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Abstract 

The manifold and captivating chemistry of organorhenium oxides has a long, more than 

30 years lasting history in our work group. Behind the frontiers of the known the still 

continuing research interest facilitates discovery of novel chemistry. 

Being faced with current and proposed ecological challenges of dwindling fossil resources, 

and, thus, depleting easily exploitable carbon feedstocks, motivates our investigation of 

sustainable approaches. 

 

This thesis is divided in 7 chapters and devoted to the development of new catalysts for the 

refining of lignin based biomass which allows sustainable and economical access to 

renewable carbon feedstocks. In this research work, the catalysts screening, development, 

and reactivity studies were conducted on model compounds in order to enable comparison 

with known catalysts and to exclude technical (such as reactor setup, product separation, 

difficult analytics) and solubility issues. 

Chapter 1 provides the reader with the broadened context of depleting fossil resources, the 

motivation why we use fossil resources, the challenge of increasing demands on 

petrochemical products, and the great opportunities that arise from application of biomass, 

particularly lignin within this thesis, as sustainable, renewable, and eco-friendly resource.  

Chapter 2 discusses the coordination chemistry and catalytic application of 

methyltrioxorhenium (MTO), methyldioxorhenium (MDO), and rhenium heptoxide. As 

premiere, synthetic pathways and the chemistry of MDO is summarised comprehensively. 

Moreover, the so far underestimated oxygen atom transfer reactions are presented and the 

interplay of MTO and MDO is highlighted. 

Chapter 3 defines the objective and possible approaches of this thesis.  

In Chapter 4 the results of this research work are presented and discussed by providing short 

summaries of the work published during the dissertation. In here, MTO and rhenium 

heptoxide are presented as efficient catalysts for the cleavage of several lignin model 

compounds. The found reactivity was investigated and plausible mechanisms have been 

proposed. Moreover, the single X-ray crystal structure of MTO is discussed. 

Chapter 5 summarises this work and provides the reader with a conclusion and outlook.  

Bibliographic details and permissions of the publishers for the reuse of published articles 

within this thesis are contained in Chapter 6.  

In Chapter 7 and 8 more details, a curriculum vitae, and an academic report about the author 

are given. 
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"I'd put my money on the sun and solar energy. What a source of power! 

I hope we don't have to wait until oil and coal run out before we tackle 

that." 

 

— Thomas Edison, 1931 
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1. Broader context of fossil resources and renewable 

biomass 

 

1.1 Global challenges in fossil resource depletion 

The exploitation of crude oil and coal during the past two centuries allowed the mankind a 

historically unique and remarkable advancement in technology, wealth, health and lifetime. 

Man- and horsepower driven fieldwork and factories became now boosted by efficient 

machines which consume copious amounts of energy – culled from fossil resources.1 

The constant growth in world population and level of industrialisation is concomitant with an 

incredibly increasing demand for energy and material sources which is depicted by the crude 

oil consumption in Figure 1-1.2,3 However, humankind’s appetite for energy and materials is 

confronted seriously with dwindling petroleum resources. According to the most recent World 

Energy Outlooks of the International Energy Agency, only due to the extraction of 

unconventional oil sources the event of peak oil will be shifted past 2035.4,5 So far, the latter 

is announced by a sevenfold increase (inflation adjusted) in oil price during the last 15 

years.6 

 

 

Figure 1-1. World oil production and consumption be region during the past 25 years, adapted from BP statistical 

review of world energy 2013.
3
 

 

Hence, the upcoming economic, environmental, and political concerns about such a 

petroleum-based economy make it imperative to develop new strategies as either reducing 
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the oil consumption or creating sustainable value-added chains processing renewable 

resources. 2,7-11 

 

1.2 Biomass as renewable carbon feedstock  

For ages even before Christi biomass resources in form of wood were used as feasible 

material and energy sources. However, it was conveniently substituted by the advent of 

easily winnable fossil resources such as oil, coal, and natural gas since wood biomass bears 

major drawbacks as low energy density, poor local accessibility due to lack of lucrative 

natural deposits, and transportation issues (liquids or gas transports easier than stacks of 

wood).1 Because of depleting fossil deposits, biomass as sustainable material and energy 

resource becomes more and more attractive. As renewable biomass is available in almost all 

parts of the world, its use became a focus of current research efforts of mainly industrial 

countries with concomitant high oil/energy consumption and expeditious depleting fossil 

deposits.12 As perspective, the future energy demands might be complied by alternative 

power plants e.g. nuclear fusion, geothermal energy, solar and wind energy (hypothesising 

that efficient energy storage devices will have been developed).  

 

 

Figure 1-2. World plastic production from 19502012, adopted from Plastics  the Facts 2013 by 

PlasticEuropes.
13

 Although the European production stagnates since early 2000s, the world production grows 

continuously for more than 50 years. Moreover, the volume produced is strongly related to the world’s economy, 

as it can be read from the peaks and retracements. 
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Currently, worldwide 20% of the generated electricity is constituted by regenerative sources. 

Although more than 90% of the 7 billion tons annual extracted fossil carbon is “burned” for 

energy uses, the chemical industry requires as well impressive amounts for e.g. plastic 

production.14 As depicted in Figure 1-2 the world plastic production grows continuously and 

reached a volume of 288 million tons in 2012.13 We are living in the still young era of plastics, 

and many recent innovations were driven by the development of new polymeric materials. 

