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Introduction 

1. Olefin Epoxidation 

1.1 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 

(ethylene and propylene oxides) to a few grams per year.1 

 

Scheme 1 General diagram for the epoxidation of olefins. 

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

heterogeneous, homogeneous, and biological. However, due to many reasons only the 

heterogeneous catalysts are widely applied in the industry, accounting for more than 

80 % of the total production.2 During the second half of the 20th century, the tremendous 

progress in the field of catalysis has given rise to many reasonable alternatives to the 

already existing industrial procedures, either catalytic or non-catalytic. 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. Hence, many new processes have arisen during the last decades, 

amongst which catalysts are necessary. This also applies to the epoxidation industry, 

whose primary production methods have experienced well-known changes during the 

last decades. 

This chapter will summarize the evolution of this important field including the most 

relevant epoxide products in the industry and their primary production methods. 
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1.2 Epoxides: A Key Industrial Intermediate 

Olefin epoxides are very versatile class of organic chemical raw materials and 

intermediates such as glycols, glycol ethers and alkanolamines, and can also be applied 

as building blocks for polymers such as polyesters and polyurethanes.2  However, the 

interest in epoxides is not only limited to the commodity industry. The epoxides are also 

considered ideal intermediates in the functionalization of more complex molecules due 

to their vast number of ring-opening possibilities.3 When dealing with significant 

epoxides, ethylene and propylene oxide as most important molecules must be 

mentioned. Together, they account for the enormous majority of the epoxide industrial 

production. Some other molecules are also of special significance in the epoxidation 

industry, such as glycidol or styrene derivatives. Hence, it is of great importance to 

address their primary industrial roles, since they have been the motor around which the 

most important epoxidation procedures have been developed.  

1.2.1 Significant Epoxides in The Industrial World 

Ethylene Oxide (EtO) 

Ethylene oxide is the simplest olefin oxide: a three-membered ring consisting of one 

oxygen atom and two carbon atoms. Because of its special molecular structure, ethylene 

oxide easily participates in addition reactions, opening its ring and thus easily 

polymerizing. Ethylene oxide is industrially produced by vapour-phase oxidation of 

ethylene with air or oxygen in the presence of silver catalyst, promoted by alkali metals 

and supported on a non-porous form of β-alumina.4 Commercial production of ethylene 

oxide dates back to 1914 when BASF built the first factory that used the chlorohydrin 

process (reaction of ethylene chlorohydrin with calcium hydroxide).5 In 1931 Lefort 

invented more efficient direct oxidation of ethylene by air. Later in 1937, Union Carbide 

opened the first plant using this process. The process was further improved by Shell Oil 

Co. in 1958 by replacing air with oxygen and using elevated temperature of 200-300 °C 

and pressure (1-3 MPa).2 This more efficient routine accounted for about half of 

ethylene oxide production in the 1950s in the U.S. and is still widely applied yet. 

Ethylene oxide is one of the most important raw materials used in the large-scale 

chemical production and is particularly known for its derivatives, such as ethylene, 
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polyethylene glycols, glycol ethers and ethanolamine. They are employed in the plastics 

industry as precursors of polyester fibers, heat transfer liquids, lubricants, and 

detergents.6 

Propylene Oxide (PO) 

Propylene oxide is another simplest olefin oxide produced on a large scale industrially.  

To distinguish it from its isomer 1, 3-propylene oxide, propylene oxide is usually called 

1, 2-propylene oxide or oxetane. Industrial production of propylene oxide starts from 

propylene followed by two main approaches: one involving hydrochlorination and the 

other involving oxidation.7 In 2005, about half of the world production was through 

chlorohydrin technology and the other half through oxidation routes. The former route 

comprises reacting propylene with hypochlorous acid to form propylene chlorohydrin 

and its subsequent dehydrochlorination to form propylene oxide (Scheme 2). This 

process is currently antiquated and is being gradually substituted in favour of newer 

procedures due to the use of expensive, toxic and corrosive chlorine as reagent as well 

as the formation of highly toxic by-products. 

 

 

Scheme 2 The chlorohydrin process used in propene epoxidation. 

In consideration of the complexity and cost of the chlorohydrin route, the peracid route 

(Scheme 3) was developed.8 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. However, this route has some 

drawbacks such as the expensive, corrosive, nonregenerable reagents and low overall 

efficiency, which stop it from being significant commercialization. Nevertheless, 
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peracids have found their position in many research-oriented applications, and are 

widely used as epoxidation reagents in organic synthesis.9 

 

Scheme 3 The peracid route. 

The propylene oxide is applied 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 making up the 

largest share of propylene oxide usage (between 60 % and 70 % of the total volume), is 

one of the main components in polyurethane systems used in rigid foam insulation and 

flexible foam seat cushions. Moreover, PO is also found 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.10 

Glycidol 

Beside ethylene and propylene oxides, many other olefinic substrates are also found 

having important applications. For instance, cyclic olefins such as cyclohexene and 

cyclooctene have aroused attention, along with arylalkene derivatives such as styrene 

and stilbene (Figure 1). Amongst them, allyl alcohols have achieved great attention 

currently both in academic and industrial research, mostly due to their potential 

applications in the expanding field of asymmetric epoxidation catalysis. 

Glycidol is the simplest allyl alcohol epoxide containing both epoxide and alcohol 

functional groups. Usually, glycidol is prepared by the epoxidation of allyl alcohol.11 

Being bi-functional, it has a variety of industrial applications such as chemical 

intermediate in the synthesis of glycerol, glycidyl ethers, esters and amines. It is also 

used in surface coatings, chemical synthesis, pharmaceuticals, sanitary chemicals and 

sterilizing milk of magnesia, and as a gelation agent in solid propellants. Moreover, it is 

also used as a stabiliser for natural oils, vinyl polymers, demulsifier, and dye-levelling 

agent.12 
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Figure 1 Some common olefinic substrates for catalytic olefin epoxidation. 

1.3 Industrial Epoxidation Processes 

1.3.1 Catalytic Processes in The Epoxidation Industry from An 

Oxidant Point of View 

Despite the current widespread applications of relatively efficient catalytic methods, 

reactions such as the abovementioned peracid route are still widely used for the 

oxidation of fine chemicals.13,14 For instance, the most commonly used epoxidation 

reagent in research is meta-chloroperoxybenzoic acid (m-CPBA).9,15 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.16 Some common oxidants are summarized in Figure 2. However, most of the 

oxidation reactions carried out with these reagents must be triggered by a catalyst. 
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Figure 2 Some common oxidants. 

Amongst various of olefin epoxidation systems, high valent transition metal oxides had 

became the most important part during the 20th century, along with peroxides as 

oxygen-transfer agents. 17  However, none of the reported systems was considered 

commercially feasible in contrast to the already known, non-catalyzed routes. For 

example, Hawkins first reported a metal-catalyzed epoxidation in the synthesis of 

cyclohexene oxide in 30 % yield, using V2O5/alkyl hydroperoxide system.18 Moreover, 

alkyl peroxide, tert-butyl hydroperoxide or TBHP, was also found to be active oxidant 

of olefins in the presence of catalytic amounts of hydrocarbon soluble acetyl acetonates 

of molybdenum, vanadium and chromium.19  

The Halcon-ARCO Process 

The development of the hydroperoxide processes by Halcon, ARCO and Shell was 

prompted by the discovery, made in the late 1960s, that certain metal oxides of Group 4-

6 are good catalysts for the epoxidation of olefins with hydroperoxides (Scheme 4).  

Amongst all 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 
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molybdic acid.20,21  

Scheme 4 Epoxidation of propylene in the hydroperoxide processes. 

The epoxidation of propylene is a liquid phase homogeneous reaction carried out at ca. 

120 oC, in the presence of a soluble Mo (VI) catalyst under pressure. The best 

conversion and selectivity can be obtained when molybdenum catalysts are used 

together with TBHP or ethylbenzene hydroperoxide. On the other hand, the ratio of the 

by-products tert-butyl alcohol (TBA) to propylene oxide is in the range of 2.4 to 2.7.  

TBA is mostly dehydrated to isobutene and etherified with methanol or ethanol for the 

production of octane enhancers.22 

1.3.2 Current Industrial Advance in Catalysis. 

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

production methods, especially propylene oxide. However, around half-percent of the 

annual worldwide industrial production capacity (approximately 6500 kta) is still 

carried out by the obsolete chlorohydrin process.23 This situation, in order to meet 

economical as well as ecological standards, has been rapidly changing. Hence, many 

new alternatives have been continuous developed. In 1974, Shell Oil patented a 

heterogeneous so-called SHELL process. In the presence of TBHP, a Ti(IV)/SiO2 
catalytic system (Figure 3) is applied for the epoxidation of propene.24,25 This system is 

more suitable for continuous fixed bed operation compared with the homogeneous 

systems in industrial standards. Furthermore, the system was proven to be a potential 

candidate in utterly substituting the non-catalysed chlorohydrin process.  

Soon after, the Oxirane Corporation developed a modified version of the ethylbenzene 

hydroperoxide-based procedure. The so-called PO/TBA (propylene oxide/tert-butyl 

alcohol) process has rapidly found its position in the market, effectively becoming the 

second main PO production method in the industry. In this case, cumene hydroperoxide 

(CMHP) is applied as oxdant instead of ethylbenzene peroxide, and causing α-

methylstyrene as main by-product. In 2002, Shell and BASF joined industrial venture 
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(Ellba) opened a PO/SM plant in Singapore, producing an average production of 550 

kta of styrene and 200 kta of PO.26  

The important disadvantage of this process is the olefinic by-product, which makes it 

not interesting for the companies aiming for a PO-only industrial method. Consequently, 

the Sumimoto process was developed. 

Figure 3 The surface molecular structure of the Ti(IV) Shell epoxidation catalyst. 

The Sumimoto Process 

In 1999, based on the above-mentioned processes, the Sumimoto process has gradually 

been carried out as an interesting alternative to the PO/SM method.27  

The general process was summarized in Scheme 5, 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 be directly hydrogenated to cumene via a single 

hydrogenolisys step. Finally, cumene hydroperoxide is obtained by treatment of 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. 200 kta.28 
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Scheme 5 The Sumimoto Process. 

The Enichem Process 

During the last decades, with the rapidly growth of the so-called “Green Chemistry”, the 

use of alkyl hydroperoxides has been questioned.29 New methods are required involving 

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

prompted the industrial development of processes that employs green oxidants instead 

of hydroperoxides or peracids. Under this situation, ecological concern has radically 

changed the perspectives for some already-known oxidants, such as hydrogen peroxide. 

Hydrogen peroxide had been considered not a good oxidant for a long time due to its 

high price and the impossibility of selling or regenerating its by-product (water).20, 30 

However, nowadays H2O2 has been regarded as an interesting choice with current 

industrial standards, probably due to the formation of the same by-product that had at 

first discouraged its industrial application. In 1983, Company Enichem developed a 

complete process for a variety of liquid phase oxidations, which employed this new 

focus on oxidation catalysis.31, 32  

In this process, hydrogen peroxide is produced from water and methanol by the 

anthraquinone route, and is used as oxidant directly with a titanium-substituted silicate 



Chapter I 

 10 

(TS-I) catalyst. TS-I is obtained by 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<0.04 M). The key advantage of this catalytic 

system is its negligible deactivation in the aqueous phase, which is somehow different 

from early transition metals. Moreover, this system benefits of a lack of Lewis acidic 

sites, which significantly reduces the possibility of ring opening reactions. This process, 

however, has been commercialized for other reactions but not for the epoxidation of 

propylene.33 

The HPPO Process 

As today’s industry leading technology process, “HPPO” (Hydrogen Peroxide to 

Propylene Oxide) was built by a joint venture (BASF, Dow and Solvay) in 2006 

(Figure 4), which probably marked a turning point for industrial scale epoxidation.34  

Figure 4 The BASF-Dow-HPPO process. 

PO is obtained from propene and hydrogen peroxide using a titanium silicalite-I (TS-I) 

catalyst. Hydrogen Peroxide present in a methanol solvent is used as the sole oxidizing 

agent as well as the critical raw material and parameter to measure the complete 

conversion rate to PO. Thus the high demand for accurate and robust on-line process 

monitoring throughout the whole reaction process. Measuring the H2O2 concentrations 
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in the primary reaction tank plays a vital role to ensure high PO yields while reducing 

costs with low raw material consumption.35 

This plant has been put into service in Antwerp, Belgium and has a current capacity of 

300 kta. In 2008, Evonik (formerly Degussa) and Uhde had built in Ulsan, Korea, an 

HPPO plant based on TS-I catalyst of 100 kta.36  

1.4 Olefin Epoxidation from A Catalyst Point of View 

1.4.1 Homogeneous Catalysis 

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

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

owing to the optimized behavior 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 

catalysts. Typical homogeneously catalyzed processes include hydroformylation, 

carbonylation, oxidation, hydrogenation, metathesis and hydrocyanation.37, 38 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 a homogeneous catalyst. Other factors, 

such as the solvent, may decisively influence the outcome of the catalytic reaction. 

1.4.2 Transition Metal Oxides as Homogeneous Epoxidation Catalysts.  

Organometallic derivatives of transition metal oxides are currently employed for 

numerous catalytic processes due to their wide ranging electronic, chemical and 

mechanical properties. 39  Amongst them, high oxidation state species have been 

considered the most important molecules in the oxidation of organic substrate due to 

their enhanced Lewis acidity. Classical organic synthesis oxidation reagents such as 

OsO4, 40  the Cr based Jones reagent 41  or NaMnO4, have been wildly used in 

hydroxylation reactions during the past century. The major drawback of these reagents 

is their application as stoichiometric reactants, which in the case of osmium involves the 
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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 1989, Jørgensen 

summarized the most relevant transition-metal-catalyzed epoxidation systems in his 

review via organizing them from a group perspective.13  

Homogeneous Catalysts in The Epoxidation Industry 

Despite the large number of homogeneous epoxidation catalysts discovered during the 

last decades, only a minority has found their positions in the field of industrial 

application.37 Even the most well established epoxidation methods, such as the 

Halcon/ARCO process, has been losing ground in front of the heterogeneous HPPO 

process. Despite this, new trends in homogeneous and heterogeneous catalysis are 

looking 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, as two important 

examples, belong to this actively researched field.42, 43, 44 

1.5 Asymmetric Epoxidation 

Along with the continuous increasing applications of pure enantiomerically compounds, 

the industry has been forced to employ new strategies in order to meet the current 

demand. Unfortunately, current large-scale procedures still employ rather out-of-date 

methods, which has a key disadvantage of having the whole wrong enantiomer as 

waste.45 On the other hand, the chiral pool approach employs chiral building blocks 

originating from natural products. This approach is usually chosen in the early 

development of drugs due to many natural products possessing a high degree of 

enantiomerical purity. Another common method is the enantioselective synthesis, in 

which the target products are formed under the help of covalently bonded chiral 

auxiliary. 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 
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versatility. However, only minorities of methods based on asymmetric catalysis are 

applied in an industrial scale.46, 47, 48 As it has been stated above, this also applies to the 

epoxidation reaction. This section will briefly describe the enantioselective reactions in 

the olefin epoxidation field, along with the current perspectives. 

1.5.1 Asymmetric Homogeneous Epoxidation Catalysts 

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

enantioselective procedures.49 Asymmetric hydrogenation has been one of the main 

research topics in the field for many years since Knowles reported Rh-mediated 

catalytic hydrogenation of α-phenyl acrylic acid to hydratopic acid in 1968.50 Following 

a similar approach, Knowles in 1974 developed the first industrial application of a 

catalytic asymmetric reaction.51 Hydrogenized highly enantiomerically pure L-DOPA 

was obtained using an Rh cationic complex with a chiral inducing diphosphine (R, R-

Di-PAMP) as catalyst. Asymmetric hydrogenation is still the leading field in 

enantioselective catalysis, but it is closely followed by asymmetric oxidation. 52 

Amongst other significant contributions, the work of Sharpless, Katsuki and Jacobsen 

has proven to be determining in expanding the field of asymmetric epoxidation.  

Sharpless Asymmetric Epoxidation 

In 1980, Sharpless and Katsuki discovered a system for the asymmetric epoxidation of 

primary allylic alcohols. This system employs Ti(O-i-Pr)4, a dialkyl tartrate as a chiral 

ligand, and TBHP as the oxidant (Scheme 6).53  
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Scheme 6 General Sharpless asymmetric epoxidation process. 

The complex between titanium tetraisoproxide and diethyl tartrate is called the Katsuki-

Sharpless catalyst (figure 5). 54  Notably, this reaction exhibits high levels of 

enantioselectivity (usually > 90 % ee). Like other metal-catalyzed epoxidation 

reactions, this reaction also proceeds under mild conditions with good chemical yield 

and with high regio- and chemoselectivity. It is interesting that the equimolar mixture of 

Ti and tartrate (2 : 2) is much more efficient for asymmetric induction than pure Ti tetra-

alkoxide or the mixture between Ti tetra-alkoxide and tartrate in any other ratio.55 

Furthermore, the addition of 4 Å molecular sieves enhances the conversion and 

enantioselectivity for the epoxidation of primary allylic alcohols, and methylene 

chloride is usually the solvent of choice.55, 56 
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Figure 5 The Katsuki-Sharpless catalyst. 

In spite of the significance of this method, 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 have found sound 

industrial applications. 

Metal-Salen Catalysts. The Jacobsen-Katsuki Epoxidation 

Based on Sharpless and Katsuki’s work, two similar methods for asymmetric 

epoxidation were independently developed in 1990 by the groups of Jacobsen and 

Katsuki (Scheme 7).57  

Scheme 7 The Jacobsen-Katsuki epoxidation process. 
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The reaction is proven to be extraordinarily effective in the asymmetric epoxidation of 

cis-olefins using cationic Mn-salen complexes as catalysts (Figure 6) and NaOCl as 

oxidant, yielding very high enantioselectivities (> 95 % ee).58  

 

Figure 6 The active Jacobsen’s Mn-salen catalyst. 

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

from Mn, other metals such as Ru or Co are also successfully applied as catalysts. On 

the other hand, ligand modification has broadened the range of applications, making 

certain unfunctionalised or trans-olefins feasible epoxidation candidates.60,61 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.62, 63  

 

2. Olefin Metathesis 

2.1 An Overview 

The so-called olefin metathesis has become one of the most important chemical 

reactions according to the tremendous number of publications on this topic during the 

past decades.64, 65 Olefin metathesis is a metal-catalyzed transformation, which acts on 
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carbon-carbon bonds and rearranges them via cleavage and reassembly.66, 67 As most 

catalytic processes, this reaction was found by accident. It was first discovered as an 

outgrowth of the study of Ziegler polymerizations with alternate metal systems in the 

1950s. Then, Chauvin and co-workers first proposed its mechanism in 1971 via carbine 

and metallacyclobutane intermediates (Figure 7).68  
 

Figure 7 Metallacyclobutane mechanism. 

Nowadays, this named metallacyclobutane mechanism has been widely accepted. 

According to this mechanism, the coordination of an olefin to a metal carbene catalytic 

species leads to the reversible formation of a metallacyclobutane. This intermediate then 

proceeds by cycloreversion via either of the two possible paths: one resulting in the re-

formation of the starting materials or the other yielding an olefin that has exchanged a 

carbon with the catalyst’s alkylidene. The metallacyclobutane mechanism is well 

supported, for example, by the composition of products in cross metathesis (CM) 

reactions68 and the fact that at low conversions ring-opening metathesis polymerization 

(ROMP) yields polymers with high molecular weight.69 Furthermore, many of the 

postulated intermediates related to the catalytic cycle could be identified and 

characterized, such as metallacyclobutane70-72 and olefin-π-metal carbene complexes73, 

74 . Today the metathesis reactions comprises not only the abovementioned CM and 

ROMP but also ring-closing metathesis (RCM), ring-opening metathesis (ROM), and 
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acyclic diene metathesis (ADMET) as shown in Scheme 8. All of these methods are 

currently successfully employed in the synthesis of a large variety of small, medium, 

and polymeric molecules, as well as novel materials.68, 75, 76  

 

 

Scheme 8 Types of olefin metathesis reactions. 

2.2 Polyolefin  

Polyolefin is the largest class of organic thermoplastic polymers. They are non-polar, 

odorless, nonporous materials that are often used in consumer goods, structural plastics, 

food packaging and industrial products. As a result, they are also called “commodity 

thermoplastics.” This class of polymers is more commonly referred to as polyalkene, 

although “polyolefin” is still a common term in organic chemistry and the 

petrochemical industry.77 

Despite their usefulness, polyolefin materials are made up of only carbon and hydrogen 

atoms. The double-bond carbon atoms form the core of the molecule. Materials such as 

poly-alpha-olefin, polybutene, polyethylene and polypropylene have more complex 

olefin branches that are bonded to the double-bonded carbon molecules. Polyolefin can 

be divided into two most important types, polyethylene and polypropylene, which are 
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subdivided into several grades for different applications.77  

 

 

Figure 8 Structure of Polyethylene. 

Polyethylene was first made as a commercial product in the late 1930s, but the 

polyolefin did not begin their rise to prominence until the 1950s, after Karl Ziegler of 

Germany and Giulio Natta of Italy developed a series of catalysts (commonly known as 

Ziegler-Natta catalysts) that made it possible to manufacture the polymers to precise 

specifications at low cost.78 Tens of millions of tons are produced each year. 

2.2.1 Industrial Application 

Besides numerous applications in olefin production and synthesis of fine chemicals, for 

example the Phillips Triolefin Process/Olefin Conversion Technology, and the 

neohexene synthesis, olefin metathesis has gained also much attention in the field of 

industrial polymer chemistry.79 Some most important industrial products produced via 

the olefin metathesis reaction are selected to describe below, including their industrial 

production methods and applications.  

Norsorex 

 Polynorbornene is considered the first polymer produced via olefin metathesis in 

commercial scale. CdF-Chimie manufactured this product using RuCl3/HCl catalyst and 

marketed it in 1976 under the trade name of Norsorex (Scheme 9). Norsorex is a 

thermoplast with high molecular weight (Mn > 2 × 106 g mol-1; Tg = 35 oC) and 

approximately 90 % of trans double bonds. It can accept large quantities of plasticizer 

and fillers. Main advantages are high strength in combination with low hardness, 

excellent energy absorbing properties, tear and abrasion resistance, and good gas 
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impermeability. Disadvantages include poor resistance to weathering, sunlight and 

oil.80-83 It is mainly used for noise impact and vibration dampening in railway and 

building. It is also used in some other fields such as toy tires, shoe parts, soft rolls and 

transport systems for copiers.84  

 

Scheme 9 Synthesis of polynorbornene. 

