pentane. After drying under high vacuum, the 

spiroligand were obtained as bright yellow-orange oils and were used without further 

purification. 

The previously reported spiro[2.4]hepta-4,6-diene and spiro[4.4]nona-1,3-diene (1e, 1f) 

were synthesised according to published procedures.(25) 

 

Spiro[4.2]-bicyclo[4.1]-deca-6,8-diene (1a) was obtained as a bright yellow oil ( ρ = 

1.5 g/cm3). Yield: 70%. 1H NMR (400 MHz, CDCl3, 25 °C):   = 6.56 (m, 1H, Cp); 6.43 (m, 

1H, Cp); 6.41 (m, 1H, Cp); 6.02 (m, 1H, Cp); 2.63 (m, 2H, Cp-CH); 2.2-1.9 (m, 5H, 

cyclopentyl); 1.75 (m, 1H, cyclopentyl). 13C NMR (100.28 MHz, CDCl3):   = 140.17, 

132.76, 131.57, 126.87 (Cp); 48.37 (Cspiro); 36.09 (Cp-CH); 28.81, 24.80 (cycloalkyl). CI-

MS: parent peak at m/z = 133 corresponding to [M]+. 

 

Spiro[bicyclo[4.1.0]heptane-7,1'-cyclopenta[2,4]diene] (1b) was obtained as a yellow 

oil ( ρ = 1.5 g/cm3). Yield: 60%. 1H NMR (400 MHz, CD2Cl2, 25°C):   = 6.55 (m, 2H, Cp); 

6.35 (m, 1H, Cp); 6.04 (m, 1H, Cp); 2.29 (m, 2H, Cp-CH); 2.1-1.5 (m, 8H, cycloalkyl). 13C 

NMR (100.28 MHz, CD2Cl2):   = 142.86, 133.09, 131.79, 126.74 (Cp); 48.81 (Cspiro); 32.33 

(Cp-CH); 30.09, 27.16, 23.78, 22.44 (cycloalkyl). CI-MS: parent peak at m/z = 147 

corresponding to [M]+. 

 



160 IV. EXPERIMENTAL SECTION 
 

Spiro[bicyclo[5.1.0]octane-8,1'-cyclopenta[2,4]diene] (1c) was obtained as a yellow-

orange oil ( ρ = 1.6 g/cm3). Yield: 50%. 1H NMR (400 MHz, CDCl3, 25°C):   = 6.60 (m, 1H, 

Cp); 6.45 (m, 1H, Cp); 6.37 (m, 1H, Cp); 6.02 (m, 1H, Cp); 2.26 (m, 2H, Cp-CH); 2.16 (m, 

2H, cycloalkyl); 1.99 (m, 2H, cycloalkyl); 1.9-1.3 (m, 6H, cyclo). 13C NMR (100.28 MHz, 

CDCl3):   = 140.78, 133.46, 131.18, 126.65 (Cp); 50.48 (Cspiro); 38.75 (Cp-CH); 33.60, 

32.71, 29.555, 29.03, 25.69 (cycloalkyl); CI-MS: parent peak at m/z = 161 corresponding 

to [M]+. 

 

Spiro[bicyclo[6.1.0]nonane-9,1'-cyclopenta[2,4]diene] (1d) was obtained as an 

orange oil ( ρ = 1.6 g/cm3). Yield: 65%. 1H NMR (400 MHz, CDCl3, 25°C):   = 6.59 (m, 1H, 

Cp); 6.40 (m, 1H, Cp); 6.36 (m, 1H, Cp); 6.08 (m, 1H, Cp); 2.40 (m, 2H, Cp-CH); 2.08 (m, 

2H, cycloalkyl); 1.95 (m, 2H, cycloalkyl); 1.87 (m, 2H, cycloalkyl); 1.7-1.3 (m, 10H, cyclo). 
13C NMR (100.28 MHz, CDCl3):   = 141.09, 133.19, 131.25, 126.71 (Cp); 47.13 (Cspiro); 

42.13 (Cp-CH); 33.19, 29.69, 27.26, 26.64, 25.75, 24.81 (cycloalkyl); CI-MS: parent peak 

at m/z = 175 corresponding to [M]+. 

 
 

14.3 Synthesis of the Mo derivatives 
 
 
Method A (Compounds 2a-d) The addition of spiro ligands 1a-d (0.21 g, 1.6 mmol) to a 

20 mL solution of Mo(CO)3(CH3CN)3 (0.63 g, 1.6 mmol) produced a yellow suspension 

(0.63 g, 1.6 mmol) which was stirred overnight at 25 °C. Volatiles were removed under 

vacuum, the sticky residue was extracted with hexane (3 × 15 mL), filtered, and the 

obtained orange filtrates were either concentrated and cooled to -30ºC or evaporated in 

vacuo to afford complexes 2a-d. 

 

Method B (Compounds 2a-e) The addition of spiro ligands 1a-e (0.21 g, 1.6 mmol) to a 

20 mL solution of W(CO)3(Me3Tach) (0.63 g, 1.6 mmol) produced a yellow suspension, 

which was stirred for 5min before adding 0.25g (3.8 mmol) of BF3. Volatiles were 

removed under vacuum, the sticky residue was extracted with pentane (3 × 15 mL), 

filtered, and the obtained orange filtrates were either concentrated and cooled to −30 

°C (2a, 2b, 2e) or dried in vacuum (2c, 2d) to afford the respective ansa compounds. 

 

 [Mo(η5-C5H4(CH(CH2)3)-η1-CH)(CO)3] (2a): Orange crystals were obtained. Yield: 70 %. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 5.21 (m, 2H, Cp); 5.12 (m, 2H, Cp); 3.38 (td, 3J(H-
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Hcyclopentyl) = 9.4, 3J(H-HMo-C) = 4.2, 1H, Cp-CH); 2.17 (m, 1H, cycloalkyl); 2.0 (m, 1H, 

cycloalkyl); 1.71 (m, 1H, cycloalkyl); 1.60 (m, 2H, cycloalkyl); 1.45 (m, 1H, cycloalkyl); 

0.40 (dt, 3J(H-Hcyclopentyl) = 9.8, 3J(H-HCp-CH) = 5.8, Mo-CH). 13C NMR (100.28 MHz, CDCl3): 

δ = 231.0, 201.1 (CO); 90.0, 89.0, 88.6, 86.6 (Cp); 76.6 (Cp-CH); 38.1, 35.9, 32.4, 26.1 

(cycloalkyl); -25.9 (Mo-C). 95Mo NMR (26 MHz, CDCl3, 25°C): -1389. CI-MS: parent peak 

at m/z = 314 corresponding to [M]+, m/z = 286 corresponding to [M-CO]+. Anal. calc. for 

C13H12O3Mo (312): C, 50.02; H, 3.87. Found: C, 49.62; H, 3.65%. 