They allowed us a remarkable increase in wealth and lifestyle ‒ just imagine your life without 

any. Hence, an abstinence of latter seems to be absolutely impossible emphasising the 

exigency for alternative non‒crude oil based carbon resources, which might be provided by 

exhaust stream captured and liquefied carbon dioxide, methane, or biomass.2,8,15-17 Methane, 

predominantly as hydrate, presents the most abundant carbon source on earth, 

nevertheless, selective processing methods to value added hydrocarbons are in an early 

stage and the oxidation to methanol (precursor material for the MTO process) is difficult due 

to the thermodynamically favoured “over” oxidation to CO2.
18 Recently, Shell PLC started up 

the world largest gas-to-liquid Fischer‒Tropsch plant refining methane to higher 

hydrocarbons;19 however, the extraction of methane hydrates is confronted with very high 

global environmental risks.20,21 

 

Direct recycling carbon dioxide would eliminate future carbon feedstock issues, but is 

rendered by the inefficient and thermodynamically highly disfavoured reduction of the CO2 

carbon atom. Serendipitiously, this effort has already been done by nature in the process of 

photosynthesis, the biggest solar panel on earth; thus bio-renewables are considered as 

more reasonable carbon-feedstock. Although photosynthesis is inefficient with regards to 

photon energy to plant energy (sugars) conversion, the stunning amount of 107 billion tons of 

dried biomass grows annually ashore. Renewable biomass is easily available from 

agricultural crop residues which vast amount of 7 billion tons was estimated by Schöne et 

al.22 Nota bene, the entire area under cultivation does not produce sufficient amounts of 

biomass to satisfy the world’s energy demands! It probably allows solely substitution of fossil 

carbon feedstocks for the production of bulk chemicals. 

 

Biomass is consisted mainly of cellulose, hemicellulose, and lignin which represents in total 

94% of the entire biomass. The relative composition is depicted in Figure 1-3. The main 

components are found in cell walls and thus there are grouped as lignocellulose 

matter.7,11,23,24 Only marginal amounts of biomass are used as comestible good such as 

starch, proteins, sucrose, and plant oils. 
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Figure 1-3. Composition of global (shore plus ashore) biomass per year.
24

 94% of all biomass consists of 

lignocellulose which is the largest material by volume produced in the world every year.
7,24

  

 

 

1.3 Lignin biomass as aromatic hydrocarbon feedstock  

The manufacture and application of bio-based chemicals and polymers gains soaring 

ecological, economical and political significance. The actual amount produced per year was 

estimated by the International Energy Agency (IEA) to 50 million tons.25  

Although many routes have been developed for the refining of carbohydrate-derived 

feedstocks such as cellulose, starch, and sucrose, processing of lignin based biomass 

towards bulk chemicals is still in it early beginnings. However, lignin biomass represents 

tremendous opportunities to produce chemicals.7,10,11,25,26 For example, the food flavour and 

additive vanillin is synthesised from sulphite processed wood pulp.  

 

Zakzeski et al. reviewed in 2010 catalytic refining processes of different lignins providing also 

an overview of the impressive variety of products which can be obtained. As depicted in 

Figure 1-4 the scope of potential products is grouped by either the processing type exempli 

gratia such as syngas products or oxidised products, or by the product compound type such 

as hydrocarbons and phenols. Lignosulphonate is the most abundant (commercially) lignin 

type (resource) and is available as waste product from paper mills. Yet, lignosulphonate is 

basically applied as fluxing agent for concrete, and industrial relevant bulk chemical products 

are rendered to DMSO and vanillin.  
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Figure 1-4. Potential products from Lignin categorised by its chemical class or applied the production route.   

 

Since lignin represents next to naphtha the very only economical valuable feedstock for the 

production of bulk aromatic compounds such as BTX aromatics (benzene, toluene, xylene) 

and phenols, the development of new processes and efficient catalytic transformations needs 

to be in focus of future research efforts. 

The global production of BTX aromatics is enormous and was published to amount 

102.5 million metric tons (xylene 42.5 Mt, benzene 40.2 Mt, and toluene 19.8 Mt) in 2010 by 

the Global Chemical Outlook report of the United Nations Environment Programme.27 
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Moreover, a continuing growth in global demand is proposed by several market research 

institutes.28,29 

  

In nature, lignin is found as three dimensional, amorphous, and polymeric framework 

stabilising the plant cell walls as depicted in Figure 1-5. In there, lignin is clinging the 

lignocellulosic matrix by filling the space between cellulose and hemicellulose together. 

Cross-linking to the carbohydrate strings (depicted as blue and green) warrants the rigidity 

and strength to the cell wall. 

 

 

Figure 1-5. Schematic chart of the structure, function, and origin of lignin in plants. Adapted from a review article 

by Weckhuysen and co-workers.
26

 The lignin fills the space between the cellulose/hemicelluloses strings and 

donates stability and rigidity to the cell wall.   

  

Biosynthesis of the lignin polymer occurs exclusively from three very similar monomeric 

phenols, the monolignols p-coumaryl, coniferyl, and sinapyl alcohol (see Figure 1-6, A) which 

are synthesised in the cell cytosol by modification of phenylalanine. When transported 
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though the cell wall, oxidative enzymes such as laccase and peroxidase initiate a radical 

polymerisation. Since the phenol radical initiated polymerisation and the monomer feed is not 

controlled, always a heterogeneous structure is obtained. However, a limited chemical 

control is provided due to the involvement of enzymes as “dirigent” proteins and the relative 

amounts of monomer type produced by the cell. The composition, construct, and molecular 

weight strongly differs from plant to plant and also depends from environmental influences. 

The exact mechanism is still unknown and acutely discussed by the scientific community.30-34 

 

  

Figure 1-6. (A) The three lignin monomers (monolignols) are generated in the cell cytosol by chemical 

modification of glycosylated phenylalanine. Its radical polymerisation in the cell walls results in lignin. (B) 

Schematic structure of unmodified lignin including most natural occuring chemical linkages. Various linkage types 

are highlighted by different colours. Please note, the structure does not represent the natural abundance.
26,35

 

  

The polymeric structure of lignin is described by its contained chemical linkages between the 

aromatic building blocks, which schematic structure is depicted in Figure 1-6, B. The 

structure does not imply a particular sequence and is mere pictorial. The monolignols are 

connected by a β–O–4, β–β’, α–O–4, β–1, 4–O–5, and β–5 structural motifs as indicated by 

colour. The β–O–4 linkage is found as the dominant one in all plants, consisting of more than 

half of the linkages in hardwood. 
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The structure of the lignin polymer is influenced by the amount of contained methoxy groups. 