Vestenamer 

The production of polyoctenamer (Vestenamer) was carried out by Chemische Werke 

Hüls/Germany employing a tungsten-based catalyst in 1980 (Scheme 10). Today, the 

commercial polyoctenamer can be mainly divided into two grades: Vestenamer 8012 

(Mw = 75,000 g mol-1, Tg = -65 oC, 80 % trans double bonds) and Vestenamer 6213 (Mw 

= 95,000 g mol-1, Tg = -75 oC, 60 % trans double bonds). A high degree of crystallinity, 

a low viscosity at temperatures above the melting point, and a high portion of 

macrocyclics characterize these highly unsaturated polymers. Vestenamers are 

compatible with almost all rubbers and mainly used as processing aids for rubber. They 

can reduce the Mooney viscosity during processing, leading to better incorporation and 

dispersion of fillers and improve collapse resistance and green strength. A further 

benefit is the incorporation of the Vestenamer into the polymer network during 

vulcanization. Therefore, different from many other common processing aids, the 

migration tendency to the surface of the finished product is very low and usually no 

blooming is caused. Depending on the respective application, the disadvantages of 

Vestenamer could be an increase in the low temperature compression and the reduction 

of building tack due to the lack of end groups in the macrocyclic fraction.85  

 

 

 

 

 



Chapter I 

 21 

 

Scheme 10 Synthesis of polyoctenamer. 

Polydicyclopentadiene (PDCPD) 

Dicyclopentadiene (DCPD) is a cheap side product from C5-cut of naphtha cracking. 

Polydicyclopentadiene is marketed as Metton in USA and Europe. Metton resin consists 

of two compounds: one contains the tungsten-based catalyst and the other one as the Al-

alkyl as co-catalyst. After mixing of these compounds, the liquid resin is injected 

directly into the mixture to cross-link (Scheme 11). PDCPD has a combination of 

properties with the most important being: high impact resistance, high chemical 

corrosion resistance, and high heat deflection temperature (HDT). Since PDCPD is still 

a young material, the number of applications is quite limited. The major success story is 

in the field of body panel, mainly for tractors, construction equipment, trucks, and 

buses. In the industrial applications, the main success story is components for chlor-

alkali production, such as the cell covers for electrolyzers. Other applications can be 

developed where impact resistance in combination with rigidity, 3D design or corrosion 

resistance is required.86 
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Scheme 11 Synthesis of Polydicyclopentadiene. 

Other Applications 

In addition to the above-mentioned processes, polymerization of cyclopentene87 or 

cyanonorbornene88, 89, and CM of polymers90 , 91 are also investigated due to their 

potential industrial importance. Increasing interest exists for the application of 

metathesis catalysts for the controlled degradation of polymers. In the case of the 

production of hydrogenated nitrile rubber (HNBR), well-defined catalysts are applied 

for the reduction of the molecular weight of the NBR feedstock prior to hydrogenation. 

In this way, processibility of the resulting HNBR can be improved.92-94 

2.3 Polymer Synthesis Applications of Olefin Metathesis 

Olefin metathesis is a versatile reaction that has becoming a very important approach in 

the synthesis of small molecules, preparation of natural products, and construction of 

polymers. Furthermore, recent advances in the development of very active, yet stable 

catalysts now allows for the facile preparation of various functionalized polyalkenes,65 

alternating block-copolymers, 95  
and even telechelic

 
polymers. 96  The two synthetic 

approaches to olefin metathesis polymerizations are acyclic diene metathesis (ADMET) 
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and ring opening metathesis reactions (ROMP), each of which requires a different set of 

considerations for successful polymerization. In this section, a brief introduction to 

these two most important reactions will be described.  

2.3.1 ADMET (Acyclic Diene Metathesis) 

Acyclic diene metathesis or ADMET is a special type of olefin metathesis that used to 

polymerize terminal dienes to polyenes (Scheme 12). It is an intermolecular reaction of 

dienes, giving an unsaturated polymer and ethane. 97 The latter can be removed under 

pressure to make the equilibrium shift toward the polymeric products. Almost 

quantitative reactions are necessary to obtain polymers with high molecular weight.98  

 

Scheme 12 General ADMET process. 

It has to be noted that the reaction is reversible, and degradation of the polymer can be 

observed in the case of re-exposure to ethane.99, 100 However, An important advantage of 

ADMET is that it allows a large variety of monomers to be polymerized since terminal 

olefins are quite easy to install. Many functional groups and moieties of interest can be 

incorporated into such polymers directly through monomer design. 

Nowadays, ADMET has been employed in the synthesis of many interesting polymers 

that would otherwise be difficult to prepare before, due to the higher degree of control 

in ADMET than in traditional radical polymerizations. Examples include purely linear 

polyethylene, alternating and block copolymers of ethylene with various other vinyl 

monomers, chiral polymers and polymers with embedded amino acids.97 The high 

functional group tolerance of ruthenium-catalyzed ADMET has been applied in the 

synthesis of new supramolecular structures.101, 102  

2.3.2 ROMP (Ring Opening Metathesis) 

ROMP is a type of olefin metathesis chain-growth polymerization (Scheme 13). The 

driving force of the reaction is relief of ring strain in cyclic olefins such as norbornene 

or cyclopentene. 
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Scheme 13 General ROMP process. 

Research has shown that the addition of substituents to the monomer and the choice of 

solvent can alter the molecular weight of the polymer production.103 Moreover, a variety 

of olefin metathesis catalysts affect ROMP and sufficiently fast initiating ones can even 

lead to a living polymerization of appropriately chosen monomers.104 On the other hand, 

a key disadvantage of this method is the limited availability of suitable monomers. 

Although a variety of backbones can be created through monomer functionalization, 

such alterations sometimes negatively affect the ring strain. 

Ring-opening metathesis polymerization of cycloalkenes can produce many important 

petrochemicals, which is of particular importance in an industrial capacity because 

synthetic capabilities include linear polymers from inexpensive monomers or polymers 

with special properties, thus compensating for an additional expense. Some examples of 

production on industrial level through ROMP catalysis are Vestenamer or trans-

polyoctenamer. Norsorex or polynorbornene is another important ROMP product on the 

market. Telene and Metton are polydicyclopentadiene products produced in a side 

reaction of the polymerization of norbornene.105 Furthermore, the ROMP process can 

cause a regular polymer with a regular amount of double bonds, which can be subjected 

to partial or total hydrogenation or can be functionalized into more complex 

compounds.105 

2.3.3 Metathesis Depolymerization  

Metathesis depolymerization using simple alkenes as depolymerizing agent (DA) is 

applied for the degradation of unsaturated polymers such as polybutadiene, 

polyisoprene, and corresponding copolymers. This technique is also used for analyzing 

the microstructures of the unsaturated polymers.87 Nowadays, the metathesis 

depolymerization has gained much more importance to prepare oligomers and telechelic 

oligomers from polydienes and polyalkenamers, by the use of varying depolymerizing 

agent.106-108 As depicted in Scheme 14, a treatment of unsaturated polymers with 
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metathesis catalysts and depolymerizing agent yields active chain ends.  

 

 

Scheme 14 Inter- (route A)and intra- (route B) molecular metathesis of polybutadiene. 

The active intermediate can react either inter-molecularly with another polymer chain 

(route A) or intra-molecularly with a double bond of its own chain (route B). Because 

all reactions are entropy driven, the metathesis ends up in a complex mixture of rings 

and chains, especially if the equilibrium is reached. Besides the equilibrium between 

chains and rings of different sizes, one has to consider those between different 

configurations like the cis- and trans-isomerism of double bonds.   

2.4 Catalysts for Olefin Metathesis 

Once an olefin metathesis mechanism consistent with the experimental evidence was 

established, rational catalyst design became possible. Consequently, an appropriate 

catalyst is crucial to carry out olefin metathesis reaction. Most of them are based on 
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transition metals such as Ti, Ta, Mo, W, Re, Ru, Os, and Ir. Only few papers were 

reported on the use of Nb, Zr, Tc, Co and Rh complexes.87 All these catalysts could be 

assigned to three groups: homogeneous, immobilized homogeneous and heterogeneous 

catalysts. Due to the large number of the active catalysts, in this thesis, we will focus on 

the homogeneous ones and two most important types: Mo- and Ru-based metathesis 

catalysts are selected to describe.  

2.4.1 Homogeneous Metathesis Catalysts 

Early homogeneous metathesis catalysts were obtained by the in situ reaction of 

transition metals halide and main group alkyls such as WCl6/SnBu4 and 

ReCl5/SnBu4.109, 110 However, the main drawback of these catalytic systems is the need 

for metal organic cocatalysts. Besides such cocatalysts usually cause side reactions, they 

are quite toxic and dangerous, especially in the case of organic Tin compounds.111, 112 

The development of well-defined Mo and W imido complexes by Schrock group 

(Figure 9) opened tremendous opportunities for organic synthesis as well as ADMET 

and ROMP.113-116  

Figure 9 General structures of molybdenum and tungsten imido complexes as 

metathesis catalysts. 

With these catalysts, even the metathesis of alkynes became possible (Scheme 15).117-

119 The major advantages of this system are its high reactivity towards a broad range of 

substrates with many steric or electronic variations. On the other hand, the sensitivity 

against moisture and air as well as against many functional groups is a major 

disadvantage of these Mo and W based catalysts, which significantly limits their 
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synthetic applications. 

 

Scheme 15 General procedure of the metathesis polymerization of alkynes. 

In the respect, the late transition metal Ru-based catalysts proved to be very tolerant 

towards polar functional groups and water, and were used in industrial scale as early as 

1976 when CdF-Chimie started production of polynorbornene with RuCl3/HCl 

system.120 

Table 1. Reactivity of Different Metathesis Catalysts Toward Functional Groups.121  
Titanium Tungsten Molybdenum Ruthenium 

Acids Acids Acids Olefins 

Alcohol, water Alcohols, water Alcohols, water Acids 

Aldehydes Aldehydes Aldehydes Alcohols, water 

Ketones Ketones Olefins Aldehydes 

Esters, amides Olefins Ketones Ketones 

Olefins Esters, amides Esters, amides Esters, amides 

 

The reactivity trends of important metathesis catalysts towards olefinic in comparison to 

functional groups are summarized in Table 1. The reactivity was shown increasing from 

bottom to top. It clearly shows that Ru-based catalysts preferably react with olefins and 

tolerate a great number of functional groups. As mentioned above, the Ru based 

catalysts have drawn a lot of attention. The major breakthrough didn’t carry out until in 

1995 when Grubbs’ catalysts were synthesized by Grubbs and his coworkers.122 The so-

called Grubbs’ catalysts are a series of transition metal carbene complexes used as 

catalysts for olefin metathesis. There are two generations of the catalyst, as shown in 

Figure 10.  
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Figure 10 Examples of typical Grubbs’ catalysts. 

In contrast to other olefin metathesis catalysts, these catalysts show great catalytic 

activity due to the higher electron donation ability and steric demand of the ligands. The 

monomolecular Ru-based catalysts contain N-heterocyclic carbene ligands (NHC) were 

introduced to metathesis catalysis for the first time by Herrmann and coworkers (Figure 

11).123, 124   
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Figure 11 Herrmann-type metathesis catalyst. 

Ru complexes with mixed NHC/phodphane ligands, usually referred to as Grubbs II or 

second-generation Grubbs catalysts, show fast initiation and tremendous catalytic 

activity in combination with excellent robustness and high tolerance toward impurities 

and functional groups.121-126 

Although many other transition metal complexes having also been investigated for 

application in the olefin metathesis reactions,65 nowadays the use of Mo-based Schrock-

type and Ru-based Grubbs-type catalysts still dominate. These metathesis catalysts meet 

most of the requirements regarding stability, activity, and efficiency and offer solutions 

for most metathesis problems. 
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3. Objectives of This Thesis 

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

will concentrate on the synthesis, characterization, and catalytic applications of the 

organometallic compounds, in particular Rhenium(VII) complexes. The objectives of 

this work can be divided into three main sections: 

 

I. Schiff Base Adducts of Methyltrioxorhenium: 

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

adducts. 

• Synthesis and characterization of Schiff base MTO adducts. 

• Application in olefin epoxidation catalysis 

• Conclusions 

 

II. Benzimidazolic Complexes of Methyltrioxorhenium: 

This section will be preceded by a short introduction to benzimidazole and 

benzimidazolic ligands using in coordination chemistry. 

• Synthesis and characterization of 2-(2-Pyridyl)benzimidazole MTO adducts. 

• Application in olefin epoxidation catalysis 

• Conclusions 

 

III. New Organorhenium(VII) Trioxide complexes: 

This section will be preceded by a short overview of Rhenium(VII) trioxo complexes 

and Re-based metathesis catalysts.  

• Synthesis and characterization of new Organorhenium(VII) trioxo complexes. 

• Application in olefin epoxidation and olefin metathesis catalysis  

• Conclusions 
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Schiff Base Adducts of Methyltrioxorhenium: 

Synthesis and Application in Catalytic Olefin 

Epoxidation 

 

4. Methyltrioxorhenium(VII): an overview 

High oxidation state transition metal oxides are attractive synthetic reagents and 

catalysts, which can be used for highly controlled synthetic transformations to occur 

intramolecularly within the metal coordination area.1 In the case of rhenium(VII), the 

most important species is methyl rhenium trioxide (CH3ReO3), often abbreviated as 

MTO, which was first synthesized by Beattie and Jones in the late 1970s.2 The 

importance and uniqueness of MTO was immediately recognized but no further studies 

were undertaken until 1988, when Herrmann group described its large-scale 

preparation.3 Nowadays, MTO has been well demonstrated an efficient catalyst in 

various reactions, such as olefin oxidation,4, 5 olefin metathesis,6 aldehyde olefination,7, 

8 Baeyer-Villiger oxidation,9 arene oxidation,10 and metal carbonyl oxidation.11, 12 

4.1 Properties of MTO 

MTO has unique properties amongst other organometallic rhenium(VII) derivatives. It 

can be easily melted and sublimed without noticeable decomposition. It is soluble in 

most solvents, including water. 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 center 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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4.2 Synthesis of MTO 

MTO was first synthesized by oxidation of (CH3)4ReO, which is quite a time 

consuming (weeks) and low scale (milligrams) process.2 The breakthrough towards 

possible applications didn’t come until 1989 when Herrmann and coworkers reported a 

more efficient synthetic route, using Sn(CH3)4 along with Re2O7 as starting materials.3 

(Scheme 1) 

Scheme 1 General process of the tetramethyltin approach. 

However, a major drawback of this reaction is that since part of the dirhenium 

heptoxide forms catalytically inactive trimethyltin perrhenate with the tin reactant, 

limiting the overall yield to 50 % at best with respect to the rhenium metal.  Soon after, 

Herrmann and Kühn discovered a convincing solution to this problem via alkylation of 

Re2O7 in the presence of trifluoroacetic anhydride, resulting in nearly quantitative yields 

of MTO.13 However, toxic methyltin reagents were still required. A further modification 

of the synthesis allows using Re powder or perrhenates as starting material instead of 

the moisture sensitive and expensive dirhenium heptaoxide (Scheme 2).14 , 15 This 

method is of particular additional interest since it allows recyclization the catalyst 

decomposition products from reaction solutions. 
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Scheme 2 General process of modified approach to synthesize MTO. 

In 2007, Herrmann and coworkers reported a novel “green” route via reacting 

methylzinc acetate with non-fluorinated perrhenylacetate (Scheme 3).16, 17 The isolated 

yields of MTO produced by this method are around 90 %. This new synthesis procedure 

drops the use of hazardous reagents such as tetramethyltin or perfluorinated compounds, 

promising a general economic and simple high-yield access to MTO and other 

alkylrhenium(VII) oxides by means of nontoxic, non-reducing, and robust alkylating 

reagents. 

Scheme 3 The “green” synthesis of MTO. 

4.3 MTO as An Epoxidation Catalyst 

MTO was employed in olefin oxidation soon after its synthesis was optimized. 

Herrmann and coworkers first reported the successful application of MTO as an olefin 

epoxidation catalyst with H2O2 as oxidant.4 It has to be noted unlike some other related 

transition metal oxide, there is no noticeable decomposition of the catalyst in the 
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presence of H2O2. Amongst the extraordinary various applications, there is no doubt 

that the olefin epoxidation reaction standing out as the most significant one. This owes 

to certain factors, including the use of water peroxide as oxidant and the low catalyst 

concentration needed for the reaction to take place. 

4.3.1 The Active Species 

The extraordinary catalytic activity of MTO in the epoxidation of olefins soon aroused 

questions about the reaction mechanisms of the processes. In 1993, Herrmann and 

coworkers reported mechanistic studies of the olefin epoxidation reaction.5 A key step in 

the understanding of the role of MTO in oxidation catalysis is the isolation and 

characterization of the reaction product of MTO with excess H2O2. Experiments with 

the isolated bis-peroxo complex B have demonstrated that it is an active species in 

olefin epoxidation catalysis and several other catalytic processes. It is also found that 

the reaction of MTO with one equivalent of H2O2 leads to a mono-peroxo complex A, 

which exists just in equilibrium with MTO and the bis-peroxo complex B. In the case of 

MTO, both the mono- and the bis-peroxo complexes are comparably active.18 However, 

the much higher oxidant concentration forms preferably the bis-peroxo species, which is 

normally a more active oxidation catalyst.  
 

Scheme 4 General process of olefin epoxidation catalyzed by MTO. 

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

mechanism proceeds without the formation of radical species resulting high catalytic 

selectivity in most cases. Obviously, the use of this catalyst can avoid the formation of 
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many undesired by-products, something uncommon for other species such as 

stoichiometric oxidizing agents. However, due to the high Lewis acidity of the rhenium 

center, some epoxidized substrates continue a further ring opening, yielding the 

respective diols.19 Though this could be useful in some certain processes, it is mostly an 

undesired side reaction. Several strategies are developed in order to reduce or avoid the 

formation of dial byproducts, amongst which the adoption of Lewis base MTO adducts 

instead of free MTO have been proven a more efficient method. 

4.3.2 Donor Adducts of MTO and Their Effect in Epoxidation 

Catalysis 

As mentioned above, the most important disadvantage of the MTO catalyzed process is 

the formation of diols instead of the desired epoxides, especially in the case of more 

sensitive substrates. It has been found that the use of Lewis base adducts of MTO can 

significantly decrease the formation of diols due to the reduced Lewis acidity of the 

catalyst system. Herrmann et al. reacted N-donor ligands with MTO leading to the first 

stable MTO adducts. In all cases, the results went to show that whereas the selectivity to 

epoxide was significantly increased, it was at the expense of a significant loss of 

catalytic activity.20, 21 In light of these results, Sharpless et al. found that biphasic 

systems (water phase/organic phase) and addition of a significant excess of pyridine as 

Lewis base can not only decrease the formation of diols but also increase the reaction 

rate in comparison to free MTO as catalyst.22, 23 
 

Figure 1 Examples of N-donor adducts of MTO. 

Thus, a number of meta- and para- substituted pyridines were introduced, as well as 4, 

4’-bipyridine and other heterocycles such as pyrazole.24-27 The results indicated that 
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pyridine derivative ligands played a major role during the catalytic reactions, giving 

much better results than pyrazole derivatives. Soon after, new substituted 4, 4’-

bipyridine adducts were reported, showing interesting catalytic capabilitites depending 

on the substituent.28  

Moreover, Schiff base adducts of MTO have been also proven efficient catalysts in 

olefin epoxidation reaction.29-32 It is noted that Schiff base ligands have an important 

influence on the performance of the MTO adducts in epoxidation catalysis. Unlike the 

N-donor adducts, no pronounced ligand excess is necessary to achieve high yields and 

selectivities in the procedure. However, the catalytic performance of the Schiff base 

MTO adducts is somehow depending on the substituents, and especially on their 

positions in the aromatic rings. The Schiff base ligands can behave in different fashion, 

from being highly stable against the catalytic oxidative conditions to decomposing 

within the first minutes of the reaction.33, 34 

 

Figure 2 Selected Schiff Base MTO adducts synthesized in our group. 

4.3.3 Epoxidations with MTO in Ionic Liquids 

MTO has also been successfully applied as an olefin epoxidation catalyst in ionic 

liquids with UHP as oxidant.21, 35, 36 The values of the rate constants of the formation of 
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the peroxo complexes of MTO have been found to be highly dependent on the 

concentration of water in the solvent. Ionic liquids can behave like organic solvents and 

aqueous solutions of high salt concentrations. The remaining reactants and products can 

be easily removed from the reaction mixture via extraction with an immiscible solvent. 

Moreover the oxidation solution is almost water-free which efficiently avoids the 

formation of byproduct. Thus, yields are equivalent to conversion.32 

4.3.4 Epoxidations with Heterogenized MTO as The Catalyst 

Heterogeneous systems have many advantages over homogeneous ones. Through 

heterogenizing, the catalysts or the reagents certain practical limitations of 

homogeneous systems can be eliminated. One of the most attractive advantages of 

heterogeneous systems is the easy separation, and facile recovery of the solid catalyst 

from the products for reusing. The preparation of polymer-supported catalysts 

containing main-chain or pendant chirality represents one of the most interesting 

applications of polymers in the organic chemistry. Immobilisation of MTO on polymers 

is another alternative in the process of synthesizing a heterogeneous catalyst for the 

oxidation purposes. Herrmann and coworkers first employed this method in 1992.37 The 

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

“poly-MTO” with the structure of {H0.5[(CH3)0.92ReO3]}.38 Some of its most important 

properties including its inherent conductivity have been studied. However, to the best of 

our knowledge no catalytic applications have been reported. 39  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.40 On the other hand, many attempts to graft MTO on solid supports have been 

reported, including 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.41-44 Some selected examples of MTO-based heterogeneous catalysts are 

shown below in Figure 3. 

Moreover, heterogeneous Lewis base-MTO adducts based on polystyrene 

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

pyridine fragments) have been synthesized and tested in glycal oxidation catalysis.45, 48 
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Figure 3 Examples of MTO-based heterogeneous catalysts. 

5. Synthesis and Catalytic Applications of MTO Schiff 

Base Complexes 

5.1 Abstract 

Methyltrioxorhenium(VII) (MTO) forms readily 1 : 1 adducts with several derivatives 

of (N-salicylidene)aniline and N-(aryl)pyridine-2-aldimines. All complexes were 

thoroughly characterized. The complexes were applied as catalysts for the epoxidation 

of cyclooctene in [Bmim]BF6 with UHP as oxidant at room temperature. The results 

show that the (N-salicylidene) aniline derived Schiff base complexes of MTO exhibit 

higher catalytic activity and selectivity than di-nitrogen Schiff bases ones. It is 

noteworthy that no byproduct diol was detected. Thus the yields are equivalent to 

conversion.  

However, separation of the catalyst, containing the expensive element rhenium is an 

additional issue. Two-phase reactions are often chosen to achieve this purpose. Among 

such solvents non-volatile ionic liquids (ILs) have received a great deal of attention in 

recent years due to their unique properties. It has already been noted that some Schiff 

base adducts of MTO display high catalytic activity in organic solvent. With the aim of 

developing more sustainable procedures for olefin epoxidation, Schiff base adducts of 

MTO are combined with ILs as solvent and UHP as oxidant.  
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5.2 Results and Discussion 

5.2.1 Synthesis and Spectroscopic Characterization 

Complexes 1-4 were synthesized by treatment of MTO with the respective (N-

salicylidene)aniline in diethyl ether at room temperature, while complexes 5-8 were 

prepared with N-(aryl)pyridine-2-aldimines ligands in methanol (Scheme 5). The 

formation of products can be easily followed by the appearance of orange to yellow 

color. Average yields of 80-90 % were obtained in all cases when the reactions were 

performed at 20 oC.  All products can be easily purified by recrystallization from 

Et2O/n-hexane mixture or methanol.  

 

Scheme 5 General pathways for synthesis of Schiff Base MTO complexes.  
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Figure 4 Synthesized Schiff Base MTO Complexes 1-8. 