 

[Mo(η5-C5H4(CH(CH2)4)-η1-CH)(CO)3] (2b): Red crystals were obtained. Yield: 50 %. 1H 

NMR (400 MHz, CDCl3, 25°C): δ = 5.39 (m, 1H, Cp); 5.26 (m, 1H, Cp); 5.13 (m, 1H, Cp); 

5.11(m, 1H, Cp); 3.11 (td, 3J(H-Hcyclohexyl)= 9.5, 3J(H-HMo-C)= 6.8, 1H, Cp-CH); 1.91 (m, 1H, 

cycloalkyl); 1.71 (m, 1H, cycloalkyl); 1.7-1.4 (m, 6H, cycloalkyl); 0.74 (td, 3J(H-Hcyclohexyl)= 

9.8, 3J(H-HCp-CH)= 5.5, 1H, Mo-CH). 13C NMR (100.28 MHz, CDCl3): δ = 223.3 (CO); 

90.24, 89.04, 88.75, 87.24 (Cp); 72.19 (Cp-ansa); 34.98, 30.11, 26.32, 25.75, 19.96 

(cycloalkyl); -22.14 (Mo-C). 95Mo NMR (26 MHz, CDCl3, 25°C): -1400.37. CI-MS: parent 

peak at m/z = 328 corresponding to [M]+, m/z = 300 corresponding to [M-CO]+. 

 

[Mo(η5-C5H4(CH(CH2)5)-η1-CH)(CO)3] (2c): Dark red crystals were obtained. Yield: 40 

%. 1H NMR (400 MHz, CDCl3, 25°C): δ = 5.18 (m, 1H, Cp); 5.13 (m, 1H, Cp); 5.11 (m, 1H, 

Cp); 4.99 (m, 1H, Cp); 2.96 (t, 1H, 3J(H-Hcycloheptyl) = 9.8, Cp-CH); 2.25 (m, 1H, cycloalkyl); 

2.0-1.3 (m, 11H, cycloalkyl); 0.74 (tm, 3J(H-Hcycloheptyl) = 9.8, 1H, Mo-CH). 13C NMR 

(100.28 MHz, CDCl3): δ = 201.1 (CO); 89.31, 88.42, 87.78, 85.21 (Cp); 73.53 (Cp-ansa); 

39.22, 37.41, 34.49, 31.37, 30.41, 30.36, 29.78 (cycloalkyl); -15.90 (Mo-C). 95Mo NMR 

(26 MHz, CDCl3, 25°C): -1412.64. CI-MS: parent peak at m/z = 342 corresponding to 

[M]+, m/z = 314 corresponding to [M-CO]+. 

 

[Mo(η5-C5H4(CH(CH2)6)-η1-CH)(CO)3] (2d): Dark red crystals were obtained. Yield: 30 

%. 1H NMR (400 MHz, CDCl3, 25°C): δ = 5.18 (m, 1H, Cp); 5.15 (m, 1H, Cp); 5.09 (m, 1H, 

Cp); 5.02 (m, 1H, Cp); 3.17 (m, 1H, Cp-CH); 2.12 (m, 1H, cycloalkyl); 1.71 (m, 1H, 

cycloalkyl); 1.7-1.3 (m, 11H, cycloalkyl); 0.80 (tm, 3J(H-Hcyclooctyl) = 9.8, 1H, Mo-CH). 13C 

NMR (100.28 MHz, CDCl3): δ = 231.9 (CO); 89.26, 89.18, 88.26, 84.70 (Cp); 73.02 (Cp-

ansa); 38.42, 34.40, 32.16, 30.49, 28.62, 26.07, 25.29 (cycloalkyl); -11.97 (Mo-C). 95Mo 

NMR (26 MHz, CDCl3, 25°C): -1668.28. CI-MS: parent peak at m/z = 356 corresponding 

to [M]+, m/z = 328 corresponding to [M-CO]+. 
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14.4 Synthesis of the W derivatives 
 
 
Method A (Compounds 3a and 3b) The addition of spiro ligands 1a and 1b (0.21 g, 1.6 

mmol) to a 20 mL solution of W(CO)3(CH3CN)3 (0.63 g, 1.6 mmol) produced a yellow 

suspension (0.63 g, 1.6 mmol) which was stirred overnight at 25 °C. The obtained 

orange solution was refluxed for 2 hours. Volatiles were removed under vacuum, the 

sticky residue was extracted with pentane (3 × 15 mL), filtered, and the obtained orange 

filtrates were concentrated and cooled to -30ºC.  

 

Method B (Compounds 3a-e) The addition of spiro ligands 1a-d (0.21 g, 1.6 mmol) to a 

20 mL solution of W(CO)3(Me3Tach) (0.63 g, 1.6 mmol) produced a yellow suspension, 

which was stirred for 5 min before adding g (3.8 mmol) of BF3·THF. The mixture was 

then refluxed overnight to afford a dark orange-red solution. Volatiles were removed 

under vacuum, the sticky residue was extracted with pentane (3 × 15 mL), filtered, and 

the obtained orange filtrates were either concentrated and cooled to −30 °C (3a, 3b, 3e) 

or dried in vacuum (3c, 3d) to afford the respective ansa compounds. 

 

[W(η5-C5H4(CH(CH2)3)-η1-CH)(CO)3] ·3a: an orange powder was obtained. Method A: 

Yield: 35 %. Method B: Yield 60 % 1H NMR (400 MHz, CDCl3, 25 °C): δ = 5.37 (m, 1H, 

Cp); 5.25 (m, 2H, Cp); 5.12 (m, 1H, Cp); 3.40 (td, 3J(H-Hcyclopentyl)= 9.4, 3J(H-HW-C)= 4.2, 

1H, Cp-CH); 2.17 (m, 1H, cycloalkyl); 2.03 (m, 1H, cycloalkyl); 1.95 (m, 1H, cycloalkyl); 

1.71 (m, 1H, cycloalkyl); 1.55 (m, 2H, cycloalkyl); 0.46 (dt, 3J(H-Hcyclopentyl) = 9.8, 3J(H-HCp-

CH) = 5.8, W-CH). 13C NMR (100.28 MHz, CDCl3): δ = 88.0, 87.8, 86.4, 84.6 (Cp); 80.2 

(Cp-CH); 38.0, 36.1, 32.5, 26.3 (cycloalkyl); -38.2 (W-C). CI-MS: parent peak at m/z = 

401 corresponding to [M]+ m/z = 373 corresponding to [M-CO]+. Anal. calc. for 

C13H12O3W (403): C, 38.73; H, 3.75. Found: C, 38.57; H, 3.58%.  