An increased content of coniferyl and sinapyl alcohol, and thus additional methoxy groups, 

prevent the formation of 5–5’ and 4–O–5 linkages in the lignin polymer which results in a 

more linear structure as found in hardwood. Softwood, for example, is rather constituted by 

high amounts of coniferyl alcohol; hence a branched polymer is formed.26    

    

The systematic description of the linkages allows chemical discrimination of different lignin 

sources. In Table 1-1 the proportion of major linkages found in hardwood and softwood lignin 

are summarised.26,35  

 

Table 1-1. Approximate abundance of major linkage units found in softwood and hardwood lignin; adapted from 

Pandey and Weckhuysen.
26,35

 

Linkage type Content in softwood 

(spruce) [%] 

Content in hardwood 

(birch) [%] 

β–O–4-aryl ether 45–50 60 

α–O-4-aryl ether 6–8 6–8 

4–O–5-diaryl ether 3.5–7 6.5 

β–5-phenylcoumaran 9–12 6 

5–5’-biphenyl 9.5–27 4.5–9 

β–1-(1,2-diarylpropane) 7–9 7 

β–β’-(resinol) 2–6 3 

others 7–13 5 

  

 

The chemical modification of lignin and most important its degradation by vast linkage bond 

cleavages is usually monitored by alteration of the ratio and total amount of contained 

linkage groups.36-39 For example, Zakzeski and Weckhuysen applied in situ ATR‒IR 

spectroscopy to monitor the dissolution of organosolv lignin and product formation during the 

high-pressure water phase reforming process. Chan et al. and Galkin et al. revealed the 

extinction of β‒O‒4, β‒β’, and β‒5’ (phenylcoumaran) by means of two-dimensional HSQC 

NMR spectroscopy.40,41  

In the course of investigating highly efficient and selective catalysts lignin is not used as 

substrate due to its complexness and structural variability, instead simple model compounds 

were used for the development of catalysts based on V,41-44 Re,45-47 Fe,48 Ru,49-51 Ni,52-54 

Pd,40,55,56 and sulphuric acid.57,58 Ordinary model compounds bear only a single linkage type 

between to aromatic building blocks, and additional methoxy and hydroxyl groups may be 

embellished as found in native lignin. The high substrate solubility, facile analytics during and 

after reaction, and the absence of additional disturbing functional groups and linkages are 

the main benefits of using simple models.  
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The application of model compounds allows the efficient investigation of suitable catalysts 

and optimal reaction conditions. Moreover, favourable catalytic systems are studied at model 

polymers whose monomers are connected by a single linkage. In Figure 1-7 commonly used 

β‒O‒4 linkage model compounds (dimers and polymers)49,56,59 are depicted; a 

comprehensive overview of all known model compounds can be found in a review article 

written by Zakzeski et al.26  In this work compounds 1 and 10 were applied for all 

experiments, whereas 2-(2-methoxyphenoxy)phenylethanol (1) poses as “standard” 

substrate.  

 

 

Figure 1-7. Dimeric and polymeric lignin model compounds commonly used in catalysis studies to mimic β–O–4 

linkages contained in native lignin.
26,49,56,59

  

1.4 References in Chapter 1 

1. P. O'Connor, in The Role of Catalysis for the Sustainable Production of Bio-fuels and 
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Amsterdam, 2013, pp. 1-25. 
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“New catalysts, new enzymes, new processing systems, and new plant 

hybrids may all be part of the future solutions to the use of biobased 

building blocks that will be built on the Green Chemistry research starting 

to be engaged today.“  

 

— Paul T. Anastas, 2007 
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2. Rhenium oxides ‒ Reactivity and Catalysis 

 

2.1 Preface 

Rhenium oxides exhibit a rich chemistry in their oxidation states Re(V), Re(VI), and Re(VII). 

Especially some organorhenium oxides exhibit diverse coordination chemistry,1 and are well 

known for their high catalytic activity in many reactions.2 Out of all, methyltrioxorhenium 

(MTO) – a comparatively small and stable 14 VE organometallic compound – emerges 

outstanding in homogeneous catalysis, as in olefin metathesis,3 aldehyde olefination,4,5 and 

versatile oxidation catalysis.6-9  

In this chapter, the reactivity and catalytic application of MTO, methyldioxorhenium (MDO) 

and rhenium heptoxide is presented. Remarkably, MTO is the only rhenium compound which 

was applied in the field of lignin refining.10,11 Moreover, biomass derived (poly)alcohols were 

also upgraded by latter rhenium oxides. MTO and rhenium heptoxide are known to catalyse 

efficiently the dehydration of secondary alcohols,12-14 and MDO is known deoxydehydrate 

(DODH, removal of O + H2O) vicinal diols in homogeneous phase.15,16      

 

2.2 Methyltrioxorhenium (MTO) 

2.2.1 General chemistry 

MTO was serendipitously isolated in microscale amounts by Beattie and Jones in 1979 due 

to a slow, inadvertent, air oxidation of tetramethylrhenium(VI) oxide Me4ReO.1,2  

Decades later MTO emerged as one of the best examined organometallic compounds. The 

transition was facilitated by the development of a straight-forward synthetic route, based on 

the reaction of rhenium heptoxide and methyl stannanes, which was reported by Herrmann 

and co-workers in 1988.3 Because MTO is conveniently purified by sublimation, stable under 

aerobic atmosphere, and a highly active and selective catalyst for olefin metathesis and 

oxidation chemistry,3,17 it has become very attractive for a broad community of chemists, 

which devoted much research efforts  to demonstrate its full chemical and catalytic 

potential.1,2,6,18 

Due to the high oxidation state at the transition metal centre, MTO behaves strongly Lewis 

acidic. Furthermore, the ligand sphere donates 14 valence electrons to rhenium(VII), thus 

MTO is an electron deficient coordination compound. As consequence the coordination 

chemistry is decisively determined by its aspiration to reach a stable 18 electron 

configuration.19 In presence of Lewis bases such as electron donating N-compounds MTO 

readily forms Lewis acid/base adducts in the type of CH3ReO3 ∙ L or CH3ReO3 ∙ L2 (L = 
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electron pair donor) in trigonomal bipyramidal and octahedral molecular geometry, 

respectively (Figure 2-1).  

 

 

 

Figure 2-1.  Lewis base adducts of MTO and N-donor compounds. Assembled from Ramão et al.
1
 In coordinating 

solvents L is in equilibrium with the solvent.  