Complexes 1-4 are relatively stable and show no evident sighs of decomposition under 

an air atmosphere, either in the solid state or in solution. In comparison with the (N-

salicylidene)aniline Schiff base adducts 1-4 and other N-coordinated Lewis base 

adducts,28, 33, 34  complexes 5-8 containing pyridinecarboxaldimine ligands are slightly 

more sensitive to moisture and temperature. The color changes from yellow to black 

green slowly when exposed to air, which can be avoided by storing under a water-free 

atmosphere. 

IR Spectroscopy 

In the IR spectra of complexes 1-8, the asymmetric Re=O stretching vibrations are 

observed in the region of 910-965 cm-1, while the symmetric Re=O stretching vibrations 

are found between 1027 and 934 cm-1 (Table 1). Compared to the vibrations of non-
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coordinated MTO (vsym = 998 cm-1, vasym = 965 cm-1), the Re=O bands of compounds 1-

8 are strongly shifted due to the pronounced donor capacity of the respective ligands in 

the solid state. The additional electron density donated from the ligand to the rhenium 

(VII) center generally reduces the bond order of the Re = O bonds. For free MTO the 

difference between vsym (Re=O) and vasym (Re=O) is 33 cm-1 (tetrahedral coordination 

geometry). Complexes 1-4 and 5-8, the difference between the symmetric and 

asymmetric Re=O stretching vibrations is not equally large, indicating different 

coordination geometries of Re center. It is 65.5-93 cm-1 for complexes 1-4 and 24-32 

cm-1 for the complexes 5-8. It has been reported differences of 20-27 and 60-80 cm-1 

between vsym (Re=O) and vasym (Re=O) correspond to octahedral and trigonal-

bipyramidal coordination geometry, respectively. 49 , 50  In some special cases, the 

differences can become very large (167 cm-1) due to the rather asymmetric coordination 

of the rhenium atom.31 Therefore, it can be deduced that the complexes 1-4 are closer to 

trigonal-bipyramidal coordination geometry, while complexes 5-8 have an (slightly 

distorted) octahedral geometry.  

Besides, C=N bond has a medium or strong band around 1630 cm-1 for its stretching 

vibrations in an undisturbed situation in the IR spectra. For the synthesized Schiff-bases 

ligands, strong bands between 1611 and 1647 cm-1  were observed. The corresponding 

bands for complexes 1-4 were located between 1614 and 1639 cm-1  slightly lower than 

those of the Schiff bases ligands. While for complexes 5-8, the bands were slightly 

higher than the free Schiff base ligands, observed between 1628 and 1640 cm-1. 
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Table 1. Selected IR spectroscopic data of Schiff-bases and MTO adducts. 
Compound Imine ReO3 

v(C=N) 
(cm-1) 

vsym 
(cm-1) 

vasym 

(cm-1) 
vs-vas 
(cm-1) 

MTO  998 965 33 
L1 1629    
C1 1639 1027 956, 919 89.5 
L2 1615    
C2 1636 1007 963, 913 69 
L3 1611    
C3 1614 997 943, 920 65.5 
L4 1621    
C4 1628 1029 959, 913 93 
L5 1645    
C5 1639 942 911 31 
L6 1646    
C6 1638 934 910 24 
L7 1645    
C7 1639 942 911 31 
L8 1647    
C8 1640 945 913 32 

NMR spectroscopy 

Selected NMR data of complexes 1-8 is summarized in Table 2. Initially, the proton 

signals originating from the Re-CH3 group of non-coordinated MTO was observed at 

2.67 ppm. After coordinating to Schiff-base ligands, the methyl signals were high-field 

shift in all cases. It has been reported that the magnitude of these variations is directly 

related to the electron donor character of the ligand. The higher the electron density 

given to the Re(VII) center by the donor ligand, the larger the high-field shift of the 1H 

NMR signal in the Re-CH3 group.
51,52 Indeed, electron-rich pyridinecarboxaldimine 

derivatives induced the strong up-field shift of the methyl signal in complexes 5-8, 

while the weaker donor capacity of the base ligands in complexes 1-4 are reflected in 

less pronounced shift differences to non-coordinated MTO. It is noteworthy that 

complexes 1-4 show chemical shift changes of the methyl signal are only about 0.15 

ppm relative to non-coordinated MTO; however, the signal magnitudes of complexes 5-

8 are about 1.5 ppm in 1H NMR spectra. The 13C NMR data show also an obviously 

downfield shift in the MTO methyl carbon ranging from 1.3 to 5.3 ppm, this shift being 

more pronounced in the case of complexes 5-8.  
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Table 2. Selected 1H and 13C NMR data of MTO complexes in CDCl3. 
Complexes MTO-CH3 

 δ (1H) 

(ppm) 

δ (13C) 

(ppm) 

MTO 2.67 19.03 

1 2.50 20.35 

2 2.54 21.50 

3 2.64 20.31 

4 2.60 20.65 

5 2.01 24.31 

6 1.98 23.03 

7 1.74 24.30 

8 1.97 23.15 

5.2.2 X-ray crystal structure of complex 2 

Complex 2 crystallizes in the monoclinic space group P21/n with Z = 4. The molecular 

solid-state structure is depicted in Figure 5, and the crystallographic data are 

summarized in the Experimental Section. It is observed that complex 2 displays trans-

configuration of the Re-bound CH3 group with respect to the Re-bound Schiff-base 

oxygen atom. The Re-C bond distance of 2 is 2.098(2) Å, which is significantly longer 

than in free MTO (2.063(2) Å).53 This effect results in a somewhat higher sensitivity of 

the Re-CH3 and accordingly, adducts of MTO are generally somewhat less stable than 

non-coordinated organometallic compound alone. The Re=O bond distances of 2 are 

around 1.7 Å and therefore quite similar to the other known MTO adducts in our 

previous work.31, 33, 34, 54 
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Figure 5 ORTEP style plot of 2 in the solid state. Thermal ellipsoids are drawn at the 

50 % probability level. Selected bond lengths (Å) and angels (deg): Re1-O1 1.721(2), 

Re-O2 1.714(2), Re1-O3 1.742(2), Re-O4 2.231(2), Re1-C1 2.098(2), C2-O4 1.321(3), 

C8-N1 1.308(3), C9-N1 1.418(3); O1-Re1-O2 118.41(10), O1-Re1-O3 120.35(10), O1-

Re1-O4 86.63(9), O1-Re-C1 94.23(10), O2-Re1-O3 119.64(11), O2-Re1-O4 89.12(8), 

O2-Re1-C1 94.01(10), O3-Re1-O4 81.73(8), O3-Re1-C1 94.37(10), O4-Re1-C1 

175.88(9), Re1-O4-C2 129.01(16). 

5.2.3 Catalytic Application 

Cis-cyclooctene epoxidation catalyzed by complex 1 as model catalyst was examined in 

different ionic liquids with different oxidants. The results are given in Figure 6. The 

details concerning the catalytic reaction are given in the experiment part. A catalyst: 

oxidant: substrate ratio of 1 : 200 : 100 was applied in all cases. Epoxidation of cis-

cyclooctene was found to be strongly solvent dependent. When using [Emim]BF4 (1-

ethyl-3-methylimidazolium tetrafluoroborate) and [Bmim]NTf2 (1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide) as solvents for epoxidation of 

cis-cyclooctene, the yields were relatively low (< 20 %). Higher yield (79 %) could be 

obtained when [Bmim]PF6 (1-butyl-3-methylimidazolium hexafluorophosphate) was 

used as solvent, and UHP (urea hydrogen peroxide) as oxidant. For comparison, H2O2 

was also used as oxidant under the same conditions. The catalytic activity is 



Chapter II 

 53 

significantly lower with the latter oxidant and diols are detected as by-product. Based 

on this result, UHP appears to be superior to H2O2 as oxidizing agent in this system. 

A blank experiment without oxidant was carried out under the same conditions and no 

significant oxidation was observed after 24 h, which indicated the oxygen source in the 

oxidation reaction was not air. It is noteworthy that the advantageous properties of the 

Schiff-base MTO complexes-UHP oxidation system and the ionic liquid [Bmim]PF6 

have to be combined to achieve good conditions for catalytic oxidations. Remaining 

reactants and products are both easily removed from the reaction mixture via extraction 

with n-hexane, which is immiscible with the ionic liquids used in this work. This 

method of removing reactants and products is also advantageous because the Schiff 

base MTO complexes, the peroxorhenium species, and the urea byproduct are insoluble 

in n-hexane.  

 

Figure 6 Epoxidation of cis-cyclooctene with different oxidants in different ionic 

liquids. 1: [Emim]BF4/UHP, 2: [Bmim]NTf2/UHP, 3: [Emi]SE/UHP, 4: 

[Bmim]PF6/UHP, 5: [Bmim]PF6/H2O2. 

Complexes 1-8 were also examined as catalysts for the epoxidation of cis-cyclooctene 

using UHP as oxidant in [Bmim]PF6 at room temperature. The results are summarized 

in Table 4 and Figure 7. Complexes 2 and 4, which have electron donating Schiff base 

ligands, show the highest activity and conversion of cyclooctene with almost 100 % 

after 2 h. Complex 3 is less catalytic active (59 % after 4 h and 70 % after 24 h). 

Complex 1 also leads to a good activity and conversion (63 % after 6 h and 81 % after 
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24 h). However, it can be seen that 5-8 only show very low catalytic activity achieving 

yields (< 20 %) (Entries 6-9) compared with 1-4 (> 60 %) (Entries 2-5). The 

comparatively low conversion can be explained by the fact that the coordination of di-

nitrogen Schiff bases increases the electron density of Re center, leading to it being less 

prone to be nucleophilic attacked by an olefin. The steric hindrance of the coordinated 

di-nitrogen Schiff bases additionally hampers the approach of the olefin to the Re atom 

and appears to be another reason for a slower reaction.28 It is noteworthy that no diol is 

detected during the course of the measurements. Additionally, Figure 7 shows that all 

catalytic reactions follow first order kinetics. The reaction conversion increases steadily 

for the first four hours and then slows down. 

Table 4 Epoxidation of cis-cyclooctene with different catalysts in [Bmim]PF6/UHP at 
room temperature.a 

Entry Catalysts Time 

(h) 

Conversion 

(%)b 

Selectivity 

(%)b 

1 MTO 2 96 >99 

2 1 6 63 >99 

3 2 2 97 >99 

4 3 4 59 >99 

5 4 4 92 >99 

6 5 8 10 >99 

7 6 6 4 >99 

8 7 8 11 >99 

9 8 6 6 >99 
a Reaction condition: cis-cyclooctene (2 mmol), catalyst (1 mol %), UHP (4 mmol), 

[Bmim]PF6 (1 mL) at room temperature; 
b The conversion and selectivity is calculated by GC analysis. 
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Figure 7 Time dependent yield of cis-cyclooctene epoxide in the presence of complexes 

1-8 as catalysts (1 mol %) in ionic liquid [Bmim]PF6 at room temperature. 

Recovery of the [Bmim]PF6/MTO, 2 or 4 mixture for the oxidation of cyclooctene was 

also investigated. A problem of this system is that the use of UHP as oxidant results in 

an accumulation of urea as the reaction medium, which is not eliminated in the 

extraction. Two possible means of removing urea are possible and were applied. The 

first method is that washing the system with water and then filtration. [Bmim]PF6 is not 

soluble in water. The IL phase can be dried under vacuum. The new UHP and 

cyclooctene were added into the IL phase for the next catalytic cycles. The yield of 

cyclooctene oxide is 30 % for MTO, 7 % for complex 2 and 21 % for complex 4 in the 

second recycle. It is obvious that washing with water would likely be very effective in 

removing the urea but would be likely to also remove catalyst. The other method is that 

dissolving ionic liquid in dichloromethane to precipitate of dissolved urea can be 

removed subsequently by filtration. Dichloromethane is then removed under reduced 

pressure. After the new addition of UHP and cis-cyclooctene, further catalytic cycles 

were attempted. The yield of cyclooctene oxide is 14 % for MTO, 11 % for complex 2 

and 3 % for complex 4 using this method in the second recycle. The deactivation was 

probably due to leaching of the catalyst. This phenomenon is in agreement with 

previous investigation employing MTO as an olefin epxodation catalyst in an IL/UHP 

similar system.21, 55 

 



Chapter II 

 56 

5.3 Conclusions 

Eight Schiff base adducts of MTO were prepared and characterized. The complexes 

display good stability at room temperature. All complexes were tested as catalysts for 

the epoxidation of cyclooctene in [Bmim]BF6 with UHP as oxidant at room 

temperature. The results indicate the (N-salicylidene) aniline derived Schiff base 

complexes of MTO exhibit higher catalytic activity and selectivity than di-nitrogen 

Schiff bases complexes of MTO. It is noteworthy that the oxidation reaction yields only 

the epoxides and not by-product diols. This system provides an environmentally benign 

way for olefin epoxidation. 
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Benzimidazolic Complexes of 

Methyltrioxorhenium(VII): Synthesis and 

Application in Catalytic Olefin Epoxidation 

 

6. Benzimidazoles and Their Applications in 

Coordination Chemistry 

Benzimidazoles are involved in a great variety of biological processes. Some of their 

polyfunctional derivatives have been proven to possess antibacterial, fungicide and 

anthelmintic activity.1-8
 

Nevertheless, Benzimidazole and its derivatives are also good 

ligands for the coordination chemistry. Nowadays, numerous of coordination complexes 

based on benzimidazolic ligands with transition metals such like manganese(II), 

cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), mercury(II), chromium(III) and 

cobalt(III) have been synthesized and discussed.9-15 These polyfunctional molecules 

bear nitrogen, oxygen or sulfur atoms as basic sites for coordination. Bonding occurs 

through the nitrogen atom in a monodentate form, regardless of the metal ion or the 

heteroatom (N, S, O) present in the molecule, or in a bidentate mode, giving place to a 

variety of metal-ligand coordination modes. In some cases, the formation of a six 

membered ring by inclusion of a metal ion in a planar delocalized system is observed, 

where the ligand is bonded in a bidentate mode.  

6.1 Transition Metal Complexes Based on 2-(2-Pyridyl)benzi- 

-midazole  

The transition metal complexes based on 2-(2-pyridyl)benzimidazoles occupy an 

important place among the coordination complexes of bis-heterocyclic ligands.16-20 

These potentially tridentate ligand systems usually form complexes with three types of 

metal binding (Figure 1): molecular adducts where they function as mono-21  or 

bidentate ligands19, 20, 22 - 24  or bis-chelates17, 25  formed upon deprotonation of the 
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imidazole N-H group. Both mono- and oligonuclear clear complexes have been isolated. 

These are of interest as polyfunctional materials such as luminescence materials,26-28 

catalysts,21, 22, 25, 29 , 30  and other practically valuable compounds.31 , 32   Due to the 

relevance in the present work, the transition metal complexes based on 2-(2-

Pyridyl)benzimidazole suitable for catalysts will be briefly introduced in this section.  

Figure 1 Three types of 2-(2-pyridyl)benzimidazoles coordinated to transition metals. 

6.1.1 Application in Catalysis 

Contrast to the tremendous applications in the field of biological science, there are 

however, not much reports about transition metal complexes based on 2-(2-Pyridyl) 

benzimidazole used as catalysts for certain chemical reactions. Some examples are 

selected to describe below (Figure 2).  

Catalytic transfer hydrogenation of ketones was carried out using pyridylbenzimidazole 

ruthenium(II) and ruthenium(III) complexes as catalyst.33 The coordinative unsaturation 

of the ruthenium(III) trichloride complexes and the high liability of the coordinated 

PPh3 ligand are responsible for the catalytic activities of these compounds in the transfer 

hydrogenation of ketones. A larger dipole moment induced by the N-H group enhances 

good catalytic performance in the catalytic procedure.  

Palladium complexes containing pyridylbenzoimidazole ligands were found active 
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catalysts in Heck reaction.21 Two benzimidazole molecules via their nitrogen atoms 

coordinate the palladium atom when there is substitutent in the pyridine ring. Without 

substitutent in the pyridine, the palladium atom is coordinated by pyridine nitrogen and 

benzimidazole nitrogen via chelation. Both complexes show catalytic activity for Heck 

olefination of aryl bromides reaction, giving good to high yields.  

Figure 2 Examples of active pyridylbenzoimidazole Ru or Pd catalysts. 

There are only a few reported pyridylbenzimidazole rhenium complexes based on Re of 

low-oxidation states, such as Re(I), Re(III), and Re(IV) (Figure 3). However, the 

investigation of catalytic activity of such complexes is somehow poverty. 

Figure 3 Pyridylbenzimidazole rhenium complexes. 
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7. Benzimidazolic Complexes of MTO(VII): Synthesis 

and Application in Catalytic Olefin Epoxidation 

7.1 Abstract 

Seven new Lewis base adducts of methyltrioxorhenium(VII) (MTO) with the general 

formula CH3ReO3·L (L = bidentate benzimidazolic ligands, namely (L = 2-(2-

Pyridinyl)-1H-benzimidazole, 5-methyl-2-(2-pyridyl)benzimidazole, 5-Chloro-2-(2-

pyridyl)benzimidazole, 2-(2-Pyridyl)-1H-imidazo-[4,5-b]-pyridine, 2-(2-

Quinolyl)benzimidazole, 2-(5-methyl-1H-benzimidazol-2-yl)-quinoline, and 2-(5-

chloro-1H-benzimidazol-2-yl)-quinoline)) were prepared. All complexes were 

characterized by IR, 1H, 13C NMR, MS and elemental analysis as well as tested as 

catalysts for olefin epoxidation using 35 % aqueous hydrogen peroxide as oxidant under 

mild condition. The influence of different ligands concentrations was also examined. 

The results show that the complexes are highly selective in olefin epoxidation and good 

yields can be obtained when excess ligand is applied. 

7.2 Results and Discussion 

7.2.1 Synthesis and Spectroscopic Characterization  

The pyridylbenzoimidazole ligands were synthesized by the procedure commonly based 

on the reaction of anilines containing a proton-donor group in the ortho-position with 

pyridine-2-carbaldehyde or 2-quinolinecarboxaldehyde under acidic conditions 

(Scheme 1).34 

The addition of one equivalent of methyltrioxorhenium(VII) (MTO) to the bidentate N-

donor pyridylbenzimidazolic ligands in dichloromethane at room temperature leads to 

the formation of the corresponding Lewis-base complexes 1-7 (Scheme 2). All 

complexes tended to precipitate from the reaction solution as yellow to orange solids. 

Optimized yields were obtained by adding excessive amount of Et2O in the reaction 

solution. 
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Scheme 1 General pathway to synthesize the pyridylbenzimidazolic ligands. 

The synthesized complexes 1-7 are summarized in Figure 4. All complexes have good 

stability both in solid state and in solution at the room temperature. In the solid state, all 

complexes are not very sensitive to air, but slightly sensitive to moisture. Therefore, a 

water-free atmosphere is needed to preserve the complexes over prolonged periods of 

time.  

 

Scheme 2 General pathway to synthesize pyridylbenzimidazole MTO complexes. 
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Figure 4 Synthesized Complexes 1-7. 

IR spectroscopy 

The IR spectra of the complexes 1-7 show strong symmetric Re=O stretching vibrations 

in the region of 935-958 cm-1 whilst the asymmetric Re=O stretching vibration lies 

between 919-929 cm-1 (Table 1). The Re=O bands of the complexes 1-7 are 

significantly red-shifted compared to the vibrations (νsym = 992 cm-1, νasym = 965 

cm-1) of MTO alone.35 The vibration differences reflect the donating capacity of the 

bidentate benzimidazolic ligands. The additional electron density originating from the 

ligands significantly reduce the strength of the Re=O bonds.  

Table 1 Characteristic IR vibrations of CH3ReO3 fragments (cm-1) in 1-7 
MTO 1 2 3 4 5 6 7 Assignment 

992 943 946 950 950 958 956 955 ReO3 sym str 

965 919 922 925 926 929 929 925 ReO3 asym str 

 

The main vibrational frequencies of the benzimidazolic ring, namely the ν(N-H), ν

(C=C), ν(C=N) vibrations of pyridine and imidazole, as well as the δ(C-N) and δ(C-

H) benzimidazolic ring out of plane vibrations are observed.36, 37 In all IR spectra of 
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compounds 1-7 peaks originating from these vibrations are evident (Table 2). 

Interestingly, the bands are shifted towards higher wavenumbers as compared with the 

position in the free ligands. These results are indicative of ligands coordination through 

the benzimidazolic nitrogen. Moreover, the vibration of (N-H) bands of the 

benzimidazolic ligands are seen in the range of 3000-3400 cm-1 as a very broad band, 

and the ligands show characteristic pyridine and imidazole C=N frequencies in the 

range of 1564-1571 cm-1 and 1590-1597 cm-1. It is noteworthy that the sharp band 

between 1454 and 1510 cm-1 is due to the stretching vibration of aromatic C=C. 

Another sharp band between 736 and 748 cm-1 can be assigned to the out-of-plane C-H 

bending vibrations of the di- and tri-substituted benzene ring.38 The strong band around 

1300-1320 cm-1 in the spectra of the ligands is shifted towards higher energy and 

splitted upon chelation, indicating coordination through the pyridine-nitrogen atom.39, 40 

In case of complex 1, the split band appears at 1323 cm-1 and 1301 cm-1 whereas it is at 

1312 cm-1 in the spectrum of L1 as a strong band. In addition to this, differences are 

observed in the band character due to the effect of metal complexation. For example, 

the medium strong (C=N) bands are changed to a shoulder or weak bands in some 

complexes.41 

Table 2 Selected IR spectroscopic data of ligands and MTO complexes. 
Compound ν (N-H) 

(cm-1) 

ν (C=N) 

(cm-1) 

ν (C=C) 

(cm-1) 

δ (C-N) 

(cm-1) 

δ (C-H) 

(cm-1) 

L1 3042 1590, 1564, 1465 1439, 1397 740 

1 3078 1608, 1591 1497 1457, 1440 745 

L2 3056 1590, 1568 1458 1441, 1396 744 

2 3075 1607, 1593 1547 1490, 1452 749 

L3 3050 1593, 1569 1454 1443, 1400 736 

3 3068 1602, 1589 1547 1491, 1442 752 

L4 3060 1595, 1568 1465 1446, 1414 741 

4 3087 1589, 1539 1481, 1454 760 

L5 3043 1595, 1571 1496 1442, 1413 740 

5 3074 1596 1510 1475, 1456 761 

L6 3048 1597, 1566 1508 1447, 1405 748 

6 3063 1603, 1594 1553 1480, 1428 748 

L7 3055 1597, 1563 1497 1442, 1412 741 
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7 3062 1602, 1593 1506 1471, 1428 756 

NMR spectroscopy 

Selected 1H NMR spectroscopic data of the benzimidazolic ligands and the MTO 

complexes are summarized in Table 3. Compared with the spectra of the non-

coordinated MTO, the proton signals originating from the Re-CH3 of the MTO 

complexes 1-4 is shifted to higher magnetic field as reported in the literature.42, 43 With 

regard to the MTO complexes 5-7, the proton signals from the Re-CH3 group are not 

shifted much due to the influence of the quinoline ring. The magnitude of the shift is 

directly related to the electron-donating capability of the ligands. For example, relative 

to MTO itself, complexes 3 bearing an electron-withdrawing chlorine atom on the 

phenyl moiety shows a chemical shift of the methyl signal from 1.90 ppm to 1.76 ppm. 