 

[W(η5-C5H4(CH(CH2)4)-η1-CH)(CO)3] (3b): a red powder was obtained. Method A: Yield: 

20 %. Method B: Yield 40 %. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 5.51 (m, 1H, Cp); 

5.27 (m, 2H, Cp); 5.13 (m, 1H, Cp); 3.11 (td, 3J(H-Hcyclohexyl)= 10.2, 3J(H-HW-C)= 5.7, 1H, 

Cp-CH); 1.79 (m, 1H, cycloalkyl); 1,70 (m, 7H, cycloalkyl); 0.68 (td, 3J(H-Hcyclohexyl) = 10.8, 
3J(H-HCp-CH) = 5.2, 1H, W-CH). 13C NMR (100.28 MHz, CDCl3): δ = 191.2 (CO); 88.3, 87.5, 

86.8, 84.9 (Cp); 75.6 (Cp-CH); 34.9, 30.0, 29.8, 25.8, 25.7, 19.5 (cycloalkyl); -36.1 (W-C). 

CI-MS: low intensity parent peak at m/z = 413.5 corresponding to [M]+ m/z = 385.5 

corresponding to [M-CO]+. 
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 [W(η5-C5H4(CH(CH2)5)-η1-CH)(CO)3] (3c): a dark red powder was obtained. Yield: 30 

%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 5.27 (m, 1H, Cp); 5.21 (m, 1H, Cp); 5.17 (m, 

1H, Cp); 5.13 (m, 1H, Cp); 2.99 (td, 3J(H-Hcycloheptyl)= 11.6, 3J(H-HW-C)= 3.0, 1H, Cp-CH); 

2.14 (m, 1H, cycloalkyl); 2.01 (m, 1H, cycloalkyl); 1.86 (m, 1H, cycloalkyl); 1.75 (m, 1H, 

cycloalkyl); 1.5-1.0 (m, 7H, cycloalkyl); 0.77 (dt, 3J(H-Hcycloheptyl) = 11.6, 3J(H-HCp-CH) = 3.9, 

1H, W-CH). 13C NMR (100.28 MHz, CDCl3): δ = 222.28 (CO); 87.4, 86.4, 86.1, 83.3 (Cp); 

76.9 (Cp-CH); 39.3, 37.7, 34.7, 31.6, 30.5, 29,8 (cycloalkyl); -24.3 (W-C). CI-MS: parent 

peak at m/z = 428.25 corresponding to [M]+.  

 

[W(η5-C5H4(CH(CH2)6)-η1-CH)(CO)3] (3d): a dark red powder was obtained. Yield: 40 %. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 5.22 (m, 1H, Cp); 5.20 (m, 1H, Cp); 5.18 (m, 1H, 

Cp); 5.16 (m, 1H, Cp); 3.23 (td, 3J(H-Hcycloheptyl)= 9.2, 3J(H-HW-C)= 2.4, 1H, Cp-CH); 2.10 

(m, 1H, cycloalkyl); 1.8-1.3 (m, 11H, cycloalkyl); 0.83 (m, 1H, W-CH). 13C NMR (100.28 

MHz, CDCl3): δ = 222.1, 191.1 (CO); 87.3, 87.2, 86.5, 83.4 (Cp); 76.6 (Cp-CH); 38.4, 

34.4, 32.3, 30.5, 28.79, 28.7, 26.0, 25.2 (cycloalkyl); -25.3 (W-C). CI-MS: parent peak at 

m/z = 442.5 corresponding to [M]+ 

 
 

14.5 Application in epoxidation catalysis 
 
 
The catalytic reactions were performed in air, within a reaction vessel equipped with a 

magnetic stirrer. cis-cyclooctene:  800 mg (7.3 mmol) of the olefin, 500 mg of 

mesitylene (internal standard) and 1 mol% (73  mol) of the catalysts (2a, 2b) or 0.1 

mol% (2a) were added to the reaction vessel and diluted in 20 ml CH2Cl2. 1-Octene: 410 

mg (3.65 mmol) of the olefin, 250 mg of mesitylene (internal standard) and 1 mol% (36 

μmol) of the catalysts (2a, 2b) were added to the reaction vessel and diluted in 10 ml 

CH2Cl2. trans-Stilbene: 660 mg (3.65 mmol) of the olefin, 500 mg of 4-

methylbenzophenone (internal standard) and 1 mol% (36  mol) of the catalysts (2a, 2b) 

were added to the reaction vessel and diluted in 10 ml CH2Cl2. cis-Stilbene: 200 mg 

(1.10 mmol) of the olefin, 100 mg of 4-methylbenzophenone (internal standard) and 1 

mol% (11  mol) of the catalysts (2a, 2b) were added to the reaction vessel and diluted in 

10 ml CH2Cl2. The reaction begins with the addition of TBHP (5.5 M in n-decane). The 

course of the reaction was monitored by quantitative GC analysis. Samples taken were 

diluted with CH2Cl2 and treated with MgSO4 and MnO2 to remove water and destroy the 

excess of peroxide. The resulting slurry was filtered and the filtrate obtained was 
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injected into a GC column. The conversions of cis-cyclooctene, 1-octene, cis- and 

trans-stilbene and the formation of their respective oxides were calculated from 

calibration curves (r2 > 0.999) recorded prior to the commencement of the reaction. 

 
 

14.6 Crystal data of compound 2a 
 
 

14.6.1 Bond distances (in Å) 
 
Mo1   -C1       2.019(2)          Mo2   -C21      2.016(2) 
Mo1   -C2       1.985(2)          Mo2   -C22      1.987(3) 
Mo1   -C3       1.990(2)          Mo2   -C23      1.985(2) 
Mo1   -C4       2.324(3)          Mo2   -C24      2.316(3) 
Mo1   -C5       2.335(2)          Mo2   -C25      2.330(2) 
Mo1   -C6       2.336(2)          Mo2   -C26      2.337(2) 
Mo1   -C7       2.305(2)          Mo2   -C27      2.314(2) 
Mo1   -C8       2.293(2)          Mo2   -C28      2.294(2) 
Mo1   -C13      2.372(2)          Mo2   -C33      2.408(3) 
O1    -C1       1.143(3)          O4    -C21      1.144(3) 
O2    -C2       1.149(3)          O5    -C22      1.148(3) 
O3    -C3       1.150(3)          O6    -C23      1.148(3) 
C4    -C5       1.417(4)          C24   -C25      1.409(4) 
C4    -C8       1.419(4)          C24   -C28      1.424(4) 
C5    -C6       1.421(4)          C25   -C26      1.418(4) 
C6    -C7       1.418(4)          C26   -C27      1.423(3) 
C7    -C8       1.442(3)          C27   -C28      1.433(4) 
C8    -C9       1.510(3)          C28   -C29      1.509(3) 
C9    -C10      1.545(4)          C29   -C30      1.538(4) 
C9    -C13      1.551(3)          C29   -C33      1.549(3) 
C10   -C11      1.532(4)          C30   -C31      1.577(5) 
                                  C30   -C31A    1.444(13) 
                                  C31A  -C32     1.670(13) 
C11   -C12      1.537(4)          C31   -C32      1.462(5) 
C12   -C13      1.526(4)          C32   -C33      1.494(4) 
C4    -H41      0.95              C24   -H241         0.95 
C5    -H51      0.95              C25   -H251        0.95 
C6    -H61      0.95              C26   -H261        0.95 
C7    -H71      0.95              C27   -H271        0.95 
C9    -H91      1.00              C29   -H291        1.00 
C10   -H101     0.99              C30   -H301        0.99 
C10   -H102     0.99              C30   -H302        0.99 
C11   -H111     0.99              C31   -H311        0.99 
C11   -H112     0.99              C31   -H312        0.99 
                                  C31A  -H313        0.99 
                                  C31A  -H314        0.99 
C12   -H121     0.99              C32   -H321        0.99 
C12   -H122     0.99              C32   -H322        0.99 
C13   -H131     1.00              C33   -H331        1.00 
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14.6.2 Bond angles (in º) 