 

Many octahedral Lewis base adducts are very stable and isolable, in particular when L2 is a 

bidentate ligand, however, the adducts are more sensitive towards hydrolysis in undried 

solvents and thermal treatment than MTO itself due to an weakening of the Re‒C bond. In 

1H and 13C NMR spectroscopic experiments the signal of the methyl group is shifted upfield 

compared to MTO. This effect is referred to the electron donor capability of the bidendate N-

bases and correlates with the pKa value; higher values result in an increased electron 

donation. An analogue behaviour of MTO is observed in alcoholic solution; the more stable 

the coordination, the higher the relative NMR upfield shift. Although alcohols bear higher pKa 

values than N-compounds such as 2,2’-bipyridine and pyridine, they are weaker ligands, thus 

no MTO alcohol adducts have ever been isolated. The latter antagonism is probably 

explained by the spectrochemical series discovered by Tsuchida et al. which reveals 

alcohols being comparable but weaker ligands than water (H2O > CH3OH > CH3CH2OH).20  

Known examples of S- and O-coordination are very rare and limited to either intramolecular 

coordination or to formation of condensates the type of CH3ReO[(η1‒X)2L] (X = S, O).1,2 

 

MTO’s chemistry is well known for oxygen atom transfer reactions and is applied as oxidation 

catalyst. Its catalytic activity in oxidation of olefins to epoxides using hydrogen peroxide as 

oxygen source is unparalleled so far.2,6,7,9 

In a standard catalytic reaction the olefin oxidation is started by addition of MTO to a cooled 

emulsion (vigorously stirring of a two-phasic system) of neat substrate and a aqueous 

solution of hydrogen peroxide. However, the reaction may also be conducted in organic 

solvents such as DCM or MeCN. In order to suppress the acid-catalysed hydrolysis of 

product oxiranes to vicinal trans-diols, frequently an N-donor base is added to reduce MTO’s 

high Lewis acidity.21,22  
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Because of the remarkable high activity and simple experimental setup and reaction 

conditions the olefin oxidation emerged to the very most investigated and best understood 

reaction of MTO. As the initial mechanistic step, a distorted octahedral 

monooxomethylrhenium peroxo complex is formed in the presence of hydrogen peroxide as 

oxygen donor (see Scheme 2-1). 

 

 

 

Scheme 2-1. Oxidation of MTO forms first a methylrhenium monoperoxo species, and subsequently the 

methylrhenium bisperoxo species (butterfly complex) using perhydrol as oxygen source.
17,23,24

  

 

If the oxidation is conducted in an excess of oxidation agent, formation of a monooxomethyl-

rhenium bisperoxo butterly complex is observed due to a subsequent second oxidation step. 

The butterfly complex is stable in presence of excess perhydrol and a preparative isolation is 

possible a low temperature. Both, the mono- and bisperoxo species are capable and 

involved in oxygen transfer reaction accompanied with reformation of MTO.17,23,24 Beside the 

rather prominent olefin epoxidation, MTO is also able to catalyse various oxidation reactions 

such as the Baeyer-Villiger- and the Dakin oxidation,25-27 oxidation of alcohols,28 alkynes,27 

anilines,29 amines,30,31 sulphuric compounds,32 C‒H and Si‒H bond oxidation,33-35 and also 

oxidation of aromatic rings which is depicted in Scheme 2-2.9,36,37  

 

 

Scheme 2-2. The MTO-catalysed oxidation of xylenes, anisoles, and phenols under mild conditions yields in 1,4-

benzoquinones.
37
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A variety of aromatic hydrocarbons such as xylenes, anisoles, and phenols are oxidised to 

1,4-benzoquinones using excess hydrogen peroxide in acetic acid at mild reaction 

conditions.37 As expected, the more electron rich the aromatic system, the easier the 

oxidation proceeds. In presence of adjacent methoxy substituents which exert a positive 

mesomeric effect the reaction finishes within one hour even at room temperature (see 

Scheme 2-2, B). In the case of aryl-alky ether bonds partial C–O degradation takes place to 

generate the quinoid system.38 If cresols are used as substrate, oxidation of the phenol OH-

group results in benzoquinone formation in good yields (see Scheme 2-2, C).39  

 

2.2.2 Reaction Pathways in the Presence of Alcohols 

Depending on the reaction conditions, MTO exhibits different chemical behaviour towards 

alcohols as depicted in Scheme 2-3. Thus, MTO coordinates alcohols weakly,40 catalyses its 

etherification and dehydration,41and oxidises alcohols.28 

 

 

 

Scheme 2-3. Possible reaction pathways of MTO subjected to alcohols depending on the applied reaction 

parameters and alcohol type.
14,15,23,41-43

 

 

The coordination of an alcohol to rhenium is indicated by a yellow colour which forms when 

alcohol is added to a benzene solution of MTO (path I).41 In NMR spectroscopy, the ROH‒Re 

coordination becomes visible by shifting the 17O signal,43 however, formation of a stable 

coordination compound is not known (vide infra). Noteworthy, treatment of MTO with glycols 

results in condensation to stable MTO-diolates (path II).41,42 In alcoholic solutions (neat or in 
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BTX), catalytic formation of ethers is observed (path III). Using an asymmetric mixture of 

aliphatic and benzylic alcohols improves the etherification efficiency. In case when the 

alcohol contains a saturated β-carbon atom, dehydration to olefins is the preferred pathway 

(path IV). Since CH3
+-group rearrangement occurs when the β-carbon atom is quaternary, an 

ionic dehydration mechanism is most probably.44 

Benzylic alcohols react more easily and give dehydration products in higher yields. At 

elevated temperatures of 100 °C efficient MTO-catalysed (applying 1 mol%) dehydration of 

benzylic alcohols is observed, with symmetric ethers as side product.14 Further elevation of 

the reaction temperature will not increase the reaction rate, but results in alcohol 

oxidation/MTO reduction (path V, see also chapter 2.3 for detailed information).15        

 