However, in the case of complex 2, which has a methyl group on the phenyl moiety, the 
1H shift changes from is from 1.90 ppm to 1.55 ppm. Furthermore, the signals of the N-

H group on the imidazole ring of complexes 1, 2, 3, 4 and 7 are slightly shifted to lower 

field compared to free benzimidazolic ligands. The N-CH vibration in the pyridine ring 

is also slightly shifted to a lower field in these cases. 

Table 3 Selected 1H and 13C NMR spectroscopic data for complexes 1-7 in d6-DMSO. 
 
 

N-CH(Py) 
Ligand, 1H 
δ [ppm] 

N-CH(Py) 
Complex, 1H 
δ [ppm] 

NH Ligand 
1H 

δ [ppm] 

NH Complex 
1H 

δ [ppm] 

Re-CH3, 1H 
δ [ppm] 

Re-CH3, 13C 
δ [ppm] 

MTO     1.90 25.39 
1 8.74 8.77 13.09 13.29 1.77 25.79 
2 8.73 8.80 12.96 13.53 1.55 25.90 
3 8.75 8.77 13.32 13.46 1.76 25.58 
4 8.78 

8.41 
8.80 
8.78 

13.52 13.75 1.87 25.52 

5 --- --- 13.20 13.19 1.91 25.42 
6 --- --- 13.06 13.03 1.91 25.43 
7 --- --- 13.20 13.35 1.91 25.42 

 

7.2.2 Application as Epoxidation Catalysts 

Compounds 1-7 were examined as catalysts for the epoxidation of cyclooctene with 

35 % H2O2 as oxidant in dichloromethane at room temperature. A catalyst: oxidant: 

substrate ratio of 1 : 200 : 100 was applied in all experiments. The results are 

summarized in Table 4. Among all catalysts, compound 4 appears to be the best for 

epoxidation of cis-cyclooctene. The yield reaches 99 % and the TOF is 236 h-1 (Entry 
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4). The other complexes show only moderate to low conversions during the first hour 

and no significant improvement even after 24 hours (Entries 1-3, 5-7). The better 

performance of complex 4 probably due to the electron delocalization existed inside the 

molecular (Scheme 3).  

 

Scheme 3 Resonance structures 4 and 4’. 

The strong electron donating benzimidazolic ligands lead to high electron donation to 

the Re center, thus reducing the Lewis acidity of the metal and slowing down the 

epoxidation reaction. On the other hand, this poor conversion maybe also due to the 

presence of N-H groups in the benzimidazolic ligands.44 They may interfere with the 

catalytic cycle by forming hydrogen bonds with produced H2O during the reaction. In 

summary, the strong coordination capacity of the di-nitrogen benzimidazolic ligands can 

slightly increase the epoxidation selectivity but reduces the conversion of the 

epoxidation reaction. A similar situation is also known of other related literature 

described systems.45, 46 

Table 4. Epoxidation of cis-cyclooctene with different catalysts.a 
Entry Catalyst Yieldb 

(%) 

Selectivityb 

(%) 

TOFc 

(h-1) 

1 1 29 99 137 

2 2 23 99 149 

3 3 34 99 211 

4 4 99 99 236 

5 5 25 99 132 

6 6 31 99 176 

7 7 33 99 152 
a Reaction condition: cis-cyclooctene (2 mmol); H2O2 (35 %)(4 mmol), catalyst (2 

mol %), CH2Cl2 (1.2 mL) at room temperature, t = 1 h. 
b Yield and selectivity are calculated based on GC analysis.  
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c Determined after 5 min. 

 

MTO complex 4 was also tested as catalyst for the epoxidation of various other olefins 

including cyclic olefins and long-chain olefins with H2O2 as oxidant. The results are 

given in Table 5. It has to be noted here that 1-octene is readily epoxidized into its 

epoxide the yield being 99 % (Entry 2). For trans-β-methylstyrene (Entry 3), limonene 

(Entry 4) and (+)-camphene (Entry 5), usually more challenging substrates for 

epoxidation, still relatively high yields (> 70 %) can be obtained (Entries 3-5). 

Table 5. Epoxidation of different olefins with complex 4 as catalyst using H2O2 as 
oxidant in CH2Cl2a 

Entry Substrate Product Time 
(h) 

Conversion 
(%)b 

Yield 
(%)b 

1 
  

1 99 99 

2   
24 99 99 

3 
  

4 96 96 

4 

  

3 73 73 

5 

  

0.5 77 77 

a Reaction condition: olefins (2 mmol); H2O2 (35 %)(4 mmol), catalyst 4 (2 mol %), 

CH2Cl2 (1.2 mL) at room temperature. 
b The Yield and selectivity are calculated by GC analysis.  

Influence of the ligands concentration 

L1 was used to investigate the influence of the ligands concentration on the epoxidation 

reaction. The epoxidation results in the first hour are summarized in Figure 5. 

Application of free MTO (line d) leads to a yield 88 % after 1 h reaction time and a TOF 

O

O

O

O

O
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of 280 h-1. Compared to this, the epoxide yield was only 25 %, 15 % and 28 % after one 

hour with no further changes even after 24 hours when the molar rate of L1 : MTO was 

0.5 : 1, 1 : 1, and 2 : 1(line a, b, c). The activity of the catalytic system increased when 

the ratio of L1 : MTO was raised to 10 : 1. The reaction displayed a TOF of nearly 700 

h-1 and a yield of 57 % after five minutes and reached to 98 % after one hour (line e). 

With higher ligands concentrations, the epoxide yield slightly increased to 63 % and 

76 % after five minutes reaction time and reached almost 100 % after one hour with a 

TOF of ca. 750 h-1 and ca. 920 h-1 when the molar ratio of L1 : MTO was raised to 20 : 

1 and 50 : 1 (line f and g). The results show, that large excesses of benzimidazolic 

ligands lead to higher catalytic activity for olefin epoxidation. This observation is in 

contrast to previous observations with modentate pyridine-derived ligands, where the 

activity and yield did not change significantly when ratios higher than 1 : 10 (MTO : 

Lewis base) were reached.   

Figure 5. Influence of the ligand concentration on the yield, L1 : MTO = 1 : 1 (a), 0.5 : 

1 (b), 2 : 1 (c), 10 : 1 (e), 20 : 1 (f), 50 : 1 (g), MTO (d). 

7.3 Conclusions 

Several bidentate N-donor benzimidazolic adducts of MTO were synthesized, 

characterized and applied for catalytic olefin epoxidation using H2O2 as oxidant in 

CH2Cl2 at room temperature. The benzimidazolic MTO compounds show good stability 

and can be exposed to air for several days. Most complexes exhibit good selectivity but 

relatively low activity. A large excess of the benzimidazolic ligands however, is able to 

increase the catalytic activity significantly. 
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New Organorhenium(VII) Trioxide complexes: 

Synthesis, Structure Characterization, Properties 

and Application 

 

8. Organorhenium(VII) Trioxide Complexes  

Prompted by the evident versatility of MTO, a series of complexes with the general 

formula L-ReO3 (L = inorganic or organic substituent) have been prepared and thorough 

investigated in the last few decades.1-9 It was expected that variation of the ligand L with 

regard to stereo chemical bulk and electronic donor capability would lead to derivatives 

with tailor-made reaction behavior. The development of appropriate synthetic routes 

was decisive to achieve this goal. Though a plethora of such complexes bad been 

obtained and systematically examined in the last few years,10-13 however, most of them 

were turned out to be neither catalytically active nor very limited stability compared 

with MTO.14-19 

8.1 Alkyl-trioxorhenium Complexes 

Though classically considered much less stable than their arene counterparts, σ-alkyl 

and aryl metal-organic compounds have also attracted much attention during the last 

decades.20 This is particularly true in the case of organometallic rhenium oxides, 

especially when the various applications of MTO were discovered. The unprecedented 

success of MTO inspirited the search for similar alkyl derivatives. Thus, in the last two 

decades a renewed interest for σ-aryl and alkyl rhenium oxides has arisen.21, 22 Some 

examples of alkyl-trioxorhenium complexes are included in Figure 1. 
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Figure 1 Some examples of alkyltrioxorhenium. 

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. 

8.2 Aryl-trioxorhenium Complexes 

However, little attention has been paid to the aryl trioxorhenium complexes of the type 

Ar-ReO3, especially with respect to catalytic applicability, which probably due to the 

instability of such complexes. As we know, although Aryl ligands being available for 

the full range of organic aromatic substitution chemistry,22, 23 the synthesis of Ar-ReO3 

compounds is quite intricate since both the starting materials and most of the products 

are at least in some cases highly instable. For example, phenyltrioxorhenium is quite 

sensitive to moisture, and only stable at very low temperature (< -30 oC).5, 22  The 

mesityl derivative mesReO3, as the first synthesized arylReO3, was prepared in 1988.24 

With the steric protection offered by the two o-CH3 groups, the mesReO3 shows a better 

stability in solution at room temperature, but slowly decomposes up long exposure to 

light to give insoluble, dark residues. To our best knowledge, there are only a few 

examples of aryl trioxorhenium(VII) complexes with the type of Ar-ReO3 reported in 

the literature so far.22 Figure 2 concluded almost all reported complexes. Similar with 

the alkyl-trioxorhenium complexes, most of these derivatives have been turned out to be 
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either not catalytically active or very limited stability compared with MTO. As far as we 

know, xylytrioxorhenium (XTO) is the first and the only aryl trioxorhenium complex 

proved to be applicable as an olefin epoxidation catalyst.25 

 

 

Figure 2 Examples of aryltrioxorhenium complexes. 

8.2.1 Xylyltrioxorhenium (XTO) as Epoxidation Catalyst 

Xylyltrioxorhenium shows significant epoxidation activity when water-free TBHP is 

used as oxidant. Moderate conversion could be obtained using this XTO/TBHP system 

for the epoxidation of cis-cyclooctene.25 It is notable that the catalytic system shows 

excellent selectivity during the epoxidation procedure. No byproducts, especially no 

ring-openings of the epoxide were observed. Thus, yields are equivalent to conversion. 

Experimentally, two possible potential active species for the MTO/TBHP catalysis 

system were discovered (Figure 3). The later mono-peroxo complex is considered the 

major species under catalytic conditions. 
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Figure 3 Active species for the XTO/TBHP system. 

8.3 Amido-trioxorhenium Complexes 

In contrast to the well established organometallic chemistry of rhenium(VII)oxides, the 

corresponding amido complexes containing the [ReO3]+ core are extremely rare. 

Besides the phosphiminato derivatives (O3ReN=PR3),26, 27 the benzamidinate compound 

[{(CH3)3SiNC(Ph)NSi(CH3)3}ReO3],28 and some η2-pyrazolate complexes of the type 

[(η2-pz)ReO3(THF)n] (pz = pyrazolate)29 only five amido rhenium trioxides of the 

composition (R2N)ReO3 (R = i-Pr, Mes) were reported.30-The first one, (i-Pr2N)ReO3 

was reported being a thermally unstable compound, which decomposes both in the solid 

state and in solution at 20 °C.30  The second one with structural characterization amido 

rhenium trioxide, (Mes2N)ReO3, was obtained in a peculiarly way upon reaction of 

Mes2ReO2 with NO.31 In contrast, the less bulky compound Me2NReO3 could not be 

isolated.30 Figure 4 shows selected examples of  amido-trioxorhenium complexes. 
 

Figure 4 Selected examples of amido-trioxorhenium complexes. 



Chapter IV 

 83 

9. Re-Based Catalysts for Olefin Metathesis 

9.1 Re2O7/Al2O3 System 

There are many Re-based catalysts for olefin metathesis, which are especially effective 

for internal or cyclic olefins. Many examples are summarized in Table 1, amongst 

which Re2O7/Al2O3 system is the most well-known, and is considered the extremely 

active system.33, 34 Unlike Mo- or W-based heterogeneous catalysts, efficiently only at 

high temperatures (250-500 oC), and usually not compatible with functionalised olefins, 

this system has the advantage of working at moderate temperature (20-35 oC), and can 

be compatible with functional groups when activated with organotin agents.35-38 For 

instance, Re2O7/Al2O7 system can catalyze the metathesis of unsaturated fatty acid 

esters in the presence of a small amount of tetramethyltin. On the other hand, one 

crucial drawback of this system is the very small number of active sites (typically less 

than 2 %),39, 40 which hampers its improving and industrialization. 
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Table 1 Examples of Re-based catalyst systems for olefin metathesis 
Catalyst system T/oC Olefin 

Re2O7/Al2O3 or SiO2 20-100 Acyclic 

Re2O7/Al2O3 40-140 Cyclic 

Re2O7/Al2O3/WxOy or VxOy 20-100 Acyclic 

Re2O7/Al2O3/Bu4Sn 20 Hept-1-ene 

Re2O7/Al2O3/R4Sn 20 Propene 

Re2O7/Al2O3/Et4Pb 35 Hex-1-ene 

Re2O7/Al2O3/MoO3/Bu4Sn 20 Hept-1-ene 

Re2O7/SiO2-Al2O3 25-50 Propene 

Re2O7/SiO2-Al2O3/R4Sn 25 Propene 

Re2O7/SiO2-Al2O3/Et3Al 20 Pent-2-ene 

Re2O7/TiO2/Et3Al/Me4Sn 40 Propene 

CH3ReO3/ SiO2-Al2O3 20 Pent-2-ene 

CH3ReO3/Nb2O5 20 Pent-2-ene 

CH3ReO3/ RnAlCl3-n 20 Pent-2-ene 

ReCl5 20 Norbornene 

ReCl5/EtAlCl2 20 Norbornene 

ReCl5/Et3Al/O2 20 Acyclic 

ReCl5/LiAlH4 20 Pent-2-ene 

ReCl5/Bu4Sn 20 Pent-2-ene 

ReOCl3(PPh3)2/EtAlCl2 20 Pent-2-ene 

ReOCl3[P(OEt)3]2/EtAlCl2 20 Pent-2-ene 

Re(CO)5X/EtAlCl2 90 Acyclic 

ReCl4(PPh3)/EtAlCl2 20 Pent-2-ene 

ReBr3(O)(PPh3) 20 Pent-2-ene 

 

9.2 MTO as heterogeneous catalyst for olefin metathesis 

In 1991, Hermann and his coworkers discovered that CH3ReO3 supported on Al2O3-

SiO2 is an efficient metathesis catalyst at room temperature without additives; even 

functionalized olefins could be transformed.41 Another highly active system for the 

metathesis of acyclic olefins is obtained when MTO is chemisorbed on Nb2O5.42 
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Evidence shows the activity is related to the surface acidity. The surface fixed catalyst 

become significantly more sensitive to water than the free MTO, being rapidly 

decomposed to methane, ethylene and perrhenate in the presence of moisture. In 2007, 

Copéret and coworkers employed solid-state IR, NMR, EXAFS spectroscopy along 

with DFT calculations and labeling experiments to show that two types of 

spectroscopically distinct sites are presented after CH3ReO3 reacts with γ-alumina 

partially dehydrated at 500 oC.43, 44 The main species, which is the coordination adduct, 

is not metathesis active, while the minor species, which derives from C-H activation of 

the methyl group of CH3ReO3 on alumina, is responsible for activity (Figure 5).  

 

Figure 5 Proposed active sites for CH3ReO3/γ-Al2O3. 

These findings establish unambiguously that C-H activation of CH3ReO3 is possible on 

surface. The resulting rhenium-methylidene complex is metathesis-active.  

Two kinds of spectroscopically distinctive sites were also found by Scott and his 

coworkers by studying on grafting CH3ReO3 on silica-alumina.45, 46 The active species 

is created via two Lewis acid/base interactions: coordination of the oxo ligand of 

CH3ReO3 to an aluminum center of the support and interaction of neighboring oxygen 

with the rhenium center. In contrast, CH3ReO3 interacting with surface silanols via H-

bonding is metathesis inactive (Figure 6).  
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Figure 6 Proposed active sites for CH3ReO3/silica-alumina. 

9.3 MTO as Homogeneous Catalyst for Olefin Metathesis 

In solution, MTO is also active for the metathesis of cyclic and acyclic alkenes, but only 

in the presence of a Lewis acid such as AlCl3, (CH3)4Sn or RnAlCl3-n (R = Me, Et; n = 1, 

2).41 In 1991, Herrmann and coworkers reported the use of MTO as metathesis catalyst 

for simple olefins that have no functional groups. The metathesis of 2-pentene was 

achieved catalyzed by MTO/RnAlCl3-n (R = Me, Et; n = 1, 2) system in less than 5 min 

at room temperature. Further more, ring-open metathesis polymerization was also 

catalyzed by this system with norbornene and some derivatives as substrates (Scheme 

1). Polynorbornene of high molecular weight and medium polydispersity was obtained 

with a high proportion of cis-configurated moieties. The cis-stereoselectivity was found 

being controlled by the rhenium/cocatalyst ratio.41  

 

Scheme 1 ROMP of norbornene catalyzed by MTO/RnAlCl3-n system. 
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10. New Organorhenium(VII) Trioxide Complexes: 

Synthesis, Structure Characterization, Properties and 

Application 

10.1 Abstract 

A series of rhenium trioxide complexes of the formula (L-ReO3) is synthesized: [4-

(trifluoromethyl)phenyl]trioxorhenium (1), [4-(trifluoxomethyloxyl)phenyl]trioxorheni-

-um (2), [4-(trifluoromethyl)tetrafluorophenyl]trioxorhenium (THF) (3) and (2, 2, 6, 6-

tetramethylpiperidin-1-yl)trioxorhenium (4). As intermediate products, the organozinc 

compounds bis[4-(trifluoromethoxy)phenyl]zinc (5) and bis[2, 6-bis(trifluoromethyl)ph-

-enyl]zinc (6) are first synthesized. The main complexes have been characterized by 1H, 
13C, 19F, 17O NMR, IR, MS, TGA and element analysis. The crystal structures of 

complexes (1), (2) and amido rhenium trioxide complex (4) have been characterized by 

single-crystal X-ray diffraction. Because of the strong Lewis acidity of the Re(VII) 

center influenced by the electron-withdrawing aryl ligands, the crystal structures of 

complexes (1) and (2) are only obtained as THF adducts (1a) and (2a). The catalytic 

activity of complexes (1)-(4) for the epoxidation of cyclooctene has been examined. 

Epoxide yields of around 80 % are obtained using water-free TBHP as oxidant at 55 oC. 

Furthermore, complex (1) has been also tested as catalyst for ring-opening metathesis 

polymerization (ROMP) reaction with norbornene as substrate. Polynorbornene with 

high molecular weight can be obtained in good yields at room temperature catalyzed by 

complex (1)/RnAlCl3-n system. 

10.2 Results and Discussion 

10.2.1 Synthesis and Spectroscopy 

Diorganozinc reagents bis[4-(trifluoromethyl)phenyl]zinc was synthesized according to 

a literature method. 47  Bis[2, 3, 5, 6-tetrafluoro-4-(trifluoromethyl)phenyl]zinc was 

prepared from 4-bromoperfluorotoluene and zinc chloride. Details are summarized in 

the experimental section (13.2). 
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 Complexes (1) - (6) were synthesized according to Scheme 2 (details see 13.2).  

Scheme 2 Synthesis of complexes (1)-(6). 

Complexes (1)-(3) were synthesized by reaction of Re2O7 with corresponding 

diorganozinc reagents. The yields are maximum 50 % theoretically, based on rhenium, 

since zinc perrhenate is formed as a stoichiometric byproduct accounting for the other 

50 % of the applied rhenium. However, this reaction seems very sensitive to the quality 
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of the dirhenium heptoxide used. Only highest quality grade, lemon-yellow Re2O7, 

produced by oxidation of rhenium powder under oxygen gas and direct sublimation, 

should be applied. Complex (4) was synthesized in one pot reaction: in the first step Cl-

ReO3 was generated according to a literature procedure starting from Re2O7 and 

Me3SiCl48, the generated Cl-ReO3 was further reacted at -78 °C with 2, 2, 6, 6-

tetramethylpiperidine (TMP) giving the corresponding amido rhenium trioxide (4). 

Complex (1) is obtained as a white needle like crystalline solid in a yield of 25 %, 

whereas complex (2) is a white flake crystalline solid in a yield of 21 %. The very 

acidic complex (3) can only be isolated as a THF-adduct as a dark purple powder in a 

yield of 11 %. Complex (4) as a yellow crystalline solid is obtained in a yield of 9 %. 

However, the yields are considered depending on both the precise stoichiometry of the 

reagents and the electronic nature of the organic substituent. The single crystals suitable 

for X-ray diffraction of complexes (1a) and (2a) can be obtained by slow solvent 

diffusion techniques from THF and n-pentane at -35 oC. The crystal of complex (4) can 

be obtained by recrystallization in n-pentane at -35 oC. Complexes (1)-(3) are stable at 

room temperature both in solid state and in solution but very sensitive to moisture. 

When contacting to water, complexes (1)-(3) slowly decompose to biaryl products by 

reductive coupling of the aryl groups, and yielding perrhenate. This is in consistent to 

the literature.22 As a result of the larger steric demand, complex (4) show better stability, 

and is stable in air at ambient conditions for several hours. On the other hand, complex 

(4) seems slowly decompose in solution, which is an explanation for the relative low 

obtained yields. To build steric hindrance, diorganozinc compound (6) is synthesized 

for the first time. However, the effort to obtain the corresponding aryl trioxorhenium 

complex was failed, which probably owing to the more strong electron-withdrawing and 

bulky organic group.  

Moreover, an aryl zinc-hydroxy cubane compound (7) with the formula [ArZn(OH)]4 

(Ar = 2, 6-(CF3)2C6H3) is detected and characterized using single-crystal X-ray 

diffraction (see 14.5). To our best knowledge, this is the second example of aryl zinc 

cubane with hydroxo-bridges. 49  However, this an unexpected tetrameric species 

probably formed by aggregation of the hydrolysis product of compound (6) (Scheme 7). 
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Scheme 7 Hydrolysis and aggregation of compound (6). 

The intermediate diarylzinc complexes (5) and (6) were synthesized in two steps 

reaction: first, the starting materials react with n-BuLi yielding corresponding 

aryllithium compounds; then ZnCl2 is added to form the expected organometallic 

species. Complex (5) as a white crystalline solid is obtained in a yield of 35 %; complex 

(6) as white needle-like crystal is obtained in a yield of 11 %.  