 
C1    -Mo1   -C2        80.45(10)         C21   -Mo2   -C22  80.34(10) 
C1    -Mo1   -C3        80.10(10)         C21   -Mo2   -C23  80.94(10) 
C1    -Mo1   -C13      146.37(8)          C21   -Mo2   -C33  146.82(9) 
C2    -Mo1   -C3       100.88(10)         C22   -Mo2   -C23  99.54(10) 
C2    -Mo1   -C13       78.49(9)          C22   -Mo2   -C33   80.06(9) 
C3    -Mo1   -C13       78.51(9)          C23   -Mo2   -C33  76.24(10) 
Mo1   -C1    -O1       179.2(2)           Mo2   -C21   -O4    179.1(2) 
Mo1   -C2    -O2       177.3(2)           Mo2   -C22   -O5    178.3(2) 
Mo1   -C3    -O3       177.5(2)           Mo2   -C23   -O6    177.4(2) 
C5    -C4    -C8       108.7(2)           C25   -C24   -C28   108.4(2) 
C4    -C5    -C6       108.0(2)           C24   -C25   -C26   108.3(2) 
C5    -C6    -C7       108.2(2)           C25   -C26   -C27   108.1(2) 
C6    -C7    -C8       107.9(2)           C26   -C27   -C28   107.7(2) 
C4    -C8    -C7       107.1(2)           C24   -C28   -C27   107.5(2) 
C4    -C8    -C9       124.0(2)           C24   -C28   -C29   123.5(2) 
C7    -C8    -C9       124.3(2)           C27   -C28   -C29   125.0(2) 
C8    -C9    -C10      118.0(2)           C28   -C29   -C30   116.3(2) 
C8    -C9    -C13      100.50(17)         C28   -C29   -C33 101.51(19) 
C10   -C9    -C13      106.56(19)         C30   -C29   -C33   106.1(2) 
C9    -C10   -C11      104.1(2)           C29   -C30   -C31   102.4(2) 
C10   -C11   -C12      102.7(2)           C30   -C31   -C32   104.4(3) 
                                          C30   -C31A  -C32   100.8(7) 
C11   -C12   -C13      102.86(19)         C31   -C32   -C33   105.8(3) 
Mo1   -C13   -C9        96.30(13)         Mo2   -C33   -C29  96.03(14) 
Mo1   -C13   -C12      120.31(15)         Mo2   -C33   -C32 122.24(19) 
C9    -C13   -C12      104.65(19)         C29   -C33   -C32   106.5(2) 
C5    -C4    -H41      126.00             C25   -C24   -H241    126.00 
C8    -C4    -H41      126.00             C28   -C24   -H241    126.00 
C4    -C5    -H51      126.00             C24   -C25   -H251    126.00 
C6    -C5    -H51      126.00             C26   -C25   -H251    126.00 
C5    -C6    -H61      126.00             C25   -C26   -H261    126.00 
C7    -C6    -H61      126.00             C27   -C26   -H261    126.00 
C6    -C7    -H71      126.00             C26   -C27   -H271    126.00 
C8    -C7    -H71      126.00             C28   -C27   -H271    126.00 
C8    -C9    -H91      110.00             C28   -C29   -H291    111.00 
C10   -C9    -H91      110.00             C30   -C29   -H291    111.00 
C13   -C9    -H91      110.00             C33   -C29   -H291    111.00 
C9    -C10   -H101     111.00             C29   -C30   -H301    111.00 
C9    -C10   -H102     111.00             C29   -C30   -H302    111.00 
C11   -C10   -H101     111.00             C31   -C30   -H301    111.00 
C11   -C10   -H102     111.00             C31   -C30   -H302    111.00 
H101  -C10   -H102     109.00             H301  -C30   -H302    109.00 
                                          C29   -C30   -H303    109.00 
                                          C29   -C30   -H304    109.00 
                                          C31   -C30   -H303    109.00 
                                          C31   -C30   -H304    109.00 
                                          H303  -C30   -H304    108.00 
C10   -C11   -H111     111.00             C30   -C31   -H311    111.00 
C10   -C11   -H112     111.00             C30   -C31   -H312    111.00 
C12   -C11   -H111     111.00             C32   -C31   -H311    111.00 
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C12   -C11   -H112     111.00             C32   -C31   -H312    111.00 
H111  -C11   -H112     109.00             H311  -C31   -H312    109.00 
                                          C30   -C31A  -H313    112.00 
                                          C30   -C31A  -H314    112.00 
                                          C32   -C31A  -H313    112.00 
                                          C32   -C31A  -H314    112.00 
                                          H313  -C31A  -H314    109.00 
C11   -C12   -H121     111.00             C31   -C32   -H321    111.00 
C11   -C12   -H122     111.00             C31   -C32   -H322    111.00 
C13   -C12   -H121     111.00             C33   -C32   -H321    111.00 
C13   -C12   -H122     111.00             C33   -C32   -H322    111.00 
H121  -C12   -H122     109.00             H321  -C32   -H322    109.00 
                                          C31A  -C32   -H323    110.00 
                                          C31A  -C32   -H324    110.00 
                                          C33   -C32   -H323    110.00 
                                          C33   -C32   -H324    110.00 
                                          H323  -C32   -H324    108.00 
Mo1   -C13   -H131     111.00             Mo2   -C33   -H331    110.00 
C9    -C13   -H131     111.00 
C12   -C13   -H131     111.00 

 
 

14.7 Crystal data of compound 2b 
 
 