2.2.3 Application as oxidation catalyst in lignin refining 

In 2005 the research groups of Crestini and Saladino reported the first example of a rhenium 

catalyst degrading lignin model compounds and hydrolysis/organosolvent lignin.10,45-47 

Treatment of simple dimeric model compounds e.g. β–O–4 ether (I-3d, I-3e, and I-3f) with 

substoichiometric amounts of MTO (20 mol%) in presence of excess hydrogen peroxide in  

acetic acidic media at room temperature yields in degradation to mixture of numerous 

monomeric units as depicted in Table 2-1. The composition of the obtained product mixture 

depends strongly on the used substrate type and whether it is equipped with phenolic or 

methoxy groups. Moreover, small structural alterations were found to provoke huge changes 

in the product pattern.13 Oxidative cleavage of phenolic hardwood model compound I-3d 

yields in derivates of benzoic acid I-9, ketol I-10, and lactone I-12 derived from the aromatic 

“A-ring”, and syringol (I-11) originating from the aromatic “B-ring” (see Table 2-1, Entry 1). A 

relative low cumulative product yield of 26% (based on the mass balance given by the 

reactivity A→B+C) is the major drawback. 

If the non-phenolic hardwood model compound I-3f is used instead, the selectivity drops 

drastically (see Entry 2). As it can be read from the substitution pattern the products are 

primarily derived from the “A-ring” and are subjected to miscellaneous advanced levels of 

oxidation. The “B-ring” apparently undergoes severe decomposition since only small 

amounts of initial aromatic systems were isolated, and the low overall mass-balance of 43% 

found renders the usability.  
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Table 2-1. Oxidative MTO-catalysed cleavage of various β‒O‒4 hardwood and softwood lignin model 

compounds, yields are given in brackets.
48

 

 

Entry 
Model 
compound/
type 

E
1
 E

2
 Isolated products (yield %) 

1 

phenolic 

hardwood 

I-3d 

H OMe 

 

2 
hardwood 

I-3f 
Et OMe 

 

3 
softwood 

I-3e 
Et H 

 

 

 

If a softwood model compound containing less aryl methoxy groups is subjected to oxidation 

the selectivity increases significantly and formation of four main products is observed (see 

Entry 3). Notably, the cleavage products are similar to the monolignols observed in nature, 

and the aldehydic derivates and guaiacol present the main fragments. The unanticipated 

increase in selectivity indicates an alternative reaction pathway. Thus, the cleavage probably 

occurs not due oxidation, but acidolysis. Subsequent oxidative modification of the cleavage 

products yields then in the observed products. The conducted reaction conditions are very 

acidic because glacial acetic acid was used as reaction medium and the strong Lewis acid 

“catalyst” MTO is added in a rather high loading of 0.2 equivalents. It has been mentioned 

that the acidic cleavage of similar β‒O‒4 model compounds was reported previously.49-51 

Hardwood seems to be stable under those acidic conditions (as read by product distribution 

and constitution) also emphasising an oxidative cleavage pathway. 

Oxidative treatment of simple aryl alkyl ethers such as derivates of vanillyl alcohol results in 

formation of umpteen oxidation products. In particular, oxidation of the alcoholic groups but 
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not of the desired cleavage of aryl alky ethers occurs. Moreover, abolishment of the 

aromaticity yields derivates of unsaturated lactones and 1,4-benzoquinones. 

On the other hand, the oxidative cleavage of very stable 5-5’ linkages is possible as depicted 

in Scheme 2-4. This linkage type and structural motif is present in Kraft processed lignin 

highlighting the industrial potential of the MTO-catalysed oxidative lignin refining.52 

Reaction of the methylene bridged diphenol I-24 gives the monomers as aromatic, carbonic 

acids. Therefor, the cleavage proceeds at the expense of one aromatic ring and not of the 

methylene bride. As a drawback, non-phenolic 5-5’ model compounds are stable under the 

applied reaction conditions, resulting exclusively in alkyl side chain oxidation. The contrary 

reaction outcome points out the oxidation of phenol-OH groups essentially and thus the 

ambolishment of the aromaticity. A protective group such as a methyl ether is satisfactory 

sufficient to inhibit the cleavage.  

 

 

Scheme 2-4. Oxidative MTO-catalysed cleavage of the phenolic 5‒5’ diphenylmethylene linked Kraft lignin model 

compound I-24.
48
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2.3 Methyldioxorhenium (MDO)  

 

This chapter mainly originates from the following publication: 

 

Reentje G. Harms, Wolfgang A. Herrmann, Fritz E. Kühn, “Organorhenium Dioxides – 

Promising Oxygen Transfer Systems in Biomass Conversion: Synthesis, Reactivity and 

Applications”, Manuscript in prepration 

(refer to 6.1.1) 

 

2.3.1 Broader context and importance of MDO 

It has been shown that methyldioxorhenium is the key compound for many “MTO”-catalysed 

transformation. Once generated in situ by reductive MTO deoxygenation MDO catalyses the 

formation of olefins via deoxydehydration of diols and deoxygenation of epoxides,23,40,53,54 

olefination of aldehydes and ketones,7,8,55,56 hydrogenation,54,57 and hydrosilylation.58 

In the context of sustainable chemical feedstocks, MTO/MDO has proven to be an efficient 

deoxygenation catalyst for the refining of lignocellulosic biomass such as carbohydrates and 

polyols in homogeneous phase.13,15,59,60 So far, the wide substrate scope under mild reaction 

conditions is unequalled by other catalysts. Although the reactivity of Re(V) compounds has 

already been studied since the late 1980s, possible applications in catalysis particularly in 

biomass conversion have only been investigated very recently.  

 

The progress of organorhenium dioxide chemistry over the last 25 years is illustrated by the 

number of corresponding publications and their cumulative impact factor is presented in 

Figure 2-2. 