The IR spectrum 

A selected IR data of complexes (1)-(4) is summarized in Table 2. In the IR spectra of 

complexes (1)-(3), the symmetric Re=O stretching vibrations are observed in the region 

of 931-1016 cm-1, while the asymmetric Re=O stretching vibrations are found between 

940 and 971 cm-1. Compared with the vibrations of some other (σ-

Aryl)trioxorhenium(VII) complexes,22 the vibrations range from 922 to 986 cm-1 and 

951-965 cm-1, the Re=O bands of compounds (1)-(3) shift obviously to lower field, 

referring to the strong electron-withdrawing capacity of the aryl group. Comparatively，

the Re=O stretching vibrations in complex (4), which has a electron-donating and more 

sterically demanding ligand, shift significantly to higher field, observed in the region of 

927 and 908 cm-1 as strong sharp peaks. Additionally, the -CF3 stretching modes are 

expected to be very prominent in the infrared spectrum. From the results, it goes to 

show that the -CF3 asymmetric (1244 cm-1) and symmetric (1206 cm-1) stretching of 

complex (2) are much lower compared to complexes (1) and (3), the bands at 1324 and 

1169 cm-1 for complex (1), 1156 and 1143 cm-1 for complex (3), which may due to the 

much more electron-withdrawing substituent group. The bands at 656-758 cm-1 of 

complexes (1)-(3) are assigned as asymmetric -CF3 deformations.  
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Table 2.  Selected IR data (cm-1) of complexes (1)-(4). 
(1) (2) (3) (4) Assignment 

988m 987m 1016m 927m ReO3 symmetric stretch 

931vs 940vs 971vs 908vs ReO3 ant symmetric stretch 

1324s 1244s 1316vs  CF3 asymmetric stretch 

1169s 1206s 1176m  

1131vs 1156vs 1143vs  CF3 symmetric stretch 

687s 662m 758vs  CF3 asymmetric deformation 

- 656m 710vs  

 

The NMR spectrum 

A 13C NMR study was performed to gain information about the electronic properties of 

the ReO3 moiety with respect to the organic ligand groups. A significantly upfield 

chemical shift is observed of the C (C-Re) compared with the starting diarylzinc 

compounds. However, the ReO3 moiety appears to be strong electron-withdrawing 

substituent when comparing with a series of monosubstituted benzene derivatives.22 

According to the 1H NMR spectra, the aromatic proton resonances of complex (1) 

containing a strong electron withdrawing group -CF3 appear at 7.66, 7.68 and 7.72, 7.74 

ppm as two double peaks. For complex (2), these signals shift to higher field, and 

appear at 7.30, 7.32 and 7.62, 7.64 ppm under the influence of a more stronger electron 

withdrawing group -OCF3. As expected, chemical shift of the aromatic protons in both 

complexes (1) and (2) move to lower field in contrast with the starting diarylzinc 

reagents but higher field in contrast with TolReO3,22 which has a electron donating 

group -CH3 in the aryl ligand. Except complex (3), the THF signals are not found in 1H 

NMR spectra of complexes (1) and (2), meaning the presence of equilibria between the 

free complexes and solvated derivatives. It seems the solvent-free species predominate 

at the room temperature. However, the adducted THF could be removed under a 

vacuum condition. For complex (4), the proton resonances of the piperidine ligand 

appear at about 1.48-1.78 ppm. Compared with the free piperidine ligand, in which the 

resonances appear at 1.02-1.59 ppm, the chemical shift moved clearly to lower field 

under influence of the strong electron-withdrawing moiety ReO3.   
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Table 3. 17O NMR data of selected complexes of type L-ReO3a 
Complex δ  (17O), ppm Complexb δ  (17O), ppm 

(1) 859 CH3ReO3 829c 

(2) 850 MesReO3 811c 

(4) 723 (Me3SiO-Xy)ReO3 800c 

  (C5H5)ReO3 691d 
a In CDCl3 at normal spectrometer temperature. 
b Mes = 2,4,6-trimethylphenyl; Me3SiO-Xy = 2,6-dimethyl-4-(trimethylsi1oxy)phenyl. 
c Reference 22. 
d Reference 9. 

 

The 17O NMR data of complexes (1), (2) and (4) are summarized in Table 3. 17O NMR 

chemical shifts are affected strongly by the electronic nature of the ligands and also 

show a solvent dependence. In d6-DMSO, the oxygen resonance originating from Re=O 

of complexes (1) and (2) appear at 939 ppm and 927 ppm, respectively. Compared with 

MTO, the resonance appears at 864 ppm, the oxo resonances significantly shift to 

downfield in complexes (1) and (2). According to the literature22, in CDCl3, the oxygen 

resonance from Re=O of MTO appears at 829 ppm, while the signal from MesReO3 

appears at 811 ppm. Compared with the above two compounds, complex (1) and (2) 

show obviously downfield-shifted 17O NMR signals, respectively at 859 and 850 ppm. 

These results support the rhenium centers in complexes (1) and (2) being strong Lewis 

acidic. Differently, complex (4) with more electron-rich piperidine ligand cause 

significant up-field shift of the 17O NMR resonance, which appears at 723 ppm in 

CDCl3. The spectra clearly reflect the difference in the electron density at rhenium 

center in complexes (1), (2) and (4). 

Thermogravimetry/Mass Spectrometry 

Thermal stability of the aryl trioxorhenium complexes (1)-(3) has been determined by 

TG/MS analysis. The TG curves reveal that these three complexes have lower thermal 

stability. Complexes (1) and (2) have similar thermal stability, starting to lose weight at 

about 120 oC, while complex (3) decomposes at even lower temperature 80 oC. 

Compared with some other aryl trioxorhenium compounds, CH3ReO3 decomposes 

above 300 oC, MesReO3 (Mes = 2, 4, 6-trimethylphenyl) and XyReO3 (Xy = 2, 6-
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dimethylphenyl) are stable up to 200 oC,22  this remarkable difference in thermal stability 

may be attributed to the reduced steric hindrance at the rhenium center and weaker Re-

C bond influenced by the strong electron-withdrawing aryl groups, which enhances the 

activation for a bimolecular decomposition process. The TG/MS results also exhibit that 

complex (1) decompose at about 190 oC associated with a mass loss of 147, which 

corresponds to the loss of the aryl ligand, while the temperature of complex (2) is 

around 175 oC. In the case of complex (3), this temperature decreases to 150 oC . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Thermogravimetry analysis (TGA) of complexes (1)-(3). 

10.2.2 Single-crystal X-ray Structures 

The single-crystal X-ray structures of complexes (1a), (2a), (4), and (7) have been 

determined. The ORTEP representation of the molecules (1a) and (2a) are given in 

Figure 8. The selected bond distances and angles are listed in Table 4. The ORTEP 

representation with selected bond length and angles of the complex (4) is given in 

Figure 9. The crystal data and details of the structure determination of compound (7) 

are summarized in the experimental section (14.5).  Complex (1a) crystallizes in the 

triclinic space group P-1 and complex (2a) is in the monoclinic space group C2/c, 

whereas complex (4) is in the Pnma space group. In each of the molecules (1a) and (2a), 

the σ-Aryl ligand is less tilted away from the oxygen atom which lies in or near to the 

ring plane according to the Re-C (1)-C (2, 6) angles: 120.3 (3), 120.9 (3), 121.71 (19) 

and 119.42 (19)° which is in consistent with literature.12 There are slight distortions in 

the σ-Aryl ligand angles by up to 2°, such that the -CF3 or -OCF3 group in the 4-position 

are bent away from the ReO3 moiety. That can be seen from the bond angles: C (3)-C 
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(4)-C (7), 119.8(4), C (5)-C (4)-C (7), 119.6 (4)° in complex (1a), and C (5)-C (4)-O (5), 

119.8(2), C (3)-C (4)-O (5), 117.7(2)° in complex (2a). This distortion seems to be a 

common feature in complexes bearing the mistily ligand, such as MesReO3, Mes2ReO2 

and Mes4ReO, which can be explained in terms of steric repulsions between the oxygen 

atoms and the substituent group in the aryl ring.22 The Re-C bond lengthen for complex 

(1a), 2.083 (4) Å is slightly longer than that seen from complex (2a), 2.073 (3) Å. Both 

are longer than some other Aryl trioxorhenium(VII) complexes published before, such 

as MesReO3, 2.00 or 2.06 Å5; (Me3SiO-Xy)ReO3, 2.04 Å, and Ph(THF)ReO3, 2.07 Å.22 

These long distances probably result from both the strong electron-withdrawing effect 

of the ReO3 fragment and the aryl moiety. The Re-O bond lengths for complexes (1a) 

and (2a) are range from 1.698 (2) Å to 1.718 (3) Å; O-Re-O bond angles vary from 

116.17 (16) to 119.86 (10)°; and O-Re-C angles vary from 96.86 (15) to 99.16 (14)°. 

Compared with the four-coordinate heptavalent rhenium, the Re-O bond lengths range 

from 1.674 (8) to 1.703 (6) Å; O-Re-O bond angles vary from 109.7 (3) to 112.2 (2)°; 

and O-Re-C angles vary from 105.9 (3) to 108.2 (3)°22, these five-coordinate complexes 

have longer Re-O bonds (increase of the Re-O lengths by 0.015-0.024 Å), bigger O-Re-

O bond angles (increase of the O-Re-O angles by about 6-8°), but smaller O-Re-C 

angles (reduction of the O-Re-C angles by about 9°), which is similar as the THF adduct 

Ph(THF)ReO3.22 As there is no significant lengthening of the Re-O bond in the THF 

adducts (1a) and (2a), both complexes are tempted to assume that the coordinate of the 

THF is relatively weak. In contrast to an six-coordinate Re(VII) complex of 1,4-dioxane 

with the Re-O (dioxane) bond distance of 2.469 and 2.486 (5) Å and complex 

Ph(THF)ReO3 with the Re-O (THF) bond distance of 2.420 (2) Å, our Re-O (THF) 

bond distance of 2.361 (3) and 2.381 (18) Å is therefore what might be expected for 

five-coordinate Re (VII) in this type of adduct. The metal environment is a distorted 

trigonal bipyramid, with the O (4)-Re-C (1) angle of 177.06 (12)° in complex (1a) and 

178.08 (8)° in complex (2a). Furthermore, the coordination of the THF seems disturb 

the overall molecular symmetry, leading a rotation about the Re-C bond in the THF 

adducts relative to the mesityl derivatives. As expect, the Re-N bond length of complex 

(4), 1.9051 (15) Å is clearly shorter than the Re-C bond in MTO (2.063(2) Å) and in the 

aryl trioxorhenium complexes due to the π-donor capability of the piperidine ligand. As 

a more symmetrical structure, the Re-O (2) bond distance of 1.705(12) is equal with Re-

O (2#1) in complex (4). Due to a slight oblique between the piperidine ligand and ReO3 

moiety, the Re-O (1) bond distance of 1.719 (17) is obviously longer. 
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                               (1a)                                                                     (2a)                                                                                                                    

Figure 8 ORTEP view of complexes (1a), (2a) with displacement ellipsoids at the 50 % 

probability level. 
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(4) 

Figure 9 ORTEP view of complex (4) with displacement ellipsoids at the 50 % 

probability level. Selected bond length (Å) and angles (deg): Re-O (1) 1.719 (17), Re-O 

(2) 1.705 (12), Re-O (2#1) 1.705 (12), Re-N 1.905 (15), C (1)-N 1.525 (15), C (1#1)-N 

1.525 (15); O (1)-Re-O (2) 108.36 (5), O (1)-Re-O (2#1) 108.36 (5), O (2)-Re-O (2#1) 

109.76 (9), O (1)-Re-N 109.03 (7), O (2)-Re-N 110.63 (5), O (2#1)-Re-N 110.63 (5), C 

(1)-N-Re 118.56 (7), C (1#1)-N-Re 118.56 (7), C (1)-N-C (1#1) 122.39 (14). 
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Table 4. Selected bond lengths and angles for (σ-Aryl) trioxorhenium(VII) complexes 
(1a) and (2a). 

 Complex (1a) Complex (2a) 

Bond Lengths around Re (Å) 

Re-O (1) 1.718 (3) 1.698 (2) 

Re-O (2) 1.706 (3) 1.708 (2) 

Re-O (3) 1.705 (3) 1.706 (2) 

Re-C (1) 2.083 (4) 2.073 (3) 

Re-O (4) 2.361 (3) 2.381 (18) 

Bond Angles at Re (deg) 

O (1)-Re-O (2) 119.06 (16) 116.93(10) 

O (1)-Re-O (3) 116.17 (16) 117.48 (10) 

O (2)-Re-O (3) 119.25 (15) 119.86 (10) 

O (1)-Re-C (1) 97.59 (14) 98.30 (10) 

O (2)-Re-C (1) 96.86 (15) 97.90 (10) 

O (3)-Re-C (1) 99.16 (14) 97.86 (10) 

O (4)-Re-O (1) 81.59 (12) 83.57 (9) 

O (4)-Re-O (2) 81.14 (12) 80.79 (8) 

O (4)-Re-O (3) 83.71 (12) 81.64 (8) 

O (4)-Re-C (1) 177.06 (12) 178.08 (8) 

Coordination Angles of Aryl Ring to Re (deg) 

Re-C (1)-C (2) 120.3 (3) 121.71 (19) 

Re-C (1)-C (6) 120.9 (3) 119.42 (19) 

 

10.2.3 Application in Epoxidation catalysis  

Complexes (1)-(4) were examined as catalysts for olefin epoxidation reaction with 

cyclooctene as substrate. The results are summarized in Table 5. In fact, epoxidation 

reactions carried out with aqueous 35 % H2O2 as oxidant shows no significant activity 

due to these complexes reacting with water, and yielding perrhenate, which is not active 

in olefin epoxidation. Changing the oxidant to water-free TBHP in decane solution 

leads to increased yields and notably higher initial catalytic activities of complexes (1)-

(3). However, complex (4) doesn’t present any catalytic activity in both cases, which 
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may due to the extremely instability in solution. In general, complexes (1)-(3) show 

similar catalytic activity in the epoxidation of cyclooctene.  An overall epoxide yields 

of > 60 % after 24 h are obtained with a catalyst: oxidant: substrate ratio of 1 : 200 : 100 

in CH2Cl2 at room temperature. It is worth to point no byproducts are detected. 

Especially, no ring opening of the epoxide was observed in all cases. Thus, the yields 

are equivalent to conversion.  This result is more or less similar with the (2, 6-

dimethylphenyl)trioxorhenium (XTO) under the same conditions.25 With increasing the 

reaction temperature to 55 oC and CHCl3 as solvent, both TOFs and yields significantly 

increased. The overall epoxide yields increase over 80 % with the TOFs overall > 1300 

h-1. 

Table 5. Epoxidation of cis-cyclooctene with complexes (1), (2), (3) and (4) as 
catalysts.a 

Entry Catalyst Oxidant Solvent T (oC) Yieldb (%) TOFc (h-1) 

1 (1) H2O2 CH2Cl2 r.t. 3 < 1 

2 (1) TBHP CH2Cl2 r.t. 66.2 388 

3 (2) TBHP CH2Cl2 r.t. 60.8 426 

4 (3) TBHP CH2Cl2 r.t. 66.7 464 

5 (1) TBHP CHCl3 55 80.6 1424 

6 (2) TBHP CHCl3 55 84.7 1395 

7 (3) TBHP CHCl3 55 84.5 1311 

8 (4) TBHP CH2Cl2 r.t. - - 
a Reaction condition: cis-cyclooctene (2 mmol); H2O2 (35 %)(4 mmol) or TBHP (5.5 M 

in Decane, 4 mmol), catalyst (2 mol %), CH2Cl2 or CHCl3 (1.2 mL) at room 

temperature, t = 24 h. 
b Yield is calculated based on GC analysis. 
c Determined after 5 min. 

 

Figure 10 shows the growth curve of the epoxide yields in the first 4 h for better 

understanding intuitively of the process. The yields increased very fast in the first 1h 

both under room temperature and at 55 oC, then slowed down to a sluggish increasing 

by about 3 % per hour, which probably owning to the decomposition of the catalyst 

during the reaction. Further increasing the amount of the complex (1) to 5 % at 55 oC 

leads to a better yield (72.3 %) in 5 min with the TOF decreasing to 173 h-1. However, 
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no significant increasing after the first 1 h compared with the former results. The 

epoxides yield reached to 79 % in 1 h, and stoped at 82 % after 24 h. A small potion of 

catalyst and oxidant were additionally given to the reaction system after the first 4 h, 

hoping to see another jump of the epoxides yield. Unfortunately, no obviously 

increasing of the epoxide product was observed compared with the former result. Due to 

the theoretical catalytic circle, tert-butanol is considered as the main byproduct besides 

the epoxide product. So a simple 1H-NMR experiment was processed to investigate 

whether there was some reaction between complex (1) and tert-butanol: in a NMR tube, 

complex (1) and tert-butanol were combined at the ratio of 1:1. The mixture was 

allowed to react at room temperature for 10 min before measuring NMR spectrum. The 

result indicates the aromatic proton resonances of complex (1) shifted to higher field 

from 7.84 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 7.9 Hz, 2H) ppm to 7.79 (d, J = 8.0 Hz, 2H), 

7.93 (d, J = 7.9 Hz, 2H) ppm. Correspondingly, the proton resonance of tert-butyl in 

tert-butanol shifted from 1.23 to 1.26 as well as the signal of -OH shifted from 1.69 to 

1.41 ppm. Consider of the above results, there seems to be a coordination interaction 

between the Re center and -OH group in tert-butanol which may prevent the catalyst 

from forming the active species for the epoxidation process.  
     

Figure 10 Yields of cyclooctene epoxidation with compounds (1)-(3) as catalysts in the 

first 4 h at room temperature and 55 oC. 

However, the aryl trioxorhenium complexes (1)-(3) show significant epoxidation 
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activities in the presence of water-free TBHP as an oxidizing agent. Increasing the 

reaction temperature from r.t. to 55 oC can obviously accelerates the epoxidated process 

in the initial phase of the reaction, both good epoxide yields and TOFs can be obtained 

in the first one hour. Although the best epoxide conversation stays at only around 80 % 

due to the decomposition of catalyst, more examples of the formula R-ReO3 complexes 

which giving catalytic activity in the R-ReO3/TBHP system have been synthesized and 

examined. 

10.2.4 Application in Olefin Metathesis 

Complex (1) as catalyst in homogeneous systems for olefin metathesis reaction was also 

tested (Scheme 3).  

 

Scheme 3 Polymerization of norbornene with complex (1) as catalyst. 

Ring-opening metathesis polymerization (ROMP) of norbornene was catalyzed by 

complex (1) with different organoaluminum chloride compounds as co-catalysts. The 

results are summarized in Table 6. The resulted polymers were characterized by 1H, 13C 

NMR and Gel Permeation Chromatography (GPC). All reactions were carried out at 

room temperature with water-free and degased chlorobenzene as solvent within 30 

minutes. Polynorbornene of high molecular weight and medium polydispersity can be 

obtained in good yield with this L-ReO3/RnAlCl3-n system. The products are very 

soluble in THF, DCM and chloroform and have a high proportion of cis-configuration 

moieties. With the reaction temperature increasing, the trans-configuration moieties 

increased.  

 

 

 

 



Chapter IV 

 101 

Table 6. Ring-opening metathesis polymerization of norbornene with complex (1) as 
catalyst.a 

Entry Cocat. [Re]:[Al] 
Yieldb 

(%) 

Cis-c 

(%) 

Trans-c 

(%) 

Mnd 

(× 103) 

Mwd 

(× 103) 
PDd 

1 
Et2AlCl 

1:2 91 94.3 5.7 427 1333 3.1 

2 1:4 90 86.2 13.8 43 91 2.1 

3 
Me2AlCl 

1:2 95 92.0 8.0 213 816 3.8 

4 1:4 92 90.1 9.9 316 687 2.1 

5 
EtAlCl2 

1:2 82 98.0 2.0 345 792 2.3 

6 1:4 99 72.5 27.5 65 238 3.6 
a Reaction condition: norbornene (3.2 mmol), complex (1) (1 mol %), chlorobenzene 

(10 mL), r.t., reaction time 30 min. 
b Isolated yields. 
c Calculated by 1H and 13C NMR 
d Determined by GPC 

 

A polynorbornene with cis-configuration moieties of 63 % and trans-configuration 

moieties of 37 % was obtained by processing experiment entry 4 under 55 oC. It seems 

that the molecular weight of the products can be controlled by the rhenium/cocatalyst 

ratio: an increase in the organoaluminum component gives a lower molecular weight 

polymer, which is somehow different from MTO as catalyst in this organorhenium 

trioxide/RnAlCl3-n system.41 However, an eightfold excess of the co-catalyst caused a 

formation of low molecular weight products and insoluble polymers. In addition, 

complex (4) was also proven to be suitable catalyst for ROMP reaction of norbornene in 

this organorhenium trioxide/RnAlCl3-n system. At room temperature, polynorbornene 

with molecular weight 1580,000 and polydisperisty index 2.6 was formed in the cis-

configuration moieties of 90 % when catalyzed by complex (4) and Me2AlCl in the ratio 

of 1 : 2.  

Furthermore, the specific metathetic degradation of polynorbornene with 4-octene as 

depolymerizing agent was also performed with this L-ReO3/RnAlCl3-n system (Scheme 

4). The polymer product of Entry 1 was tested to react with excess of 4-octene in the 

presence of catalytic amount of complex (1) and Et2AlCl in the ratio of 1 : 2. It should 

be noted that a significant decrease in the polymer’s molecular weight is observed: the 

molecular weight of the resulted polymer decreased to 895,000 from 1333,000; the 
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polydispersity index decreased to 2.5 from 3.1. However, the structure of the polymeric 

product is the same as the starting material according to NMR spectroscopy, which 

means the complex (1) can not only catalyze the polymerization of norbornene but also 

can depolymerize the polymer product. This may be one of the explanations for the 

moderate polydispersity.  

Scheme 4 Depolymerization of polynorbornene with complex (1) as catalyst. 

In summary, aryl trioxorhenium complex (1) has been proven a good catalyst for Ring-

opening metathesis polymerization (ROMP) reaction with organoaluminum chloride 

compounds as co-catalyst. High molecular weight polymer is obtained in good yield. 

The molecular weight and steric configuration of the products could be controlled by 

the ratio of catalyst : co-catalyst and reaction temperature. Complex (1) can also 

catalyze the degradation of the produced polymer when depolymerizing agent exists. 

Complex (4) gives the first example of amido rheniumtrioxide complex catalyzing 

olefin metathesis reaction. A further study is under going in our group.   

10.3 Conclusions  

Four new organorhenium(VII)trioxides complexes have been synthesized and fully 

characterized. The properties and structures have been studied. Complexes (1)-(3) have 

been examined systematically and proved to be suitable catalysts applying in olefin 

epoxidation reaction. Complex (1) and (4) have also been tested and proved catalytic 

active in ring-opening metathesis polymerization (ROMP) reaction. 
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11. Synthesis and Catalytic Applications of MTO Schiff 

Base Complexes 

 

11.1 Materials  

All reactions were performed using standard Schlenk techniques under an argon 

atmosphere. All solvents were collected from solvent drying systems and kept over 

molecular sieves. NMR spectra were recorded on a ruker Avance DPX 400 and 

chemical shifts are reported relative to the residual signal of the deuterated solvent. IR 

spectra were recorded on Varian FTIR-670 spectrometer, using a GladiATR accessory 

with a diamond ATR element. Elemental analyses were obtained from the 

microanalytical laboratory in Technische Universität München. Catalytic runs were 

monitored by GC methods 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. All chemicals were purchased from Acros and ABCR and used without 

further purification. [Emim]BF4, [Bmim]BF4, [Bmim]NTf2, [Emi]SE (1-ethyl-3-

methylimidazolium ethyl sulfate) ionic liquids were synthesized according to literature 

procedures.1, 2 

11.2 Synthetic Methods and Characterization Data 

Synthesis of compounds 1-4: MTO (0.2 g, 0.8 mmol) is dissolved in diethyl ether (10 

mL) and an equally concentrated solution of ligand (0.8 mmol) in diethyl ether (10 mL) 

is added to the stirred solution at room temperature. After 30 min the yellow solution is 

concentrated in an oil pump vacuum to 3 mL, and the yellow or orange precipitate is 

obtained by filtration, washed with dry n-hexane (3 × 10 mL) and dried under reduced 

pressure. 