14.7.1 Bond distances (in Å) 
 
Mo1    -C1       2.0128(15)     C9     -C14     1.5517(18) 
Mo1    -C2       1.9921(15)     C10    -C11       1.527(2) 
Mo1    -C3       1.9885(14)     C11    -C12     1.5385(19) 
Mo1    -C4       2.3279(14)     C12    -C13     1.5419(19) 
Mo1    -C5       2.3389(15)     C13    -C14       1.517(2) 
Mo1    -C6       2.3394(14)     C4     -H41           0.95 
Mo1    -C7       2.3065(14)     C5     -H51           0.95 
Mo1    -C8       2.2945(12)     C6     -H61           0.95 
Mo1    -C14      2.4011(13)     C7     -H71           0.95 
O1     -C1       1.1438(19)     C9     -H91           1.00 
O2     -C2       1.1484(19)     C10    -H101          0.99 
O3     -C3       1.1473(18)     C10    -H102          0.99 
C4     -C5         1.418(2)     C11    -H111          0.99 
C4     -C8         1.425(2)     C11    -H112          0.99 
C5     -C6         1.422(2)     C12    -H121          0.99 
C6     -C7         1.422(2)     C12    -H122          0.99 
C7     -C8       1.4313(19)     C13    -H131          0.99 
C8     -C9       1.5133(19)     C13    -H132          0.99 
C9     -C10        1.525(2)     C14    -H141          1.00 
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14.7.2 Bond angles (in º) 
 
C1     -Mo1    -C2         80.98(6)   Mo1    -C8     -C9     101.51(8) 
C1     -Mo1    -C3         79.46(6)   C4     -C8     -C7    107.50(12) 
C1     -Mo1    -C4        121.28(6)   C4     -C8     -C9    123.55(13) 
C1     -Mo1    -C5         93.33(6)   C7     -C8     -C9    124.69(13) 
C1     -Mo1    -C6         97.57(6)   C8     -C9     -C10   116.18(12) 
C1     -Mo1    -C7        130.02(5)   C8     -C9     -C14   100.95(10) 
C1     -Mo1    -C8        152.85(5)   C10    -C9     -C14   112.68(12) 
C1     -Mo1    -C14       146.15(5)   C9     -C10    -C11   108.96(12) 
C2     -Mo1    -C3        100.26(6)   C10    -C11    -C12   111.56(11) 
C2     -Mo1    -C4         96.41(5)   C11    -C12    -C13   112.51(12) 
C2     -Mo1    -C5        115.26(6)   C12    -C13    -C14   110.58(11) 
C2     -Mo1    -C6        150.64(6)   Mo1    -C14    -C9      95.91(8) 
C2     -Mo1    -C7        146.84(5)   Mo1    -C14    -C13    117.14(9) 
C2     -Mo1    -C8        110.94(5)   C9     -C14    -C13   111.84(11) 
C2     -Mo1    -C14        75.38(5)   Mo1    -C4     -H41       122.00 
C3     -Mo1    -C4        155.37(5)   C5     -C4     -H41       126.00 
C3     -Mo1    -C5        142.26(5)   C8     -C4     -H41       126.00 
C3     -Mo1    -C6        108.34(6)   Mo1    -C5     -H51       122.00 
C3     -Mo1    -C7         97.43(5)   C4     -C5     -H51       126.00 
C3     -Mo1    -C8        120.02(5)   C6     -C5     -H51       126.00 
C3     -Mo1    -C14        81.29(5)   Mo1    -C6     -H61       122.00 
C4     -Mo1    -C5         35.37(5)   C5     -C6     -H61       126.00 
C4     -Mo1    -C6         59.11(5)   C7     -C6     -H61       126.00 
C4     -Mo1    -C7         59.62(5)   Mo1    -C7     -H71       121.00 
C4     -Mo1    -C8         35.91(5)   C6     -C7     -H71       126.00 
C4     -Mo1    -C14        85.55(5)   C8     -C7     -H71       126.00 
C5     -Mo1    -C6         35.38(5)   C8     -C9     -H91       109.00 
C5     -Mo1    -C7         59.31(5)   C10    -C9     -H91       109.00 
C5     -Mo1    -C8         59.59(5)   C14    -C9     -H91       109.00 
C5     -Mo1    -C14       118.53(5)   C9     -C10    -H101      110.00 
C6     -Mo1    -C7         35.64(5)   C9     -C10    -H102      110.00 
C6     -Mo1    -C8         59.80(5)   C11    -C10    -H101      110.00 
C6     -Mo1    -C14       114.87(5)   C11    -C10    -H102      110.00 
C7     -Mo1    -C8         36.25(5)   H101   -C10    -H102      108.00 
C7     -Mo1    -C14        79.90(5)   C10    -C11    -H111      109.00 
C8     -Mo1    -C14        60.42(4)   C10    -C11    -H112      109.00 
Mo1    -C1     -O1       179.00(14)   C12    -C11    -H111      109.00 
Mo1    -C2     -O2       176.94(12)   C12    -C11    -H112      109.00 
Mo1    -C3     -O3       177.70(12)   H111   -C11    -H112      108.00 
Mo1    -C4     -C5         72.74(8)   C11    -C12    -H121      109.00 
Mo1    -C4     -C8         70.77(8)   C11    -C12    -H122      109.00 
C5     -C4     -C8       108.18(12)   C13    -C12    -H121      109.00 
Mo1    -C5     -C4         71.89(8)   C13    -C12    -H122      109.00 
Mo1    -C5     -C6         72.33(8)   H121   -C12    -H122      108.00 
C4     -C5     -C6       108.34(13)   C12    -C13    -H131      110.00 
Mo1    -C6     -C5         72.29(8)   C12    -C13    -H132      110.00 
Mo1    -C6     -C7         70.91(8)   C14    -C13    -H131      110.00 
C5     -C6     -C7       107.85(12)   C14    -C13    -H132      110.00 
Mo1    -C7     -C6         73.44(8)   H131   -C13    -H132      108.00 
Mo1    -C7     -C8         71.42(8)   Mo1    -C14    -H141      110.00 
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C6     -C7     -C8       108.11(13)   C9     -C14    -H141      110.00 
Mo1    -C8     -C4         73.32(8)   C13    -C14    -H141      110.00 
Mo1    -C8     -C7         72.33(7) 

 
 

14.8 Crystal data of compound 3a 
 
 