 

Figure 2-2. Development of the impact of publications containing organorhenium dioxide chemistry as indicated by 

dark grey bars. Impact of papers discussing an application in biomass refining is indicated by pale grey bars.  
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2.3.2 Synthesis of MDO 

MDO covers only a very narrow field of the manifold organorhenium chemistry. Hence, all 

known synthetic procedures are not well developed and are entirely based on reduction 

steps, and thus on the oxygen atom abstraction of MTO. Other low oxidation state methyl 

rhenium precursor complexes have not sustained due to their instability.1,2  

Typically, MDO is generated in situ from MTO, and at present, six synthetic routes are known 

(Figure 2-5). Organic phosphines and phosphonic oxides have emerged as easily 

accomplishable and efficient reagents for in situ MTO deoxygenation. Espenson et al. have 

developed a procedure treating MTO with hypophosphorous acid in aqueous solution at 

room temperature (path I, Scheme 2-5). To prevent polymerisation of MTO to rhenium 

bronzes (layer-structure of corner-sharing ReO5(CH3) octahedra and intercalated water) a 

strong acidic condition of pH = 0 is necessary.61-63 Moreover, application of triaryl- or 

trialkylphosphines allow the synthesis in organic solvents as benzene at room temperature 

(path II).53 The clean formation of MDO can be achieved by the use of immobilised 

triphenyphosphine, which allows an easy removal of the phosphine oxide waste by-product 

by filtration.64,65 In a similar manner sodium sulphite generates MDO by oxygen abstraction in 

aprotic solvents (see path III), however, the observed conversion is rather low.66,67  

 

 

 

Scheme 2-5. In situ formation of MDO by oxygen abstraction of MTO. Reaction conditions: i) r.t., aqueous sol., 

0.1-0.7 M hypophosphorous acid, 1.0 M trifluoromethanesulfonic acid;
61

 ii) r.t., benzene, 1 equiv. trialryl or trialkyl 

phosphine;
53

  iii) 150 °C, benzene, 1.5 equiv. Na2SO3;
66,67

 iv) 150 °C, THF, 20.4 atm H2,
54

 or 80 °C, toluene, 24 h, 

8 atm H2;
57

 v) 155 °C, CHCl3 or neat in alcohol, 5 equiv. 3-pentanol;
15,16

 vi) r.t., aqueous sol., 12‒160 equiv. V
2+

, 

pH = 0.
61
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More benign MDO generation is achieved by hydrogenation as depicted in path IV.54 

Treatment with moderate hydrogen pressures up to 20 atm at elevated temperatures 

(150 °C) generates MDO with water as the only side product. Furthermore, the groups of 

Bergman and Toste reported that transfer hydration of secondary alcohols at elevated 

temperatures also yields in MDO, water, and ketone (see path V).15,16 Nota bene, the use of 

low oxidation state transition metals such as V2+ as oxygen abstraction agent in aqueous 

solutions was also reported (see path VI).61 

 

Once MDO has formed it tends to dimerization and oligomerisation to stabilise its 12 VE 

electron deficiency, which can be monitored by colour change in absorption UV/Vis 

spectroscopy. During that process, the colourless molecular MDO becomes yellow upon 

dimerisation, and further oligomerisation leads to an intense blue colour.68,69 With growing 

chain lengths the oligomer becomes insoluble and precipitates as a black solid. Details on 

colour and absorption maximum for each form are given in Figure 2-3.  

 

 

 

 

Figure 2-3. Dimerisation and oligomerisation of MDO. Although MDO is colourless and not visible, the 

oligomerisation can be monitored by change of colour over yellow to intense blue, and by absorption UV/Vis 

spectroscopy. While smaller oligomers (n = 3‒30) are soluble in aqueous solution, long polymers (x > 30) are 

insoluble and precipitate.
68,69

 

 

To prevent MDO from oligomiersation the monomer complex needs to be stabilised by 

auxiliary ligands (see Scheme 2-6). Thus, synthetic strategies using phosphine and alkyne 

ligands were developed by the groups of Herrmann and Espenson.64,65,69,70 Reduction of 

MTO with an excess of organophosphines PR3 (R = Ph, Cy) in aprotic solvents results in 

formation of MDO phosphine adducts I-29 which bear two trans‒aligned phosphine ligands in 

trigonal bypyramidal geometry.40 PPh3 is coordinated weakly to MDO, since liberation of free 

PPh3 is observed in solution; however, for PCy3 not. Recently, the single X-ray crystal 

structure of I-29a and I-29b were published by Liu et al,.but they differ from those previously 

reported by Roesky et al.,70 who crystallised MDO as the dinuclear and mixed valent complex 

CH3ReO2(PR3)2∙MTO (R= Ph, Cy) where the oxogroup of MDO coordinates to MTO’s 

Increasing chain lenght 
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rhenium centre.70 This example suggests that by reduction MTO’s Lewis acidic 

characteristics became such Lewis basic. Those contradicting results are possibly explained 

due to an alteration of the original synthetic procedure – Liu et al. used 6 equivalents of 

phosphine, whereas Roesky et al. used only 2 equivalents. 

 

 

Scheme 2-6. Stabilisation of MDO by auxiliary ligands. Published reaction conditions: i) r.t., Et2O, 24 h;
40,70

 ii) r.t., 

toluene, 16 h, 1.1 equiv. polymer supported PPh3;
64,65

 iii) 155 °C, CHCl3, 5 h 5 equiv. 3-pentanol;
15

 iv) r.t., toluene, 

24 h;
 54, 61

 v) r.t., MeCN, H3PO2;
61

 vi) 80 °C, toluene, 24 h, 8 atm H2;
57

 vii) r.t., CDCl3 + molecular sieve;
40

 viii) r.t., 

benzene, R
1
 = R

2
 = CH3CH2, meso-2,3-butylenglycol.