 

1: (color: yellow) Yield: 87 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 2.19 (s, 

3H, Ph-CH3), 2.50 (s, 3H, MTO-CH3), 4.70 (s, 2H, NCH2), 6.76 (m, 1H, Ph), 6.96 (m, 

1H, Ph), 7.01 (m, 1H, Ph), 7.21 (m, 5H, Ph), 8.28 (s, 1H, CH=N), 12.80 (s, 1H, NH);  
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13C-NMR: (100 MHz, CDCl3, 296 K, ppm): δ = 19.55 (Ph-CH3), 20.35 (MTO-CH3), 

63.15 (NCH2), 118.64, 118.43, 127.33, 127.66, 127.76, 128.66, 131.47, 133.27, 138.21, 

158.96 (aryl-C), 165.63 (CH=N); -C16H18NO4Re (474.53): calcd. C 40.50, H 3.82, N 

2.95, found C 41.34, H 3.95, N 3.11.  

 

2: (color: orange) Yield: 89 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 2.24 (s, 

3H, Ph-CH3), 2.31 (s, 3H, Ph-CH3), 2.54 (s, 3H, MTO-CH3), 6.84 (m, 1H, Ph), 7.12 (m, 

6H, Ph), 8.50 (s, 1H, CH=N), 13.04 (s, 1H, NH); 13C-NMR: (100 MHz, CDCl3, 296 K, 

ppm): δ = 19.80 (Ph-CH3), 20.81 (Ph-CH3), 21.50 (MTO-CH3), 117.44, 119.20, 

121.40, 128.49, 130.43, 132.55, 134.31, 137.25, 146.37, 159.43 (aryl-C), 162.14 

(CH=N); C16H18NO4Re (474.53): calcd. C 40.50, H 3.82, N 2.95, found C 40.68, H 

3.92, N 2.94.  

 

3: (color: yellow) Yield: 85 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 2.36 (s, 

3H, Ph-CH3), 2.64 (s, 3H, MTO-CH3), 6.98 (m, 1H, Ph), 7.22 (m, 5H, Ph), 7.28 (m, 1H, 

Ph), 8.58 (s, 1H, CH=N), 12.67 (s, 1H, NH); 13C-NMR: (100 MHz, CDCl3, 296 K, 

ppm): δ = 19.98 (Ph-CH3), 20.31 (MTO-CH3), 117.36, 118.47, 119.46, 127.31, 131.00, 

132.62, 133.31, 138.81, 146.53, 159.29 (aryl-C), 164.20 (CH=N); -C15H15ClNO4Re 

(494.94): calcd. C 36.40, H 3.05, N 2.83, found C 36.80, H 3.10, N 2.96.  

 

4: (color: yellow) Yield: 81 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 1.67 (d, 

3H, CH3), 2.60 (s, 3H, MTO-CH3), 4.59 (m, 1H, CH), 6.89 (m, 1H, Ph), 7.01 (m, 1H, 

Ph), 7.39 (m, 7H, Ph), 8.42 (s, 1H, CH=N), 13.62 (s, 1H, NH); 13C-NMR: (100 MHz, 

CDCl3, 296 K, ppm): δ = 20.54 (CH3), 20.65 (MTO-CH3), 69.03 (CH), 117.93, 119.32, 

119.46, 127.19, 128.11, 129.49, 132.27, 133.33, 144.40, 162.29 (aryl-C), 164.25 

(CH=N); -C16H18NO4Re (474.53): calcd. C 40.51, H 3.82, N 2.95, found C 41.43, H 

4.09, N 3.05. 

 

Synthesis of complexes 5-8: 0.8 mmol of MTO is added to 0.8 mmol of the 

corresponding di-nitrogen Schiff base in methanol (4 mL) at room temperature. A 

yellow precipitate is formed rapidly. The precipitate is isolated by filtration, washed 

with n-hexane (3 × 10 mL) and dried under reduced pressure for one day. 
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5: (color: yellow) Yield: 82 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 1.80 (d, 

3H, CH3), 2.01 (s, 3H, MTO-CH3), 5.11 (m, 1H, CH), 7.30 (m, 3H, PhH), 7.44 (m, 2H, 

PhH), 7.46 (m, 1H, PyH), 7.91 (m, 2H, PyH), 8.41 (s, 1H, CH=N), 8.80 (m, 1H, PyH); 
13C-NMR: (100 MHz, CDCl3, 296 K, ppm): δ = 22.11 (Ph-CH3), 24.31 (MTO-CH3), 

69.28 (CH), 121.92, 125.56, 126.39, 127.77, 128.19, 129.04, 138.46, 149.72, 152.00 

(aryl-C), 159.50 (CH=N); -C15H17N2O3Re (459.51): calcd. C 39.21, H 3.73, N 6.10, 

found C 39.85, H 3.66, N 6.27.  

 

6: (color: yellow) Yield: 80 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 0.95 (d, 

3H, CH3), 1.98 (s, 3H, MTO-CH3), 2.12 (m, 2H, CH2), 4.70 (t, 1H, CH), 7.28 (m, 1H, 

PhH), 7.40 (m, 4H, PhH), 7.47 (m, 1H, PyH), 7.88 (m, 1H, PyH), 7.90 (m, 1H, PyH), 

8.05 (s, 1H, CH=N), 8.77 (m, 1H, PyH); 13C-NMR: (100 MHz, CDCl3, 296 K, ppm): δ 

= 11.44 (CH3), 23.03 (MTO-CH3), 29.59 (CH2), 57.53 (CH), 121.92, 126.28, 125.96, 

127.46, 127.88, 128.90, 138.02, 150.34, 152.71 (aryl-C), 159.84 (CH=N); -

C16H19N2O3Re (473.54): calcd. C 40.58, H 4.04, N 5.92, found C 40.77, H 4.01, N 5.94.  

 

7: (color: yellow) Yield: 81 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 1.74 (s, 

3H, MTO-CH3), 1.80 (s, 3H, CH3), 5.12 (m, 1H, CH), 7.32 (m, 1H, PhH), 7.40 (m, 2H, 

PhH), 7.46 (m, 2H, PhH), 7.48 (m, 1H, PyH), 7.91 (m, 2H, PyH), 8.42 (s, 1H, CH=N), 

8.81(m, 1H, PyH); 13C-NMR: (100 MHz, CDCl3, 296 K, ppm): δ = 22.10 (Ph-CH3), 

24.30 (MTO-CH3), 69.26 (CH), 121.91, 125.53, 126.38, 127.77, 128.19, 129.03, 

138.44, 149.74, 152.00 (aryl-C), 159.45 (CH=N); -C15H17N2O3Re (459.51): calcd. C 

39.21, H 3.73, N 6.10, found C 39.19, H 3.85, N 6.12.  

 

8: (color: yellow) Yield: 84 %; 1H-NMR: (400 MHz, CDCl3, 296 K, ppm): δ = 1.75 (d, 

3H, CH3), 1.97 (s, 3H, MTO-CH3), 5.01 (m, 1H, CH), 7.36(m, 4H, PhH), 7.48 (m, 1H, 

PyH), 8.00 (m, 1H, PyH), 8.02 (m, 1H, PyH), 8.46 (s, 1H, CH=N), 8.79 (m, 1H, PyH); 
13C-NMR: (100 MHz, CDCl3, 296 K, ppm): δ = 22.82 (Ph-CH3) 23.15, (MTO-CH3), 

68.66 (CH), 124.64, 126.15, 128.89, 129.05, 133.69, 138.08, 140.75, 149.73, 152.50 

(aryl-C), 159.87 (CH=N); -C15H16ClN2O3Re (493.96): calcd. C 36.47, H 3.26, N 5.67, 

found C 36.18, H 3.18, N 5.63. 
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11.3 Single-crystal X-ray Structure Determination  

The data were collected on an X-ray diffractometer equipped with a CCD detector 

(Bruker AXS, APEX II, κ-CCD), a rotating anode (Bruker AXS, FR591) with MoKα 

radiation (λ = 0.71073 Å), and a graphite monochromator. The measurement was 

performed on a single crystal stored under perfluorinated ether and mounted on glass 

fiber by using the SMART software package.3 The crystal was frozen under a stream of 

cold nitrogen (OXFORD CRYOSYSTEMS cooling device). A matrix scan was used to 

determine the initial lattice parameters. Intensities were integrated and the raw data 

were corrected for Lorentz, polarization, scan speed, background, and, arising from the 

scaling procedure, for latent decay and absorption effects using SAINT 4.154  and 

SADABS.5 Space group assignment was based upon systematic absences, E statistics, and 

successful refinement of the structure. The structure was solved by a combination of 

direct methods and difference Fourier syntheses and were refined against all data using 

SHELXL-97.6 Hydrogen atoms were assigned to ideal positions and refined using a 

riding model with isotropic thermal parameters 1.2 times that of the attached carbon 

atom (1.5 times for methyl hydrogen atoms). If not mentioned otherwise, non-hydrogen 

atoms were refined with anisotropic displacement parameters. Full-matrix least-squares 

refinements were carried out by minimizing Σw(Fo2-Fc2)2 with SHELXL-976 weighting 

scheme. Neutral atom scattering factors for all atoms and anomalous dispersion 

corrections for the non-hydrogen atoms were taken from International Tables for 

Crystallography.7 Images of the crystal structures were generated by PLATON.8  

Crystallographic data (excluding structure factors) for the structure reported in this 

paper have been deposited with the Cambridge Crystallographic Data Centre as 

supplementary publication No. CCDC-924572 (2). Copies of the data can be obtained 

free of charge on application to the CCDC, 12 Union Road, CambridgeCB2 1EZ, U.K. 

(fax, (+44) 1223-336-033); e-mail, deposit@ccdc.cam.ac.uk 
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Table 1 Crystallographic details for complex 2. 
 Complex 2 

Formula C16H18NO4Re 

Mr 474.52 

Color / habit orange / needle 

Crystal size, mm 0.13×0.13×0.30 

Crystal system monoclinic 

Space group P21/n 

a, Å 7.4623(2) 

b, Å 17.8241(6) 

c, Å 12.4101(4) 

β, deg 107.3380(12) 

V, Å3 1575.65(9) 

Z 4 

Dcalcd, g cm–3 2.000 

μ, cm–1 7.729 

F(000) 912 

T (K) 123 

hkl range ±8, ±21, ±14 

θ Range (°) 2.06 − 25.35 

No. of rflns. collected 35467 

No. of indep. rflns. / Rint 2866 / 0.044 

No. of obsd. rflns. [Io>2σ(Io)] 2825 

No. of data/restraints/params 2866 / 0 / 202 

R1/wR2 [Io>2σ(Io)]a 0.0143 / 0.0350 

R1/wR2 (all data)a 0.0146 / 0.0353 

GOF (on F2)b 1.161 

Largest diff. peak and hole (e Å-3) 0.89 / -0.91 
aR1 = ||Fo|–|Fc||/Σ|Fo|, wR2 = [Σw(Fo2–Fc2)2/Σw(Fo2)2]1/2, bGOF = [Σw(Fo2–Fc2)2/(n-

p)]1/2 
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11.4 Catalytic Reactions 

To a solution of cis-cyclooctene (2 mmol) and UHP (4 mmol) in IL (1 mL) was added 

the catalyst (1 mol %) at room temperature. After completion, the reaction mixture was 

extracted with n-hexane (5 × 3 mL). The organic phase was dried over Na2SO4. 

Following the evaporation of the solvent, the crude product was analyzed by GC. The 

conversion and the formation of cyclooctene oxide were calculated from calibration 

curves (r2 > 0.999) recorded prior to the start of the reaction. 

12. Benzimidazolic Complexes of MTO: 

Synthesis and Application in Catalytic Olefin 

Epoxidation 

 

12.1 Materials 

All preparation and manipulations were performed using standard Schlenk techniques 

under an Argon atmosphere. All the chemicals for syntheses were obtained 

commercially and used without further purification. Solvents were dried by standard 

procedures (n-hexane over Na/benzophenone; CH2Cl2 over CaH2), distilled under argon 

and used immediately or kept over 4 Å molecular sieves. Elemental analyses were 

performed with a Flash EA 1112 series elemental analyzer. 1H and 13C NMR were 

measured in d6-DMSO with a mercury-VX 300 spectrometer and a 400-MHz Bruker 

Avance DPX-400 spectrometer. IR spectra were recorded on Varian FTIR-670 

spectrometer, using a Gladi ATR accessory with a diamond ATR element. CI-MS 

spectra were measured on a Finnigan MAT 90 mass spectrometer. Catalytic runs were 

monitored by GC methods 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. MTO was synthesized according to the literature procedures.9, 10  



Chapter V 

 115 

12.2 Synthesis of MTO Complexes 

The ligands L1-L7 were prepared according to literature procedures11 

All MTO complexes were synthesized according to a general procedure: a solution of 

MTO (0.05 g, 0.2 mmol) in DCM (2 mL) was drop-wise added to an equally 

concentrated solution of ligand (L1-L7) in DCM (5 mL) under stirring at room 

temperature. For 1, 2, 5 a yellow precipitate formed rapidly. The precipitate was isolated 

by filtration, washed with n-hexane and dried under reduced pressure. For 3, 4, 6, 7, the 

reaction mixture was stirred for 1h at room temperature before removing the solvent in 

vacuum. The remaining solid was washed with n-hexane twice and dried under reduced 

pressure. 

 

1: yellow powder, Yield: 85 %. C13H12N3O3Re (445), elemental analysis: Theory (C: 

35.13; H: 2.72; N: 9.45), Found (C: 35.38; H: 2.72; N: 9.48); IR (KBr, ν cm-1):3078, 

1608, 1591, 1457, 1440, 943, 919, 745; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) 

= 13.29 (1H, s, NH), 8.77, 8.76 (1H, d, Py), 8.36, 8.37 (1H, d, Py), 8.04, 8.06, 8.07 (1H, 

t, Py), 7.66 (2H, s, Ph), 7.55, 7.56 7.57 (1H, t, Py), 7.26-7.28 (2H, m, Ph), 1.77 (3H, s, 

MTO-CH3); 13C NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 150.45, 149.64, 147.49, 

138.73, 126.80, 123.69, 122.47, 116.91, 26.79; MS (CI): m/z = 430.8 [M – CH3]+, 195.8 

[M – MTO]+, 234.8 [ReO3]+. 

 

2: yellow powder, Yield: 83 %. C14H14N3O3Re (459), elemental analysis: Theory (C: 

36.67; H: 3.08; N: 9.16), Found (C: 37.22; H: 3.09; N: 9.25); IR (KBr, ν cm-1): 3075, 

1607, 1593, 1490, 1452 946,922, 749; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) = 

13.53 (1H, s, NH), 8.80, (1H, s, Py), 8.39, 8.38 (1H, d, Py), 8.15-8.09 (1H, m, Py), 7.61, 

7.60 (2H, d, Ph), 7.50 (1H, s, Py), 7.16, 7.14 (1H, d, Ph), 2.46 (3H, s, CH3), 1.55 (3H, s, 

MTO-CH3); 13C NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 150.42, 149.64, 149.51, 

139.04, 138.77, 133.65, 125.95, 125.83, 123.73, 122.60, 122.49, 116.00, 25.90, 21.80; 

MS (CI): m/z = 460.8 [M]+, 447.8 [M – CH3]+,446.9 [M – O]+, 210.1 [M – MTO]+, 

250.0 [MTO]+. 

 

3: yellow powder, Yield: 74 %. C13H11ClN3O3Re (479), elemental analysis: Theory (C: 

32.60; H: 2.32; N: 8.77), Found (C: 32.62; H: 2.33; N: 8.70); IR (KBr, ν cm-1): 3068, 
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1602, 1589, 1491, 1442, 950, 925, 752; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) 

= 13.44 (1H, s, NH), 8.77, 8.76 (1H, d, Py), 8.36, 8.33 (1H, d, Py), 8.07, 8.06, 8.03 (1H, 

t, Py), 7.68 (2H, s, Ph), 7.58, 7.57 7.56 (1H, t, Py), 7.29, 7.27 (1H, d, Ph), 1.78 (3H, s, 

MTO-CH3); 13C NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 152.22, 149.84, 147.98, 

138.36, 127.54, 125.71, 123.54, 122.28, 26.68; MS (CI): m/z = 462.7 [M – CH3]+, 229.9 

[M – MTO]+. 

 

4: orange powder, Yield: 81 %. C12H11N4O3Re (446), elemental analysis: Theory (C: 

32.36; H: 2.49; N: 12.58), Found (C: 33.05; H: 2.56; N: 12.63); IR (KBr, ν cm-1): 3079, 

1589, 1481, 1454, 952, 927, 784; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) = 

13.75 (1H, s, NH), 8.78,  8.77 (1H, d, Py), 8.39, 8.37 (2H, d, Py), 8.07, 8.06, 8.03 (2H, t, 

Py), 7.57-7.60 (1H, m, Py), 7.27-7.30 (1H, m, Py), 1.87 (3H, s, MTO-CH3); 13C NMR 

(d6-DMSO, 100 MHz, r.t.): δ (ppm) = 152.73, 149.92, 148.28, 144.87, 138.29, 126.87, 

122.53, 119.02, 26.62; MS (CI): m/z = 432.7 [M – CH3]+, 234.8 [ReO3]+, 196.8 [M – 

MTO]+. 

 

5: yellow powder, Yield: 80 %. C17H14N3O3Re (495), elemental analysis: Theory (C: 

41.29; H: 2.85; N: 8.50), Found (C: 41.11; H: 2.84; N: 8.49); IR (KBr, ν cm-1): 3072, 

1597, 1475, 1461, 958, 929, 761; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) = 

13.19 (1H, s, NH), 8.57, 8.56 (1H, d, Py), 8.50, 8.48 (1H, d, Ph), 8.19, 8.16 (1H, d, Ph), 

8.09, 8.07 (1H, d, Ph), 7.90, 7.88, 7.86 (1H, t, Ph), 7.78, 7.76 (1H, d, Ph), 7.71, 7.69, 

7.67 (1H, t, Ph), 7.64, 7.62 (1H, d, Py), 7.24-7.32 (2H, m, Ph), 1.90 (3H, s, MTO-CH3); 
13C NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 151.09, 149.03, 147.65, 137.90, 

130.95, 129.21, 128.70, 128.55, 127.80, 123.37, 119.67, 25.42; MS (CI): m/z = 250.6 

[MTO]+, 245.8 [M – MTO]+. 

 

6: yellow powder, Yield: 84 %. C18H16N3O3Re (509), elemental analysis: Theory (C: 

42.51; H: 3.17; N: 8.26), Found (C: 42.18; H: 3.35; N: 7.53); IR (KBr, ν cm-1): 3063, 

1603, 1594, 1511, 1480, 1428, 955, 929, 748; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ 

(ppm) = 13.06 (1H, s, NH), 8.55, 8.53 (1H, d, Py), 8.17, 8.15 (1H, d, Ph), 8.08, 8.06 

(1H, d, Py), 7.89, 8.87, 7.85 (1H, t, Ph), 7.70, 7.68, 7.66 (1H, t, Ph), 7.69 (1H, s, Ph), 

7.47 (1H, s, Ph), 7.11, 7.09 (1H, d, Ph), 2.46 (3H, s, CH3) 1.91 (3H, s, MTO-CH3); 13C 

NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 150.71, 149.03, 147.55, 137.84, 132.90, 
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130.93, 129.16, 128.69, 128.50, 127.73, 124.97, 119.63, 25.43, 21.86; MS (CI): m/z = 

509.5 [M]+, 258.9 [M – MTO]+, 250.9 [MTO]+, 234.9 [ReO3]+. 

 

7: orange powder, Yield: 71 %. C17H13ClN3O3Re (529), elemental analysis: Theory (C: 

38.60; H: 2.48; N: 7.94), Found (C: 39.20; H: 3.30; N: 6.71); IR (KBr, ν cm-1): 3062, 

1593, 1506, 1471, 1428, 955, 925, 756; 1H NMR (d6-DMSO, 400 MHz, r.t.): δ (ppm) 

= 13.37 (1H, s, NH), 8.57, 8.54 (1H, d, Py), 8.19, 8.17 (1H, d, Ph), 8.09, 8.07 (1H, d, 

Py), 7.90, 8.88, 7.86 (1H, t, Ph), 7.67-7.72 (3H, m, Ph), 7.27-7.31 (1H, m, Ph), 1.91 (3H, 

s, MTO-CH3); 13C NMR (d6-DMSO, 100 MHz, r.t.): δ (ppm) = 152.43, 151.07, 

148.98, 147.66, 138.03, 137.90, 131.03, 130.96, 129.21, 128.70, 128.64, 128.56, 127.96, 

127.81, 123.40, 119.67, 25.42; MS (CI): m/z = 529.7 [M]+, 279.8 [M – MTO]+, 250.8 

[MTO]+. 

12.3 Catalytic Reactions  

All catalytic reactions were carried out under continuous stirring in a glass flask in a 

water bath at room temperature. General procedure: 2 mmol of substrate, 1.2 mL of 

DCM and 0.04 mmol of the catalyst were mixed in a flask. The reaction started when 

aqueous H2O2 (35 %, 4 mmol, 0.44 mL) was added. The course of the reaction was 

monitored by quantitative GC analysis. Samples were taken at regular time intervals, 

diluted with n-hexane, and then 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 and the 

formation of the according oxide were calculated from calibration curves (r2 > 0.999) 

recorded prior to the reaction course. 
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13. New Organorhenium(VII) Trioxide complexes: 

Synthesis, Structure Characterization, Properties and 

Application 

 

13.1 Materials 

All preparation and manipulations were performed using standard Schlenk techniques 

or in an MBraun glove box under a strictly oxygen- and water-free argon atmosphere. 

All chemicals for syntheses were obtained commercially (purchased from Acros 

Organics or Aldrich) and used without further purification. Solvents were dried by 

standard procedures (Et2O over Na / benzophenone; CH2Cl2 over CaH2; THF over Na / 

benzophenone; Pentane over Na / CaH2 and Toluene over Na / CaCl2), distilled under 

argon and used immediately or kept over 4 Å molecular sieves. 17O-labeled MTO were 

synthesized according to the literature.12 Elemental analyses were performed with a 

Flash EA 1112 series elemental analyzer. 1H, 13C, 19F and 17O NMR were measured with 

a mercury-VX 300 spectrometer or a 400-MHz Bruker Avance DPX-400 spectrometer 

and C6F6 were used as standard for the 19F NMR spectra, respectively. IR spectra were 

recorded on Varian FTIR-670 spectrometer, using a Gladi ATR accessory with a 

diamond ATR element. Thermogravimetry coupled with mass spectroscopy (TG-MS) 

was conducted utilizing a Netzsch TG209 system; typically about 10 mg of each sample 

were heated from 30 oC to 800 oC at 10 K min-1. CI-MS spectra were measured on a 

Finnigan MAT 90 mass spectrometer. Catalytic runs were monitored by GC methods 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. GPC 

was performed using a PolymerLaboratoriesGPC 50 Plus chromatograph at 35 oC with 

THF as elutant at a flow rate of 1.0 mL min-1. Polystyrene standards were used for 

calibration. 
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13.2 Synthetic Experiments 

Synthesis of Bis[2, 3, 5, 6-tetrafluoro-4-(trifluoromethyl)phenyl]zinc 

To an ether (50 mL) solution of 4-bromoperfluorotoluene (4.8 g, 16.2 mmol) was added 

dropwise a hexane solution of n-BuLi (16.2 mmol, 2.5 M, 6.5 mL) at -78 oC. The 

reaction mixture was stirred for 1 h before an ether solution of ZnCl2 (8.1 mmol, 1 M, 

8.1 mL) was added at this temperature. It was slowly warmed to room temperature and 

the stirring was continued overnight accompanying with formation of white precipitate. 