14.8.1 Bond distances (in Å) 
 
        W1     -C1         2.014(5)     C4     -H41          0.95 
        W1     -C2         1.987(5)     C5     -H51          0.95 
        W1     -C3         1.998(5)     C6     -H61          0.95 
        W1     -C4         2.330(5)     C7     -H71          0.95 
        W1     -C5         2.337(5)     C9     -H91          1.00 
        W1     -C6         2.333(5)     C10    -H101         0.99 
        W1     -C7         2.304(5)     C10    -H102         0.99 
        W1     -C8         2.306(5)     C11    -H112         0.99 
        W1     -C13        2.353(5)     C11    -H111         0.99 
        W2     -C26        2.339(5)     C12    -H122         0.99 
        W2     -C27        2.317(5)     C12    -H121         0.99 
        W2     -C28        2.301(5)     C13    -H131         1.00 
        W2     -C33        2.398(4)     C24    -C25       1.403(8) 
        W2     -C21        2.014(6)     C24    -C28       1.431(8) 
        W2     -C22        1.982(5)     C25    -C26       1.432(8) 
        W2     -C23        1.991(5)     C26    -C27       1.409(7) 
        W2     -C24        2.318(5)     C27    -C28       1.433(7) 
        W2     -C25        2.334(5)     C28    -C29       1.516(7) 
        O1     -C1         1.155(6)     C29    -C30       1.547(8) 
        O2     -C2         1.158(6)     C29    -C33       1.562(7) 
        O3     -C3         1.148(6)     C30    -C31       1.551(9) 
        O4     -C21        1.151(7)     C31    -C32       1.483(9) 
        O5     -C22        1.155(7)     C32    -C33       1.509(8) 
        O6     -C23        1.147(7)     C24    -H241         0.95 
        C4     -C8         1.428(8)     C25    -H251         0.95 
        C4     -C5         1.426(8)     C26    -H261         0.95 
        C5     -C6         1.417(8)     C27    -H271         0.95 
        C6     -C7         1.426(7)     C29    -H291         1.00 
        C7     -C8         1.429(7)     C30    -H301         0.99 
        C8     -C9         1.503(7)     C30    -H302         0.99 
        C9     -C13        1.564(7)     C31    -H311         0.99 
        C9     -C10        1.549(8)     C31    -H312         0.99 
        C10    -C11        1.531(7)     C32    -H321         0.99 
        C11    -C12        1.539(7)     C32    -H322         0.99 
        C12    -C13        1.535(8)     C33    -H331         1.00 
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14.8.2 Bond angles (in º) 

 
C1     -W1     -C2          79.9(2)   C23    -W2     -C33      76.5(2) 
C1     -W1     -C3          79.9(2)   C24    -W2     -C25      35.1(2) 
C1     -W1     -C4         121.5(2)   C24    -W2     -C26    58.93(19) 
C1     -W1     -C5          93.1(2)   C24    -W2     -C27    59.52(18) 
C1     -W1     -C6        97.25(19)   C24    -W2     -C28    36.10(19) 
C1     -W1     -C7       129.85(17)   C24    -W2     -C33    82.77(19) 
C1     -W1     -C8       152.86(19)   C25    -W2     -C26    35.70(18) 
C1     -W1     -C13      146.19(17)   C25    -W2     -C27    59.34(18) 
C2     -W1     -C3         101.8(2)   C25    -W2     -C28    59.67(19) 
C2     -W1     -C4       155.10(19)   C25    -W2     -C33   116.72(19) 
C2     -W1     -C5       142.98(19)   C26    -W2     -C27    35.24(18) 
C2     -W1     -C6       109.04(19)   C26    -W2     -C28    59.53(19) 
C2     -W1     -C7        97.69(19)   C26    -W2     -C33   117.14(19) 
C2     -W1     -C8       119.64(19)   C27    -W2     -C28    36.16(18) 
C2     -W1     -C13       79.04(18)   C27    -W2     -C33    83.40(16) 
C3     -W1     -C4          95.1(2)   C28    -W2     -C33    60.53(18) 
C3     -W1     -C5         112.8(2)   W1     -C1     -O1      179.4(4) 
C3     -W1     -C6         148.1(2)   W1     -C2     -O2      176.5(4) 
C3     -W1     -C7         147.2(2)   W1     -C3     -O3      177.5(5) 
C3     -W1     -C8         111.2(2)   C5     -C4     -C8      108.4(5) 
C3     -W1     -C13         78.9(2)   W1     -C4     -C8       71.1(3) 
C4     -W1     -C5          35.6(2)   W1     -C4     -C5       72.5(3) 
C4     -W1     -C6        59.11(19)   W1     -C5     -C6       72.2(3) 
C4     -W1     -C7        59.43(18)   C4     -C5     -C6      108.1(5) 
C4     -W1     -C8        35.88(19)   W1     -C5     -C4       72.0(3) 
C4     -W1     -C13       86.45(18)   W1     -C6     -C5       72.5(3) 
C5     -W1     -C6        35.32(19)   W1     -C6     -C7       71.0(3) 
C5     -W1     -C7        59.37(18)   C5     -C6     -C7      107.9(5) 
C5     -W1     -C8        59.83(19)   W1     -C7     -C8       72.0(3) 
C5     -W1     -C13      119.34(18)   C6     -C7     -C8      108.5(5) 
C6     -W1     -C7        35.81(18)   W1     -C7     -C6       73.2(3) 
C6     -W1     -C8          59.9(2)   W1     -C8     -C4       73.0(3) 
C6     -W1     -C13      114.51(18)   C7     -C8     -C9      124.1(5) 
C7     -W1     -C8        36.11(18)   W1     -C8     -C7       71.9(3) 
C7     -W1     -C13       79.18(16)   W1     -C8     -C9      100.7(3) 
C8     -W1     -C13       60.64(17)   C4     -C8     -C7      107.1(5) 
C21    -W2     -C22         79.9(2)   C4     -C8     -C9      123.9(5) 
C21    -W2     -C23         80.6(2)   C8     -C9     -C13     100.2(4) 
C21    -W2     -C24        124.3(2)   C10    -C9     -C13     107.2(4) 
C21    -W2     -C25         94.4(2)   C8     -C9     -C10     118.8(4) 
C21    -W2     -C26         95.3(2)   C9     -C10    -C11     103.6(4) 
C21    -W2     -C27      125.88(18)   C10    -C11    -C12     103.4(4) 
C21    -W2     -C28      152.92(19)   C11    -C12    -C13     103.0(4) 
C21    -W2     -C33      146.46(18)   W1     -C13    -C12     120.9(3) 
C22    -W2     -C23        100.7(2)   C9     -C13    -C12     103.9(4) 
C22    -W2     -C24      152.60(19)   W1     -C13    -C9       96.9(3) 
C22    -W2     -C25        145.8(2)   W1     -C4     -H41       122.00 
C22    -W2     -C26        110.7(2)   C8     -C4     -H41       126.00 
C22    -W2     -C27       96.85(19)   C5     -C4     -H41       126.00 
C22    -W2     -C28      116.57(19)   C4     -C5     -H51       126.00 
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C22    -W2     -C33       80.68(18)   C6     -C5     -H51       126.00 
C23    -W2     -C24         96.5(2)   W1     -C5     -H51       122.00 
C23    -W2     -C25        111.7(2)   C7     -C6     -H61       126.00 
C23    -W2     -C26        147.1(2)   W1     -C6     -H61       122.00 
C23    -W2     -C27        150.7(2)   C5     -C6     -H61       126.00 
C23    -W2     -C28        114.5(2)   C6     -C7     -H71       126.00 
W1     -C7     -H71          121.00   C27    -C28    -C29     125.5(5) 
C8     -C7     -H71          126.00   C28    -C29    -C30     116.0(4) 
C8     -C9     -H91          110.00   C28    -C29    -C33     100.7(4) 
C10    -C9     -H91          110.00   C30    -C29    -C33     105.9(4) 
C13    -C9     -H91          110.00   C29    -C30    -C31     103.5(4) 
C9     -C10    -H102         111.00   C30    -C31    -C32     105.2(5) 
C11    -C10    -H101         111.00   C31    -C32    -C33     105.4(4) 
C9     -C10    -H101         111.00   W2     -C33    -C29      96.7(3) 
C11    -C10    -H102         111.00   W2     -C33    -C32     122.4(4) 
H101   -C10    -H102         109.00   C29    -C33    -C32     106.2(4) 
C10    -C11    -H111         111.00   W2     -C24    -H241      122.00 
C12    -C11    -H112         111.00   C25    -C24    -H241      126.00 
H111   -C11    -H112         109.00   C28    -C24    -H241      126.00 
C10    -C11    -H112         111.00   W2     -C25    -H251      121.00 
C12    -C11    -H111         111.00   C24    -C25    -H251      126.00 
C11    -C12    -H121         111.00   C26    -C25    -H251      126.00 
C13    -C12    -H121         111.00   W2     -C26    -H261      122.00 
C13    -C12    -H122         111.00   C25    -C26    -H261      126.00 
C11    -C12    -H122         111.00   C27    -C26    -H261      126.00 
H121   -C12    -H122         109.00   W2     -C27    -H271      121.00 
C9     -C13    -H131         111.00   C26    -C27    -H271      126.00 
C12    -C13    -H131         111.00   C28    -C27    -H271      126.00 
W1     -C13    -H131         111.00   C28    -C29    -H291      111.00 
W2     -C21    -O4         179.3(4)   C30    -C29    -H291      111.00 
W2     -C22    -O5         178.1(4)   C33    -C29    -H291      111.00 
W2     -C23    -O6         177.2(5)   C29    -C30    -H301      111.00 
W2     -C24    -C25         73.1(3)   C29    -C30    -H302      111.00 
W2     -C24    -C28         71.3(3)   C31    -C30    -H301      111.00 
C25    -C24    -C28        108.9(5)   C31    -C30    -H302      111.00 
W2     -C25    -C24         71.8(3)   H301   -C30    -H302      109.00 
W2     -C25    -C26         72.3(3)   C30    -C31    -H311      111.00 
C24    -C25    -C26        107.7(5)   C30    -C31    -H312      111.00 
W2     -C26    -C25         72.0(3)   C32    -C31    -H311      111.00 
W2     -C26    -C27         71.6(3)   C32    -C31    -H312      111.00 
C25    -C26    -C27        108.2(5)   H311   -C31    -H312      109.00 
W2     -C27    -C26         73.2(3)   C31    -C32    -H321      111.00 
W2     -C27    -C28         71.3(3)   C31    -C32    -H322      111.00 
C26    -C27    -C28        108.3(5)   C33    -C32    -H321      111.00 
W2     -C28    -C24         72.6(3)   C33    -C32    -H322      111.00 
W2     -C28    -C27         72.5(3)   H321   -C32    -H322      109.00 
W2     -C28    -C29        102.1(3)   W2     -C33    -H331      110.00 
C24    -C28    -C27        106.9(5)   C29    -C33    -H331      110.00 
C24    -C28    -C29        123.5(5)   C32    -C33    -H331      110.00 
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14.9 Preliminary crystal data of compounds 
2e and 3b 
 