15
 

 

In analogy to MTO’s chemistry treatment of I-29 with glycols yields CH3ReO-diolates 

accompanied with condensation of water. The rhenium-diolate complex may be chaperoned 

and stabilised by the phosphines used in excess for MDO generation. Using (r,r)-(+)-

hydrobenzoin and MDO∙(PCy)2 (I-29b), formation of deep blue coloured diolate complex 

I-30b was observed in an in situ experiment.40 

In contrast, when an excess of alkyne is used complete ligand exchange to 

CH3ReO2(R
1C≡CR2) I-31 is observed.70 The capability of stronger coordination is also shown 

by I-31’s stability under aerobic atmosphere. Thus, easy preparative synthetic routes from 

MTO, PPh3 and alkyne were developed by Herrmann and co-workers.64,65  

MDO-alkyne complexes I-31 exhibit a chemical behaviour similar to CH3ReO2(PR3)2 I-29 and 

the condensation with glycols succeeds starting from I-31 yielding CH3ReO-diolate alkyne 

adducts I-32. Hence, the alkyne stabilises MDO and allows preparative condensation 
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chemistry similar to MTO. However, a cis-configuration of the vicinal diol is mandatory; a 

reaction of trans-diols has never been observed.15 

Not only alkynes and phosphine, but also N-donor compounds are capable stabilising highly 

reactive MDO. For example, addition of 2,2’-bipyridine whilst treatment of MTO with 

hypophosphorous acid in acetonitrile results in formation of MDO-bipyridine complex I-33.61 

 

2.3.3 Oxygen atom transfer reactions 

MDO is a strong two-electron reducing agent and capable to abstract an oxygen from 

manifold inorganic and organic oxides, which actually represents the formal reverse reaction 

of its formation. The reaction is driven by the oxidation of Re(V) to Re(VII) and formation of 

stable rhenium oxo double bonds, thus resulting in a more electron rich (14 VE) environment. 

A comprehensive overview which highlights the substrate variety is depicted in Scheme 2-7. 

Due to the pronounced instability and preparative unavailability of MDO usually oxygen atom 

transfer reactions are conducted applying catalytic amounts of MTO and stoichiometric 

amounts of a reducing agent (path I, Scheme 2-7, see also Scheme 2-5). 

 

 

Scheme 2-7. Portfolio of oxygen atom transfer reactions catalysed by MDO. Various inorganic group 15‒17 

oxides,
53,61,71

 group 5‒7 transition metal oxides,
61

 and organic oxides undergo oxygen abstraction.
8,59,72-76 

Reaction conditions: i) r.t., benzene; ii) r.t., aqueous sol. 1.0 M trifluoromethanesulfonic acid; iii) 140‒170 °C, neat, 

0.5‒3.5 h. 
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Molecular oxygen is activated from ambient aerobic atmosphere when tertiary phosphine is 

added to benzene solution of MTO (see Scheme 2-7, path II). Under the latter conditions the 

oxidation of phosphine to phosphine oxide is catalysed, however, under inert gas 

atmosphere no quantitative oxidation but instead formation of rhenium(V) phosphine adducts 

I-29 (vide supra) is observed, pointing this complex as intermediate.53,77 

A bound oxide O-atoms is also abstracted by treatment with MDO. For example, reaction 

with perchlorate anion yields in chlorate, and a continued reaction to chloride consuming 

three additional equivalents of MDO (if available) is observed, as well (see path III).71 

Analogue reaction occurs also with the remaining halogen oxides as perbromate, bromate 

and iodate.69  Furthermore, some examples of group 5‒7 metal oxide reduction are known, 

thus an aqueous solutions of purple MnO4
- is achromatised by formation of Mn2+ (path IV), 

molybdenum(VI) oxide [HOMoO2(OH2)]
+ yields the Mo(V) dimer [MoO(OH2)3(µ‒O)2]2 

(probably due to comproportionation of Mo(IV) and Mo(VI) after initial oxygen abstraction), 

and the vanadates VO2
+ and VO2+

 dispense an oxygen atom yielding VO+ and V2+, 

respectively.69  

Furthermore, oxygen atom abstraction from non-metal oxides is observed, too. Treatment of 

nitrates at strong acidic conditions gives nitrous acid which subsequently reacts to 

hyponitrous acid HON (see path V). In general, MTO/MDO catalyses the oxygen transfer 

reaction of group 15 tertiary organooxides to PPh3, thus tertiary amine oxides (pyridine oxide 

and in para-position modified N,N-dimethyl aniline derivates, see path VI), triphenylarsine 

oxide and triphenylstibine oxide are converted to the corresponding amines, arsines and 

stibines, which is indeed a quick reaction and occurs within 30 min at room temperature.53 

Since no reverse-reaction has ever been observed, the formation of phosphine oxide double 

bonds is suggested to drive thermodynamically the reaction forward. 

Moreover, organic sulphoxides are reduced to the organic sulphides (path VII). The latter 

synthetic useful catalytic transformation was studied thoroughly with various compounds in 

benzene solution at room temperature.53  

 

By far, the most important application of the MTO/MDO system is the deoxygenation of 

organic substrates such as aldehydes, epoxides, and vicinal diols forming olefins.8,59,72-76 The 

aldehyde olefination (path VIII) is a catalysed C‒C coupling reaction similar to the Wittig 

reaction,78-80 however, in alteration an aldehyde and azide is coupled consuming 

stoichiometric amounts of organophosphines.5 The reaction allows the coupling of very 

electron deficient aldehydes and ketones and thus preferable to classical and catalysed 

Wittig reactions.55,56 Noteworthy, not ylide but phosphazine formation is observed. The 

mechanism was intensively discussed by Santos, Kühn, and Chen et al. and is proposed to 

proceed via cycloreversion of rhenaoxetane which is formed by [2+2] addition of the 
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alydehyde and methyloxorhenium carbene.1,6-8,55,56,75,81 The intermediate carbene is 

generated by reaction of MDO and phosphazine accompanied by N2 gas liberation.82 

The abstraction of an oxygen atom from epoxides (see path IX) by MDO leads to the 

formation of olefins. If instead a vicinal diol (glycol) is subjected as substrate, again an olefin 

is formed under liberation of water (see path X). The combination of deoxygenation and 

dehydration reaction steps leads to olefinic dehydration products under formal loss of one 

oxygen atom which is abstracted first by MDO, and subsequently by the reductant in the 

course of MDO regeneration. Both latter transformations bear a similar reaction mechanism 

since they pass through the same gylcolate intermediate. 