After removal of the solvent under reduced pressure, the residue was extracted with of 

toluene (3 × 15 mL), filtered through a thin layer of celite, and then evaporated again 

under reduced pressure. The resultant precipitate was washed with cold hexane (-35 oC, 

3 × 15 mL) and dried under vacuum to give the product as colorless crystals (yields 

21 %). Characterizations are matched with the literature.13  

 
Synthesis of [4-(trifluoromethyl)phenyl]trioxorhenium (1) 

A THF (20 mL) solution of bis[4-(trifluoromethyl)phenyl]zinc (354 mg, 1 mmol) was 

added dropwise to a cooled (-78 oC) solution of Re2O7 (0.97 mg, 2 mmol) in THF (10 

mL). The mixture was slowly warmed to room temperature in 2 h and stirred for 

another 1 h. Afterwards the solvent was removed under vacuum and the residue was 

extracted with n-pentane (3 × 15 mL), giving a solution that was filtered via a cannula. 

Pentane was removed under vacuum at 0 oC to give a blue residue. The product was 

purified by sublimation (75 oC, 10-2 mbar) yielding complex (1) as white solid (25 %): 
1H NMR (400 MHz, d6-DMSO, r.t.): δ = 7.74, 7.72 (d, 2H), 7.68, 7.66 ppm (d, 2H); 
13C NMR (100 MHz, d6-DMSO, r.t.): δ = 121.4 (q, 1JC-F = 272.3 Hz), 129.5 (q, 2JC-F = 

31.8 Hz), 125.8 (br), 140.5, 166.9 ppm; 19F NMR (376 MHz, d6-DMSO, r.t.): δ = -

59.37 ppm (s, 3F); MS (CI): (C7H4F3O3Re): 380.1; elemental analysis: theory (C: 22.17; 

H: 1.06), found (C: 22.12; H: 1.02). 

 

Synthesis of [4-(trifluoromethoxyl)phenyl] trioxorhenium (2) 

A THF (20 mL) solution of bis[4-(trifluoromethoxyl)phenyl]zinc (484 mg, 1 mmol) was 

added dropwise to a cooled (-78 oC) solution of Re2O7 (0.97 mg, 2 mmol) in THF (10 

mL). The mixture was slowly warmed to room temperature in 2 h and stirred for 

another 1 h. Afterwards the solvent was removed under vacuum and the residue was 
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extracted with pentane (3 × 15 mL), giving a solution that was filtered via a cannula. 

Pentane was removed under vacuum to give a yellow residue. The product was purified 

by sublimation (65 oC, 10-2 mbar) yielding complex (2) as white solid (21 %): 1H NMR 

(400 MHz, d6-DMSO, r.t.): δ = 7.64, 7.62 (d, 2H), 7.32, 7.30 ppm (d, 2H); 13C NMR 

(100 MHz, d6-DMSO, r.t.): δ = 119.9 (q, 1JC-F = 257.1 Hz), 121.7, 142.2, 149.1, 160.9 

ppm; 19F NMR (376 MHz, d6-DMSO, r.t.): δ = -54.47 ppm (s, 3F); MS (CI): 

(C7H4F3O4Re): 396.1; elemental analysis: theory (C: 21.27; H: 1.02), found (C: 21.20; 

H: 1.02). 

 

Synthesis of [4-(trifluoromethyl)tetrafluorophenyl] trioxorhenium (THF) (3) 

A THF (20 mL) solution of bis[4-(trifluoromethyl)tetrafluorophenyl]zinc (498 mg, 1 

mmol) was added dropwise to a cooled (-78 oC) solution of Re2O7 (0.97 mg, 2 mmol) in 

THF (10 mL). The mixture was slowly warmed to room temperature in 2 h and stirred 

for another 1 h. Afterwards the solvent was removed under vacuum and the residue was 

extracted with pentane (3 × 15 mL), giving a solution that was filtered via a cannula. 

Pentane was removed under vacuum to give a dark red residue. The product was 

purified by recrystallization from n-pentane at -35 oC yielding complex (3) as dark red 

powder (11 %): 1H NMR (400 MHz, d6-DMSO, r.t.): δ = 1.76 (br, 4H), 3.60 ppm (br, 

4H); 19F NMR (376 MHz, d6-DMSO, r.t.): δ = -144.4 (m, 2F), -110.34 (m, 2F), -53.1 

ppm (m, 3F); MS (CI): (C7F7O3Re): 452.0; elemental analysis: theory (C: 25.24; H: 

1.54), Found (C: 24.87; H: 1.53). 

 

Synthesis of (2, 2, 6, 6-tetramethylpiperidin-1-yl)trioxorhenium (4) 

Me3SiCl (0.5 g, 4.6 mmol) was added to a solution of Re2O7 (1.1 g, 2.3 mmol) in 20 mL 

of THF. The mixture was cooled to -78 °C after stirring for 10 min at room temperature. 

Then 2, 2, 6, 6-tetramethylpiperidine (0.65 g 4.6 mmol) was slowly added to the 

reaction mixture, which was then warmed to 0 °C and allowed to stir for another half an 

hour. The solvent was then removed under vacuum and the residue was extracted into 

pentane (3 × 10 mL), filtered and concentrated. By cooling to -35 °C overnight, the 

product was obtained as a yellow crystalline solid. Complex (4): 1H NMR (400 MHz, 

d6-DMSO, r.t.): δ = 1.48 (s, 12H), 1.63-1.68 (m, 2H), 1.75, 1.76, 1.78 (t, 4H); 13C 

NMR (100 MHz, d6-DMSO, r.t.): δ = 15.4, 31.2, 63.6 ppm; MS (CI): (C9H18NO3Re): 

374.3; elemental analysis: theory (C: 28.87; H: 4.85; N: 3.74), found (C: 29.02; H: 4.88; 



Chapter V 

 121 

N: 3.76). 

 

Synthesis of Bis[4-(trifluoromethoxyl)phenyl]zinc (5) 

To an ether (50 mL) solution of 1-bromo-4-(trifluoromethoxyl)benzene (5.3 g, 22 

mmol) was added dropwise a hexane solution of n-BuLi (22 mmol, 2.5 M, 8.8 mL) at -

78 oC. The reaction mixture was stirred for 1 h before an ether solution of ZnCl2 (11 

mmol, 1 M, 11 mL) was added at this temperature. It was slowly warmed to room 

temperature and the stirring was continued overnight accompanying with formation of 

white precipitate. After removal of the solvent under reduced pressure, the residue was 

extracted with of toluene (3 × 15 mL), filtered through a thin layer of celite, and then 

evaporated again under reduced pressure. The resultant precipitate was washed with 

cold hexane (-35 oC, 3 × 15 mL) and dried under vacuum to give the product as 

colorless crystals. Complex (5), (35 %): 1H NMR (400 MHz, d6-DMSO, r.t.): δ = 7.64, 

7.62 (d, 4H), 7.05, 7.03 ppm (d, 4H); 13C NMR (100 MHz, d6-DMSO, r.t.): δ = 122.9 

(q, 1JC-F = 254.4 Hz), 118.3, 139.8, 146.7, 160.9 ppm; 19F NMR (376 MHz, d6-DMSO, 

r.t.): δ = -54.30 ppm (s, 3F); elemental analysis: theory (C: 43.38; H: 2.08), found (C: 

43.31; H: 2.03). 

 

Synthesis of Bis[2, 6-bis(trifluoromethyl)phenyl]zinc (6) 

To an ether (30 mL) solution of 2, 6-bis(trifluoromethyl)bromobenzene (5.4 g, 18.4 

mmol) was added drop wise a hexane solution of n-BuLi (18.5 mmol, 2.5 M, 7.4 mL) at 

-78 oC. The reaction mixture was warmed to 0 oC and stirred for 1 h before an ether 

solution of ZnCl2 (9.2 mmol, 1 M, 9.2 mL) was added at this temperature. Then, the 

mixture was slowly warmed to room temperature and allowed to reflux overnight 

accompanying with formation of white precipitate. After removal of the solvent under 

reduced pressure, the residue was extracted with of toluene (3 × 10 mL), filtered 

through a thin layer of celite, and then evaporated again under reduced pressure. The 

resultant residue was extracted with n-pentane (3 × 10 mL), concentrated. The product 

of bis[2, 6-bis(trifluoromethyl)phenyl]zinc was obtained after cold at -35 oC overnight 

as a white crystalline solid. Complex (6), (11 %): 1H NMR (400 MHz, d6-DMSO, r.t.): 

δ = 7.59, 7.61, 7.63 (t, 2H), 7.87, 7.89 ppm (d, 4H); 13C NMR (100 MHz, d6-DMSO, 

r.t.): δ = 125.35 (q, 1JC-F = 272.9 Hz), 126.7, 137.2, 137.5, 149.4 ppm; 19F NMR (376 

MHz, d6-DMSO, r.t.): δ = -57.70 ppm (s, 3F); elemental analysis: theory (C: 39.09; H: 
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1.23), found (C: 39.11; H: 1.19). 

13.3 Epoxidation of Cyclooctene 

General procedure: 2 mmol of substrate, 1.2 mL of CH2Cl2 or CHCl3 and 0.02 mmol of 

the catalyst were mixed in a flask. The reaction started when a water free TBHP (4 

mmol, 5.5 M in Decane) was added. The course of the reaction was monitored by 

quantitative GC analysis. Samples were taken at regular time intervals, diluted with n-

hexane, treated with a catalytic amount of MgSO4 and MnO2. The resulting slurry was 

filtered and the filtrate was injected into a GC column. The conversion of cyclooctene 

and the formation of the according oxide were calculated from calibration curves (r2 > 

0.999) recorded prior to the reaction course. 

13.4 Polymerization of Norbornene 

General Procedure: Complex (1) (0.01 g, 0,026 mmol) was dissolved in 3 mL dry and 

degassed chlorobenzene, followed by adding of organoaluminum chloride (0.1 mmol, 

1M in hexane). The color of the solution changed from white to purple rapidly. Then, 

norbornene (0.6 g, 2.6 mmol) in 8 mL chlorobenzene was added to the mixture (Re : 

Al : Norbornene = 1 : 4 : 100). The mixture was allowed to stir at room temperature for 

30 minutes. Then, CH3OH (20 mL) was added to stop the reaction. The polymer was 

separated by filtration, dissolved in CHCl3, and separated out with adding CH3OH 

again.  
 

13.5 Single-Crystal X-ray Structure Determination 

The data were collected on an X-ray diffractometer equipped with a CCD detector 

(Bruker AXS, APEX II, κ-CCD), a rotating anode (Bruker AXS, FR591) with MoKα 

radiation (λ = 0.71073 Å), and a graphite monochromator. The measurement was 

performed on a single crystal stored under perfluorinated ether and mounted on glass 

fiber by using the SMART software package.3 The crystal was frozen under a stream of 

cold nitrogen (OXFORD CRYOSYSTEMS cooling device). A matrix scan was used to 

determine the initial lattice parameters. Intensities were integrated and the raw data 

were corrected for Lorentz, polarization, scan speed, background, and, arising from the 
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scaling procedure, for latent decay and absorption effects using SAINT 4.154 and 

SADABS.5 Space group assignment was based upon systematic absences, E statistics, and 

successful refinement of the structure. The structure was solved by a combination of 

direct methods and difference Fourier syntheses and were refined against all data using 

SHELXL-97.6 Hydrogen atoms were assigned to ideal positions and refined using a 

riding model with isotropic thermal parameters 1.2 times that of the attached carbon 

atom (1.5 times for methyl hydrogen atoms). If not mentioned otherwise, non-hydrogen 

atoms were refined with anisotropic displacement parameters. Full-matrix least-squares 

refinements were carried out by minimizing Σw(Fo2-Fc2)2 with SHELXL-97 weighting 

scheme. Neutral atom scattering factors for all atoms and anomalous dispersion 

corrections for the non-hydrogen atoms were taken from International Tables for 

Crystallography.7 Images of the crystal structures were generated by PLATON.8 
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13.5.1 Crystal data and details of the structure determination for 

compound (7) 

Table 2 Crystallographic data and structure refinement parameters for compound (7). 
Substance identification Compound (7) 

Empirical formula C32H16F24O4Zn4 

Fw [g mol-1] 1181.93 

T [K] 123(2) 

Crystal system monoclinic 

Space group P 1 21/n 1 

a [Å] 13.1551(5) 

b [Å] 22.3185(8) 

c [Å] 14.0964(5) 

α [deg] 90 

β [deg] 109.4790(10) 

γ [deg] 90 

V [Å3] 3901.82(2) 

Z 4 

Density (calcd) [Mg m-3] 2.012 

μ [mm-1] 2.582 

F (000) 2304 

Crystal size (mm3) 0.42 × 0.46 × 0.63 

θ range for data collection [deg] 1.78 to 25.37 

Reflections collected 25812 

Independent reflections 7131 [R (int) = 0.0358] 

Data/restrains/parameters 7131 / 4 / 593 

GOF on F2 1.037 

Final R1 

wR2 [I > 2σ(I)] 

R1 = 0.0282, 

wR2 = 0.0594 

Largest diff. peak and hole [e Å-3] 0.356 and 

-0.356 
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Figure 1 ORTEP view of complexe (7) with displacement ellipsoids at the 50 % 

probability level. 

13.5.2 Crystal data and details of the structure determination for 

complexes (1a), (2a) and (4) 
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Table 3 Crystallographic data and structure refinement parameters. 
Substance Identification Complex (1a) Complex (2a) Complex (4) 

Empirical formula C22H24F6O8Re2 C11H12F3O5Re C9H18NO3Re 

Fw [g mol-1] 902.81 467.42 374.44 

T [K] 123(2) 123 123(2) 

Crystal system triclinic monoclinic orthorhombic 

Space group P -1 C2/c Pnma 

a [Å] 6.6339(6) 16.0247(4) 10.2640(3) 

b [Å] 9.8331(9) 6.6973(1) 13.0928(4) 

c [Å] 10.7312(10) 24.9223(6) 8.2318(2) 

α [deg] 106.871(4) 90 90 

β [deg] 94.897(4) 91.1148(11) 90 

γ [deg] 94.758(4) 90 90 

V [Å3] 663.17(11) 2674.21(10) 1106.23(5) 

Z 1 8 8 

Density (calcd) [Mg m-3] 2.261 2.322 2.248 

μ [mm-1] 9.204 9.139 10.968 

F (000) 424 1760 712 

Crystal size (mm3) 0.13×0.24×0.32 0.20×0.23×0.28 0.30×0.34×0.41 

θ range for data 

collection [deg] 
2.00 to 25.53 1.60 to 25.50 Max to 36.46 

Reflections collected 16656 26944 85048 

Independent 

reflections 

2446 

[R(int) = 0.0266] 

2496 

[R(int) = 0.0320] 

2782 

[R(int) = 0.0581] 

Data/restrains/parameters 2446 / 97 / 229 2496 / 0 / 182 2782 / 0 / 73 

GOF on F2 1.202 1.160 1.106 

Final R1 

wR2 [I > 2σ(I)] 

R1 = 0.0203, 

wR2 = 0.0491 

R1 = 0.013, 

wR2 = 0.0293 

R1 = 0.0138 

wR2 = 0.0290 

Largest diff. peak and 

hole [e Å-3] 

1.412 and 

-0.756 

0.53 and 

-0.480 

1.515 and 

-1.726 
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A: Supporting Information for Chapter IV 

14. Crystal Data of Synthesized Complexes 

14.1 Crystal Data of Complexes 2 

14.1.1 Bond distances (Å) 

Re1 

Re1 

Re1 

Re1 

Re1 

O4 

N1 

N1 

C2 

C2 

C3 

C4 

C5 

C5 

C6 

C7 

C9 

C9 

C10 

C11 

C12 

C12 

C13 

 

-O1 

-O2 

-O3 

-O4 

-C1 

-C2 

-C8 

-C9 

-C7 

-C3 

-C4 

-C5 

-C6 

-C15 

-C7 

-C8 

-C14 

-C10 

-C11 

-C12 

-C16 

-C13 

-C14 

1.721(2) 

1.714(2) 

1.724(2) 

2.2312(18) 

2.098(2) 

1.321(3) 

1.308(3) 

1.418(3) 

1.432(4) 

1.409(4) 

1.383(4) 

1.401(4) 

1.381(4) 

1.514(4) 

1.417(4) 

1.425(4) 

1.388(4) 

1.399(4) 

1.382(4) 

1.399(4) 

1.509(4) 

1.391(4) 

1.389(4) 

N1 

C1 

C1 

C1 

C3 

C4 

C6 

C8 

C10 

C11 

C13 

C14 

C15 

C15 

C15 

C16 

C16 

C16 

-H1 

-H11 

-H12 

-H13 

-H31 

-H41 

-H61 

-H81 

-H101 

-H111 

-H131 

-H141 

-H151 

-H152 

-H153 

-H161 

-H162 

-H163 

0.88 

0.98 

0.98 

0.98 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.98 

0.98 

0.98 

0.98 

0.98 

0.98 
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14.1.2 Bond angles (o) 

O1  -Re1 -O2 118.41(10) C8 -N1 -H1 116.00 

O1 -Re1 -O3 120.35(10) C9 -N1 -H1 116.00 

O1 -Re1 -O4 86.63(9) Re1 -C1 -H11 110.00 

O1 -Re1 -C1 94.23(10) Re1 -C1 -H12 109.00 

O2 -Re1 -O3 119.64(11) Re1 -C1 -H13 109.00 

O2 -Re1 -O4 89.12(8) H11 -C1 -H12 109.00 

O2 -Re1 -C1 94.01(10) H11 -C1 -H13 109.00 

O3 -Re1 -O4 81.73(8) H12 -C1 -H13 109.00 

O3 -Re1 -C1 94.37(10) C2 -C3 -H31 120.00 

O4 -Re1 -C1 175.88(9) C4 -C3 -H31 120.00 

Re1 -O4 -C2 129.01(16) C3 -C4 -H41 119.00 

C8 -N1 -C9 127.7(2) C5 -C4 -H41 119.00 

O4 -C2 -C3 123.4(2) C5 -C6 -H61 119.00 

O3 -C2 -C7 117.2(2) C7 -C6 -H61 119.00 

O4 -C2 -C7 119.4(2) N1 -C8 -H81 119.00 

C2 -C3 -C4 120.7(2) C7 -C8 -H81 119.00 

C3 -C4 -C5 122.9(2) C9 -C10 -H101 121.00 

C6 -C5 -C15 122.2(2) C11 -C10 -H101 120.00 

C4 -C5 -C6 117.3(2) C10 -C11 -H111 119.00 

C4 -C5 -C15 120.6(2) C12 -C11 -H111 119.00 

C5 -C6 -C7 121.9(2) C12 -C13 -H131 119.00 

C6 -C7 -C8 118.4(2) C14 -C13 -H131 120.00 

C2 -C7 -C8 121.6(2) C9 -C14 -H141 120.00 

C2 -C7 -C6 120.1(2) C13 -C14 -H141 120.00 

N1 -C8 -C7 122.8(2) C5 -C15 -H151 109.00 

C10 -C9 -C14 120.1(2) C5 -C15 -H152 109.00 

N1 -C9 -C10 122.6(2) C5 -C15 -H153 109.00 

N1 -C9 -C14 117.3(2) H151 -C15 -H152 109.00 

C9 -C10 -C11 119.0(2) H151 -C15 -H153 109.00 

C10 -C11 -C12 121.8(2) H152 -C15 -H153 109.00 

C11 -C12 -C16 120.8(2) C12 -C16 -H161 109.00 
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C11 -C12 -C13 118.1(2) C12 -C16 -H162 109.00 

C13 -C12 -C16 121.0(3) C12 -C16 -H163 109.00 

C12 -C13 -C14 121.0(2) H161 -C16 -H162 109.00 

C9 -C14 -C13 119.9(2) H161 -C16 -H163 110.00 

    H162 -C16 -H163 109.00 

        

14.2 Crystal Data of Complexes (1a) 

14.2.1 Bond distances (Å) 

Re1 -O3 1.705(3) Re1 -O2 1.706(3) 

Re1 -O1 1.718(3) Re1 -C1 2.083(4) 

Re1 -O4 2.361(4) C1 -C2 1.392(6) 

C1 -C6 1.393(6) C2 -C3 1.391(6) 

C2 -H2 0.95 C3 -C4 1.387(6) 

C3 -H3 0.95 C4 -C8 1.444(6) 

O4 -C11 1.458(5) C4 -C5 1.3931(6) 

C4 -C7 1.493(6) C5 -C6 1.3751(6) 

C5 -H 0.95 C6 -H6 0.95 

C7 -F1A 1.289(9) C7 -F3A 1.295(12) 

C7 -F2B 1.303(15) C7 -F2 1.320(9) 

C7 -F1B 1.361(16) C7 -F3 1.369(11) 

C7 -F1 1.397(9) C7 -F3B 1.418(16) 

C7 -F2A 1.424(10) C8 -C9 1.519(7) 

C8 -H8A 0.99 C8 -H8B 0.99 

C9 -C10 1.522(9) C9 -H9A 0.99 

C9 -H9B 0.99 C10 -C11 1.479(7) 

C10 -H10A 0.99 C10 -H10B 0.99 

C11 -H11A 0.99 C11 -H11B 0.99 
 



Chapter VI 

 134 

14.2.2 Bond angles (o) 

O3 -Re1 -O2 119.25(15) O3 -Re1 -O1 116.17(16) 

O2 -Re1 -O1 119.06(16) O3 -Re1 -C1 99.16(14) 

O2 -Re1 -C1 96.86(15) O1 -Re1 -C1 97.59(14) 

O3 -Re1 -O4 83.71(12) O2 -Re1 -O4 81.14(12) 

O1 -Re1 -O4 81.59(12) C1 -Re1 -O4 177.06(12) 

C2 -C1 -C6 118.7(4) C2 -C1 -Re1 120.3(3) 

C6 -C1 -Re1 120.9(3) C3 -C2 -C1 120.8(4) 

C3 -C2 -H2 119.6 C1 -C2 -H2 119.6 

C4 -C3 -C2 119.3(4) C4 -C3 -H3 120.3 

C2 -C3 -H3 120.3 C8 -O4 -C11 108.7(4) 

C8 -O4 -Re1 120.4(3) C11 -O4 -Re1 118.6(3) 

C3 -C4 -C5 120.5(4) C3 -C4 -C7 119.8(4) 