 

Compound 2e 3b
Formula C10H8MoO3 C14H14WO3

Formula Weight 272.10 414.09
Space Group Orthorombic, P bcm Monoclynic, P21/n  
Systematic Absences 0kl: k≠2n; h0l: l≠2n? 7.7140(3), 13.3671(6), 12.2217(5) 
Cell Constants (pm) a = 749.37(2)

b = 1100.19(3) 
c = 1162.32(4) 

a = 819.3(2)
b = 1328.0(3) β = 98.851(4)º 
c = 1196.2(3) 

V [pm3] 958.27(5)·106 1286.0(5)·106

Z 4 4
D (calc) [g·cm-3] 1.886 2.139

 



172 IV. EXPERIMENTAL SECTION 
 

References cited in this chapter 
 

 

(1) López, J.; Liang, S.; Ru, X. R. Tetrahedron Lett. 1998, 39, 4199. 

(2) Boghaei, D. M.; Mohebi, S. J. Mol. Catal. A: Chem. 2002, 179, 41. 

(3) Lin, B.; Qiu, Y.; Su, Z.; Sun, S.; Feng, J. J. Chinese Universities 2001, 22, 1551. 

(4) Delft Data Collection Software for NONIUS alpha-CCD devices; The Netherlands, 2001. 

(5) Otwinowski, Z.; Minor, W. Methods in Enzymology 1997, 276, 307ff. 

(6) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, M. C.; Polidori, G.; 

Camalli, M. J. Appl. Crystallogr. 1994, 27, 435-436. 

(7) International Tables for Crystallography;  Wilson, A. J. C., Ed.; Kluwer Academic 

Publishers: The Netherlands, 1992; Vol. Vol. C, pp. Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2. 

(8) Sheldrick, G. M. SHELXL-97 1998, Universität Göttingen, Göttingen, Germany. 

(9) Spek, A. L. PLATON, A Multipurpose Crystallographic Tool; Utretch University: Utretch, 

The Netherlands, 2007. 

(10) Farrugia, L. J. WinGX, Version 1.70.01; 2005. 

(11) Bruker Analytical X-ray Systems, Inc. SMART V5.618 Software for the CCD Detector 

System; Madison, WI, 1998. 

(12) Bruker Analytical X-ray Systems, Inc. SAINTPLUS, V6.45, A Software for the CCD 

Detector System; Madison, WI, 1998. 

(13) Blessing, R. H. Acta Cryst. A 1995, A51, 33. 

(14) Sheldrick, G. M. SHELXTL-97. 1997, Universität Göttingen, Göttingen, Germany. 

(15) Legzdins, P.; Phillips, E. C.; Sánchez, L. Organometallics 1989, 8, 940-949. 

(16) Legzdins, P.; Phillips, E. C.; Rettig, S. J.; Sánchez, L.; Trotter, J.; Yee, V. C. 

Organometallics 1988, 7, 1877-1878. 

(17) Brandenburg, K. DIAMOND, Version 3.1d; Crystal Impact GbR: Bonn, Germany, 2006. 

(18) Ciruelos, S.; Englert, U.; Salzer, A.; Bolm, C.; Maischak, A. Organometallics 2000, 19, 

2240-2242. 

(19) Wiberg, K. B.; Saegebarth, K. A. J. Am. Chem. Soc. 1957, 79, 2822-2824. 

(20) Armanasco, N. L.; Baker, M. V.; North, M. R.; Skelton, B. W.; White, A. H. J. Chem. 

Soc., Dalton Trans. 1998, 1145-1149. 

(21) Baker, M. V.; North, M. R. J. Organomet. Chem. 1998, 565, 225-230. 

(22) Ellis, J. E.; Rochfort, G. L. Organometallics 1982, 1, 682-689. 

(23) Zybill, C. E. In Synthetic Methods of Organometallic and Inorganic Chemistry; 

Herrmann, W. A., Ed.; Georg Thieme Verlag: Stuttgart - NewYork, 1997; Vol. 8, p. 103. 



Referfences cited in this chapter 173 
 

 
 

(24) Amor, F.; Royo, P.; Spaniol, T. P.; Okuda, J. J. Organomet. Chem. 2000, 604, 126-131. 

(25) Wilcox Jr., C. F.; Craig, R. R. J. Am. Chem. Soc. 1961, 83, 3866-3871. 

 

 

 



 



 

 

 

 

 

V. APPENDIX 
 

 

 

 

 

 

 

 



 



 

 

 

Appendix A: Supplementary Data for 
Chapter 8 
 

 

A.1: Derivation of Equation 1 
 
 
The absorbance at 335 nm (A335) can be expressed as follows: 

 

    A335 = Ap + AI  = [3].εp + [I].εI     (1) 

 

where Ap and AI are the absorbance of 3 and the intermediate (I), and εp and εI are their 

extinction coefficients, respectively. 

 

With the total mass balance expression, [Mo]T = [3] + [I], Eq. 1 can be written as follows: 

 

   A335 = [3](εp - εI) + [Mo]T. εI     (2) 

 

Using the equilibrium expression: 

 

   Keq = [I]/[TBHP][3] = ([Mo]T – [3])/([TBHP][3])   (3) 

 

and therefore, 

 

   [3] = [Mo]T/(1 + Keq[TBHP])     (3a) 

 

Replacing [3] in Eq. 2 by using Eq. 3a   

 

   A335 = (εp - εI)[Mo]T/(1 + Keq[TBHP]) + [Mo]T. εI  (4) 

and     A335/[Mo]T = (εp - εI)/(1 + Keq[TBHP]) +  εI   (5) 
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A.2: Derivation of Equation 4 
 
 
Based on Scheme 11, the rate of the alkene consumption is: 

 

 

 

The change in the intermediate with time can be expressed: 

 

 

 

Using the total mass balance expression, [Mo]T = [3] + [I], Eq. 2 becomes: 

 

 

 

Applying steady-state approximation on [I], d[I]/dt = 0, leads to: 

 

 

 

Replacing the value of [I] in Eq. 1 by [I]ss above, the rate law equation becomes: 
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Figure A1. A plot of the observed-first-order rate constant (kobs) against [TBHP] for the reaction 
of 3 (0.3 mM) with TBHP in CH2Cl2 at 20 oC. 

 

 



 

 

 

Appendix B: NMR spectra of 
compounds from Chapter 10 
 

 
1H-, 13C- and spectra were recorded using a Jeol-JMX-GX 400 MHz or a Bruker Avance 

DPX-400 spectrometer under r.t. and CDCl3 unless stated otherwise, and treated with 

MestreNova v.5.3.0 (© Mestrelab Research S. L.). 

 

B.1 Compounds 1a-1e 

 

 
 

Figure B1 1H NMR spectra of compound 1a. 
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Figure B2 1H NMR spectra of compound 1a. 

 

 

 
Figure B3 1H NMR spectra of compound 1b. 
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Figure B4 13C NMR spectra of compound 1b. 
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Figure B5 1H NMR spectra of compound 1c. 
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Figure B6 13C NMR spectra of compound 1c. 
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Figure B7 1H NMR spectra of compound 1d. 
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Figure B8 13C NMR spectra of compound 1d. 

 

 

 
Figure B9 1H NMR spectra of compound 1g. 

 



Appendix B 185 
 

B.2 Compounds 2a-2f 
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Figure B10 1H NMR spectra of compound 2a. 
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Figure B11 13C NMR spectra of compound 2a. 



186 V. APPENDIX 
 

 

1.
52

11
.7

4

1.
54

1.
00

1.
64

0.
83

1.
11

0.
69

0.
72

0.
73

0.
76

1.
50

1.
64

1.
91

3.
07

3.
09

3.
11

3.
14

5.
09

5.
10

5.
25

 

 
Figure B12 1H NMR spectrum of compound 2b. 

 

 
Figure B13 13C NMR spectrum of compound 2b. 
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Figure B14 1H NMR spectrum of compound 2c. 

 

 

 
Figure B15 13C NMR spectrum of compound 2c. 
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Figure B16 1H NMR spectrum of compound 2d. 

 

 
 

Figure B17 13C NMR spectrum of compound 2d. 
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Figure B18 1H NMR spectra of compound 2e (obtained with the Mo(CO)3Me3tach precursor). 
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Figure B19 1H NMR spectra of compound 4a (with traces of the dimeric species 5a). 
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Figure B20 1H NMR spectra of the postulated dimeric compound 5a (with traces of complex 4a). 
 

 

Figure B21 2D-COSY of 2a, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 
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Figure B22 2D-COSY of 2b, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 

 

 

Figure B23 2D-COSY of 2c, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 
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Figure B24 2D-COSY of 2d, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems.
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B.3 Compounds 3a-3e 
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Figure B25 1H NMR spectra of compound 3a. 

 

 
 

Figure B26 13C NMR spectra of compound 3a. 
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Figure B27 1H NMR spectra of compound 3b. 
 

 
 

Figure B28 13C NMR spectra of compound 3b. 
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Figure B29 1H NMR spectra of compound 3c. 
 

 
 

Figure B30 13C NMR spectra of compound 3c. 
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Figure B31 1H NMR spectra of compound 3d. 
 

 
 

Figure B32 13C NMR spectra of compound 3d. 
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Figure B33 2D-COSY of 3a, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems. 

 

 

Figure B34 2D-COSY of 3b, showing both the cyclopentadienyl (upper left corner) and the ansa 
cyclopentyl spin systems.
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