C5 -C4 -C7 119.6(4) C6 -C5 -C4 119.5(4) 

C6 -C5 -H5 120.3 C4 -C5 -H5 120.3 

C5 -C6 -C1 121.2(4) C5 -C6 -H6 119.4 

C1 -C6 -H6 119.4 F1A -C7 -F3A 112.6(7) 

F1A -C7 -F2B 128.5(8) F3A -C7 -F2B 57.3(9) 

F1A -C7 -F2 71.5(7) F3A -C7 -F2 121.7(7) 

F2B -C7 -F2 75.0(9) F1A -C7 -F1B 35.4(7) 

F3A -C7 -F1B 129.7(8) F2B -C7 -F1B 107.1(11) 

F2 -C7 -F1B 36.9(8) F1A -C7 -F3 130.5(6) 

F3A -C7 -F3 24.5(5) F2B -C7 -F3 34.8(8) 

F2 -C7 -F3 107.5(6) F1B -C7 -F3 131.5(8) 

F1A -C7 -F1 40.6(5) F3A -C7 -F1 79.6(6) 

F2B -C7 -F1 126.2(8) F2 -C7 -F1 108.7(6) 

F1B -C7 -F1 75.3(9) F3 -C7 -F1 103.3(6) 

F1A -C7 -F3B 72.3(8) F3A -C7 -F3B 47.4(8) 

F2B -C7 -F3B 101.5(10) F2 -C7 -F3B 128.6(7) 

F1B -C7 -F3B 104.1(10) F3 -C7 -F3B 71.8(8) 

F1 -C7 -F3B 33.3(6) F1A -C7 -F2A 104.8(7) 

F3A -C7 -F2A 101.3(7) F2B -C7 -F2A 45.2(9) 
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F2 -C7 -F2A 34.3(4) F1B -C7 -F2A 71.1(9) 

F3 -C7 -F2A 80.0(6) F1 -C7 -F2A 136.3(6) 

F3B -C7 -F2A 136.5(7) F1A -C7 -C4 113.9(5) 

F3A -C7 -C4 114.7(6) F2B -C7 -C4 115.4(7) 

F2 -C7 -C4 115.0(6) F1B -C7 -C4 114.8(6) 

F3 -C7 -C4 110.8(5) F1 -C7 -C4 110.9(4) 

F3B -C7 -C4 112.5(6) F2A -C7 -C4 108.1(5) 

O4 -C8 -C9 105.7(5) O4 -C8 -H8A 110.6 

C9 -C8 -H8A 110.6 O4 -C8 -H8B 110.6 

C9 -C8 -H8B 110.6 H8A -C8 -H8B 108.7 

C8 -C9 -C10 104.6(4) C8 -C9 -H9A 110.8 

C10 -C9 -H9A 110.8 C8 -C9 -H9B 110.8 

C10 -C9 -H9B 110.8 H9A -C9 -H9B 108.9 

C11 -C10 -C9 102.1(4) C11 -C10 -C10A 111.3 

C9 -C10 -H10A 111.3 C11 -C10 -H10B 111.3 

C9 -C10 -H10B 111.3 H10A -C10 -H10B 109.2 

C4 -C11 -C10 104.5(4) O4 -C11 -H11A 110.8 

C10 -C11 -H11A 110.8 O4 -C11 -H11B 110.9 

C10 -C11 -H11B 110.9 H11A -C11 -H11B 108.9 
 

14.3 Crystal Data of Complexes (2a) 

14.3.1 Bond distances (Å) 

Re1 -O1 1.698(2) C5 -C6 1.379(4) 

Re1 -O2 1.708(2) C8 -C9 1.503(4) 

Re1 -O3 1.706(2) C9 -C10 1.504(5) 

Re1 -O4 2.3814(18) C10 -C11 1.506(4) 

Re1 -C1 2.073(3) F1 -C7 1.321(3) 

C2 -H21 0.95 F2 -C7 1.320(3) 

C3 -H31 0.95 F3 -C7 1.321(3) 

C5 -H51 0.95 O4 -C8 1.442(3) 

C6 -H61 0.95 O4 -C11 1.447(3) 
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C8 -H81 0.99 O5 -C4 1.413(3) 

C8 -H82 0.99 O5 -C7 1.332(3) 

C9 -H91 0.99 C1 -C2 1.390(4) 

C9 -H92 0.99 C1 -C6 1.390(4) 

C9 -H92 0.99 C1 -C6 1.397(4) 

C10 -H101 0.99 C2 -C3 1.386(4) 

C10 -H102 0.99 C3 -C4 1.376(4) 

C11 -H111 0.99 C4 -C5 1.378(4) 

C11 -H112 0.99    
 

14.3.2 Bond angles (o) 

O1 -Re1 -O2 116.93(10) C8 -C9 -C10 106.0(3) 

O1 -Re1 -O3 117.48(10) C9 -C10 -C11 104.0(2) 

O1 -Re1 -O4 83.57(9) O4 -C11 -C10 103.9(2) 

O1 -Re1 -C1 98.30(10) O2 -Re1 -O3 119.86(10) 

C1 -C2 -H21 120.00 O2 -Re1 -O4 80.79(8) 

C3 -C2 -H21 120.00 O2 -Re1 -C1 97.90(10) 

C2 -C3 -H31 121.00 O3 -Re1 -O4 81.64(8) 

C4 -C3 -H31 121.00 O3 -Re1 -C1 97.86(10) 

C4 -C5 -H51 121.00 O4 -Re1 -C1 178.08(8) 

C6 -C5 -H51 121.00 Re1 -O4 -C8 118.59(16) 

C1 -C6 -H61 119.00 Re1 -O4 -C11 119.48(15) 

C5 -C6 -H61 119.00 C8 -O4 -C11 106.8(2) 

O4 -C8 -H81 111.00 C4 -O5 -C7 116.8(2) 

O4 -C8 -H82 110.00 Re1 -C1 -C2 121.71(19) 

C9 -C8 -H81 110.00 Re1 -C1 -C6 119.42(19) 

C9 -C8 -H82 110.00 C2 -C1 -C6 118.9(2) 

H81 -C8 -H82 109.00 C1 -C2 -C3 120.6(2) 

C8 -C9 -H91 110.00 C2 -C3 -C4 118.8(2) 

C8 -C9 -H92 111.00 O5 -C4 -C3 117.7(2) 

C10 -C9 -H91 111.00 O5 -C4 -C5 119.8(2) 

C10 -C9 -H92 111.00 C3 -C4 -C5 122.4(3) 
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H91 -C9 -H92 109.00 C4 -C5 -C6 118.3(3) 

C9 -C10 -H101 111.00 C1 -C6 -C5 121.2(2) 

C9 -C10 -H102 111.00 F1 -C7 -F2 108.8(2) 

C11 -C10 -H101 111.00 F1 -C7 -F3 106.4(2) 

C11 -C10 -H102 111.00 F1 -C7 -O5 113.5(2) 

H101 -C10 -H102 109.00 F2 -C7 -F3 107.0(2) 

O4 -C11 -H111 111.00 F2 -C7 -O5 108.1(2) 

O4 -C11 -H112 111.00 F3 -C7 -O5 112.8(2) 

C10 -C11 -H111 111.00 O4 -C8 -C9 106.2(2) 

C10 -C11 -H112 111.00 H111 -C11 -H112 109.00 
 

14.4 Crystal Data of Complexes (4) 

14.4.1 Bond distances (Å) 

 
Re1 -O2 1.7053(12) Re1 -O2#1 1.7053(12) 

Re1 -O1 1.7185(17) Re1 -N1 1.9051(15) 

C1 -N1 1.5253(15) C1 -C2 1.530(2) 

C1 -C4 1.532(2) C1 -C5 1.5338(19) 

C2 -C3 1.512(2) C2 -H2A 0.99 

C2 -H2B 0.99 N1 -C1#1 1.5253(15) 

C3 -C2#1 1.512(2) C3 -H3A 0.99 

C3 -H3B 0.99 C4 -H4A 0.98 

C4 -H4B 0.98 C4 -H4C 0.98 

C5 -H5A 0.98 C5 -H5B 0.98 

C5 -H5C 0.98    
 
Symmetry transformations used to generate equivalent atoms: 

#1      x, -y+1/2, z 
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14.4.2 Bond angles (o) 

 
O2 -Re1 -O2#1 109.76(9) O2 -Re1 -O1 108.36(5) 

O2#1 -Re1 -O1 108.36(5) O2 -Re1 -N1 110.63(5) 

O2#1 -Re1 -N1 110.63(5) O1 -Re1 -N1 109.03(7) 

N1 -C1 -C2 111.27(12) N1 -C1 -C4 108.82(11) 

C2 -C1 -C4 106.53(12) N1 -C1 -C5 109.79(12) 

C2 -C1 -C5 110.10(12) C4 -C1 -C5 110.28(12) 

C3 -C2 -C1 114.27(13) C3 -C2 -H2A 108.7 

C1 -C2 -H2A 108.7 C3 -C2 -H2B 108.7 

C -C2 -H2B 108.7 H2A -C2 -H2B 107.6 

C -N1 -C1#1 122.39(14) C1 -N1 -Re1 118.56(7) 

C1#1 -N1 -Re1 118.56(7) C2 -C3 -C2#1 106.77(18) 

C2 -C3 -H3A 110.4 C2#1 -C3 -H3A 110.4 

C2 -C3 -H3B 110.4 C2#1 -C3 -H3B 110.4 

H3A -C3 -H3B 108.6 C1 -C4 -H4A 109.5 

C1 -C4 -H4A 109.5 H4A -C4 -H4B 109.5 

C1 -C4 -H4C 109.5 H4A -C4 -H4C 109.5 

H4B -C4 -H4C 109.5 C1 -C5 -H5A 109.5 

C1 -C5 -H5B 109.5 H5A -C5 -H5B 109.5 

C1 -C5 -H5C 109.5 H5A -C5 -H5C 109.5 

H5B -C5 -H5C 109.5     
 
Symmetry transformations used to generate equivalent atoms: 

#1      x, -y+1/2, z 
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14.5 Crystal Data of Compound (7) 

14.5.1 Bond distances (Å) 

Zn1 -C1 1.974(3) Zn1 -O1 2.0200(17) 

Zn1 -O3 2.0520(17) Zn1 -O2 2.0693(18) 

Zn1 -Zn3 3.0643(4) Zn1 -Zn4 3.0731(4) 

Zn1 -Zn2 3.0781(4) F1 -C7 1.342(3) 

C1 -C2 1.395(4) C1 -C6 1.404(4) 

O1 -Zn2 2.0503(18) O1 -Zn3 2.0667(17) 

Zn2 -C9 1.968(3) Zn2 -O2 2.0282(17) 

Zn2 -O4 2.0557(17) Zn2 -Zn4 3.0576(4) 

Zn2 -Zn3 3.0585(5) F2 -C7 1.344(3) 

C2 -C3 1.389(4) C2 -C7 1.494(4) 

O2 -Zn4 2.0547(17) Zn3 -C17 1.973(3) 

Zn3 -O3 2.0327(17) Zn3 -O4 2.0425(18) 

Zn3 -Zn4 3.1038(4) O4 -Zn4 2.0342(17) 

Zn4 -C25 1.975(3) Zn4 -O3 2.0522(18) 

F4 -C8 1.346(3) C4 -C3 1.367(4) 

C4 -C5 1.379(4) F5 -C8 1.350(3) 

C5 -C6 1.394(4) F6 -C8 1.338(3) 

C6 -C8 1.494(4) F7 -C15 1.353(3) 

C7 -F3 1.344(3) F8 -C15 1.360(3) 

F9 -C15 1.329(3) C9 -C10 1.400(4) 

C9 -C14 1.405(4) C10 -C11 1.391(4) 

C10 -C15 1.503(4) F10 -C16 1.349(3) 

C11 -C12 1.381(4) F11 -C16 1.350(3) 

C12 -C13 1.374(4) F12 -C16 1.334(3) 

F13 -C24 1.342(3) C13 -C14 1.389(4) 

F14 -C24 1.341(3) C14 -C16 1.494(4) 

F15 -C24 1.349(3) F16 -C23 1.349(3) 

F17 -C23 1.356(3) C17 -C22 1.400(4) 

C17 -C18 1.401(4) F18 -C23 1.337(3) 
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C18 -C19 1.392(4) C18 -C23 1.488(4) 

C19 -C20 1.374(5) F19 -C32 1.355(4) 

C20 -C21 1.376(4) F20 -C32 1.341(4) 

C21 -C22 1.398(4) F21 -C32 1.339(3) 

C22 -C24 1.496(4) F22 -C31 1.354(3) 

F23 -C31 1.353(3) F24 -C31 1.330(3) 

C30 -C29 1.391(4) C30 -C25 1.404(4) 

C30 -C32 1.496(4) C29 -C28 1.372(4) 

C25 -C26 1.396(4) C26 -C27 1.383(4) 

C26 -C31 1.495(4) C27 -C28 1.385(4) 
 

14.5.2 Bond angles (o) 

C1 -Zn1 -O1 138.11(9) C1 -Zn1 -O3 125.01(9) 

O1 -Zn1 -O3 82.56(7) C1 -Zn1 -O2 128.02(9) 

O1 -Zn1 -O2 81.78(7) O3 -Zn1 -O2 82.47(7) 

C1 -Zn1 -Zn3 145.86(8) O1 -Zn1 -Zn3 42.01(5) 

O3 -Zn1 -Zn3 41.16(5) O2 -Zn1 -Zn3 85.01(5) 

C1 -Zn1 -Zn4 136.38(7) O1 -Zn1 -Zn4 85.46(5) 

O3 -Zn1 -Zn4 41.52(5) O2 -Zn1 -Zn4 41.65(5) 

Zn3 -Zn1 -Zn4 60.758(10) C1 -Zn1 -Zn2 150.57(8) 

O1 -Zn1 -Zn2 41.24(5) O3 -Zn1 -Zn2 83.68(5) 

O2 -Zn1 -Zn2 40.80(5) Zn3 -Zn1 -Zn2 59.727(10) 

Zn4 -Zn1 -Zn2 59.614(10) C2 -C1 -C6 115.1(2) 

C2 -C1 -Zn1 122.0(2) C6 -C1 -Zn1 122.88(19) 

Zn1 -O1 -Zn2 98.26(7) Zn1 -O1 -O3 97.14(7) 

Zn2 -O1 -Zn3 95.96(7) C9 -Zn2 -O2 131.84(9) 

C9 -Zn2 -O1 134.36(9) O2 -Zn2 -O1 82.05(7) 

C9 -Zn2 -O4 124.55(9) O2 -Zn2 -O4 82.63(7) 

O1 -Zn2 -O4 83.06(7) C9 -Zn2 -Zn4 139.96(8) 

O2 -Zn2 -Zn4 41.84(5) O1 -Zn2 -Zn4 85.38(5) 

O4 -Zn2 -Zn4 41.35(5) C9 -Zn2 -Zn3 141.70(7) 

O2 -Zn2 -Zn3 85.84(5) O1 -Zn2 -Zn3 42.23(5) 
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O4 -Zn2 -Zn3 41.56(5) Zn4 -Zn2 -Zn3 60.992(10) 

C9 -Zn2 -Zn1 151.31(7) O2 -Zn2 -Zn1 41.81(5) 

O1 -Zn2 -Zn1 40.50(5) O4 -Zn2 -Zn1 84.11(5) 

Zn4 -Zn2 -Zn1 60.112(10) Zn3 -Zn2 -Zn1 59.912(10) 

C3 -C2 -C1 122.7(3) C3 -C2 -C7 118.5(2) 

C1 -C2 -C7 118.8(2) Zn2 -O2 -Zn4 96.98(7) 

Zn2 -O2 -Zn1 97.39(7) Zn4 -O2 -Zn1 96.35(8) 

C17 -Zn3 -O3 136.59(10) C17 -Zn3 -O4 128.29(9) 

O3 -Zn3 -O4 80.80(7) C17 -Zn3 -O1 127.41(9) 

O3 -Zn3 -O1 81.89(7) O4 -Zn3 -O1 82.98(7) 

C17 -Zn3 -Zn2 138.91(8) O3 -Zn3 -Zn2 84.50(5) 

O4 -Zn3 -Zn2 41.89(5) O1 -Zn3 -Zn2 41.81(5) 

C17 -Zn3 -Zn1 146.59(7) O3 -Zn3 -Zn1  41.63(5) 

O4 -Zn3 -Zn1 84.69(5) O1 -Zn3 -Zn1 40.85(5) 

Zn2 -Zn3 -Zn1 60.361(10) C17 -Zn3 -Zn4 148.27(7) 

O3 -Zn3 -Zn4 40.79(5) O4 -Zn3 -Zn4 40.32(5) 

O1 -Zn3 -Zn4 83.90(5) Zn2 -Zn3 -Zn4 59.490(10) 

Zn1 -Zn3 -Zn4 59.762(10) Zn4 -O4 -Zn3 99.17(8) 

Zn4 -O4 -Zn2 96.76(7) Zn3 -O4 -Zn2 96.54(7) 

C25 -Zn4 -O4 135.70(9) C25 -Zn4 -O3 127.57(9) 

O4 -Zn4 -O3 80.53(7) C25 -Zn4 -O2 128.87(9) 

O4 -Zn4 -O2 82.51(7) O3 -Zn4 -O2 82.83(7) 

C25 -Zn4 -Zn2 148.01(8) O4 -Zn4 -Zn2 41.89(5) 

O3 -Zn4 -Zn2 84.21(5) O2 -Zn4 -Zn2 41.18(5) 

C25 -Zn4 -Zn1 139.64(8) O4 -Zn4 -Zn1 84.59(5) 

O3 -Zn4 -Zn1 41.51(5) O2 -Zn4 -Zn1 42.01(5) 

Zn2 -Zn4 -Zn1 60.274(10) C25 -Zn4 -Zn3 146.49(8) 

O4 -Zn4 -Zn3 40.52(5) O3 -Zn4 -Zn3 40.32(5) 

O2 -Zn4 -Zn3 84.21(5) Zn2 -Zn4 -Zn3 59.518(10) 

Zn1 -Zn4 -Zn3 59.480(9) C3 -C4 -C5 119.7(3) 

C4 -C5 -C6 119.5(3) C5 -C6 -C1 122.7(3) 

C5 -C6 -C8 117.9(3) C1 -C6 -C8 119.3(2) 

F1 -C7 -F3 105.7(2) F1 -C7 -F2 105.6(2) 
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F3 -C7 -F2 106.5(2) F1 -C7 -C2 113.1(2) 

F3 -C7 -C2 113.1(2) F2 -C7 -C2 112.2(2) 

F6 -C8 -F4 106.2(2) F6 -C8 -F5 106.3(2) 

F4 -C8 -F5 105.0(2) F6 -C8 -C6 113.5(2) 

F4 -C8 -C6 112.8(2) F5 -C8 -C6 112.2(2) 

C10 -C9 -C14 115.1(2) C10 -C9 -Zn2 122.0(2) 

C14 -C9 -Zn2 122.9(2) C11 -C10 -C9 123.2(3) 

C11 -C10 -C15 117.2(3) C9 -C10 -C15 119.5(2) 

C12 -C11 -C10 119.3(3) C13 -C12 -C11 119.8(3) 

C12 -C13 -C14 120.1(3) C13 -C14 -C9 122.5(3) 

C13 -C14 -C16 118.9(3) C9 -C14 -C16 118.7(2) 

F9 -C15 -F7 106.5(2) F9 -C15 -F8 105.7(2) 

F7 -C15 -F8 104.8(2) F9 -C15 -C10 113.8(2) 

F7 -C15  -C10 112.7(2) F8 -C15 -C10 112.5(2) 

F12 -C16 -F10 106.0(2) F12 -C16 -F11 106.6(2) 

F10 -C16 -F11 104.9(2) F12 -C16 -C14 113.7(2) 

F10 -C16 -C14 112.6(2) F11 -C16 -C14 112.3(2) 

C22 -C17 -C18 115.2(2) C22 -C17 -Zn3 122.8(2) 

C18 -C17 -Zn3 121.8(2) C19 -C18 -C17 122.3(3) 

C19 -C18 -C23 118.7(3) C17 -C18 -C23 118.9(2) 

C20 -C19 -C18 120.3(3) C19 -C20 -C21 119.9(3) 

C20 -C21 -C22 119.2(3) C21 -C22 -C17 123.1(3) 

C21 -C22 -C24 118.7(3) C17 -C22 -C24 118.2(2) 

F18 -C23 -F16 105.9(3) F18 -C23 -F17 106.1(2) 

F16 -C23 -F17 104.3(2) F18 -C23 -C18 114.0(3) 

F16 -C23 -C18 113.5(2) F17 -C23 -C18 112.2(3) 

F14 -C24 -F13 105.8(2) F14 -C24 -F15 105.4(2) 

F13 -C24 -F15 105.7(2) F14 -C24 -C22 112.9(2) 

F13 -C24 -C22 112.5(2) F15 -C24 -C22 113.8(2) 

C29 -C30 -C25 122.9(3) C29 -C30 -C32 118.8(2) 

C25 -C30 -C32 118.3(2) C28 -C29 -C30 119.8(3) 

C26 -C25 -C30 114.7(2) C26 -C25 -Zn4 122.4(2) 

C30 -C25 -Zn4 122.57(19) C27 -C26 -C25 123.4(3) 
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C27 -C26 -C31 118.8(2) C25 -C26 -C31 117.9(2) 

F24 -C31 -F23 107.0(2) F24 -C31 -F22 106.2(2) 

F23 -C31 -F22 104.7(2) F24 -C31 -C26 113.9(2) 

F23 -C31 -C26 112.2(2) F22 -C31 -C26 112.2(2) 

C26 -C27 -C28 119.5(3) F21 -C32 -F20 106.6(3) 

F21 -C32 -F19 106.4(3) F20 -C32 -F19 104.9(2) 

F21 -C32 -C30 113.6(2) F20 -C32 -C30 113.0(3) 

F19 -C32 -C30 111.7(3) C29 -C28 -C27 119.7(3) 

C4 -C3 -C2 120.2(3) Zn3 -O3 -Zn1 97.21(7) 

Zn3 -O3 -Zn4 98.90(8) Zn1 -O3 -Zn4 96.97(8) 
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15. 1H, 13C, 19F NMR Spectra of Synthesized 

Complexes  

15.1 1H, 13C and 19F NMR of Complex (1) 

15.1.1 1H NMR of Complex (1) 
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15.1.2 13 C NMR of Complex (1) 

 

 

15.1.3 19F NMR of Complex (1) 
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15.2 1H, 13C and 19F NMR of Complex (2) 

15.2.1 1H NMR of Complex (2) 
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15.2.2 13 C NMR of Complex (2) 

 

15.2.3 19F NMR of complex (2) 

 
 
 
 
 
 
 
 



Chapter VI 

 148 

15.3 19F NMR of Complex (3) 

 

 

15.4 1H, 13C and 19F NMR of Complex (5) 

15.4.1 1H NMR of Complex (5) 
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15.4.2 13C NMR of Complex (5) 

 

15.4.3 19F NMR of Complex (5) 
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16. IR spectra of Synthesized Complexes 

16.1 IR Spectra of Complex (1) 

 

16.2 IR Spectra of Complex (2) 
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16.2 IR Spectra of Complex (3) 
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