 

In general, two mechanistic reaction pathways towards Re(V) glycolate intermediate I-30 are 

discussed in literature (see Scheme 2-8).23 MTO is known to form Re(VII)-glycolates I-34 by 

condensation with glycols or addition of oxirans, and subsequent oxygen abstraction which 

leads to the formation of Re(V)-diolate I-30 seems plausible (pathway A).41,53,64,83 Due to 

thermodynamical reasons oxirane ring opening and addition is preferred over O-

coordination,84 thus formation of I-34 is already observed at room temperature. However, 

MTO reduction may precede Re-diolate formation (pathway B). Upon thermal treatment of 

I-34, no olefin extrusion but decomposition is observed,83 and once PPh3 is added to I-34 

olefin extrusion starts immediately already at room temperature, probably due to the 

formation of intermediate I-29.23,53,83 Recently, Re(V)-glycolates were evidenced 

spectroscopically by Abu-Omar and co-workers using 1H NMR.40 

 

  

 

Scheme 2-8. Proposed mechanism for the deoxygenation and deoxydehydration of epoxides and vicinal diols, 

respectively. Either diolate formation precedes reduction of Re(VII)→Re(V) (pathway A) or the Re(V)-diolate 

forms after MDO generation (pathway B).
23

 H2O in the reaction equations is omitted for clarity.  
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In a computational study Bi et al. discusses whether the deoxygenation proceeds via 

pathway A or pathway B (Scheme 2-8).54,84  

Energies barriers for each reduction step of MTO→MDO and Re(VII)-diolate→Re(V)-diolate 

were calculated and compared. The model system used hydrogen as oxygen acceptor, 

which demands under real experimental conditions temperatures of >80 °C for MTO 

reduction (usually 150 °C are applied to keep the reaction within a convenient time 

frame).54,57 As result the reductive [3+2] addition of hydrogen to I-34 is favoured to the [3+2] 

addition to MTO, due to both thermodynamic and kinetic reasons, hence, the formation of 

glycolates facilitates oxygen abstraction. Noteworthy, since MDO forms from MTO/PPh3 

mixtures readily at room temperature, no distinct reaction pathway can be concluded (vide 

supra). 

The final olefin extrusion step is commonly understood to occur from Re(V)-diolate I-30, 

which could be proven by mass spectrometry and NMR spectroscopy.40 As mechanism a 

concerted [3+2] cycloreversion step was proposed, supported by theoretical considerations 

and experiments of Gable and co-workers.85-90 

In the last five years, intensive research efforts on the MTO-catalysed DODH reaction were 

undertaken by the groups of Nicholas, Abu-Omar, Toste, Bergman, and recently the 

application of the DODH reaction upgrading biomass derived sugars and sugar alcohols 

have been investigated.15,40,54,60,67,91 Previous year, Shiramizu and Toste reported in a follow-

up work the tandem DODH reaction of allylic 1,4- and 1,6-diols, realised due to a MTO-

catalysed [1,3-OH] shift expanding the substrate scope by sugar acids.59 In excursus 2.4 

(vide infra) some examples on the refining of sugar alcohols are presented. 

 

 

2.4 Excursus – MTO/MDO in refining of biomass derived sugar 

alcohols 

Although lignocellulosic biomass presents the most abundant sustainable material on earth it 

chemical-industrial account is limited. The high oxygen content lowers the energy density 

and does not allow for example an efficient combustion.92 Moreover, most commodity 

chemicals also bear low oxygen content.93 As state of the art, deoxygenation is conducted 

via high-temperature pyrolysis,94,95 Fischer-Tropsch synthesis approaches,96 or 

hydrodeoxygneation.73 However, the ecological worthwhile application of natural’s pool of 

organic compounds, avoiding an energy intensive build-up of higher hydrocarbons, desires 

selective deoxygenative transformations such as the acid-catalysed dehydration,97-99 

hydrogenolysis,93 and DODH reaction.72,73 The rhenium-catalysed DODH reaction (see 

section 2.3.3) was investigated during the past 5 years and applied upgrading biomass 
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derived polyols.15,16,59,60,72,73 In the following, refining of biomass derived polyols is illustrated 

by the DODH reaction of glycerol and the C6 hydrocarbons sorbitol, mannitol and inisitol. 

Glycerol is a C3-triol and easily available in high amounts as waste material from biodiesel 

production. The low market price makes glycerol very attractive as green carbon feedstock. 

In 2009 the price per metric ton was 820 US$ for refined, and 120 US$ for crude glycerol.100 

Applying the DODH reaction on glycerol, allyl alcohol is obtained as major product, acryloin 

and propaldehyde as side product. (Scheme 2-9).  

  

 

 

Scheme 2-9. DODH reaction of glycerol yields in allyl alcohol in high yields, acryloin and propanal are observed 

as side products; a) 2 mol% related to total amount of glycerol in reaction vessel. 

The reactor design for neat conditions (MTO is added to glycerine) allows separation of the 

volatile reaction products by operando distillation at 165 °C to give an oil of 74% of the 

theoretical yield within 1 h (see pathway A). The oil yield correspondents to 0.5 equivalent of 

glycerol since stoichiometic amounts of glycerol react to dihydroxyacetone (DHA) reducing 

MTO to MDO. An isolation of DHA at the applied reaction conditions is not possible due to its 

polymerisation. Addition of sacrificial alcohols (3-octanol or 1-heptanol) increases 

significantly the selectivity, and a ratio of allyl alcohol/propanal (10:1) is obtained, however, 

the overall oil yield decreases to 52‒55%. Noteworthy, if the reaction water is removed due 

to the presence of 4Å molecular sieve a high selectivity (100:6) and excellent yield of 

volatiles is obtained after prolonged reaction time (2.5 h). When 3-octanol is used as both 

solvent and reductant under similar reaction conditions, an excellent allyl alcohol yield, and 

no glycerine loss due to DHA formation is obtained (pathway B). 

 

Sorbitol is an important sugar alcohol and is applied as sweetener; mannitol is used as 

sweetener for diabetics. Both sweeteners are produced in industrial scale by hydrogenation 

of sucrose. The DODH reaction of D-sorbitol and D-mannitol is conducted at 200 °C and 
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yields the conjugated polyene E-hexatrien in moderate yields (see Scheme 2-10), which 

possibly can be used as polymer precursor.101 In analogy, polyenes (butadiene) are 

observed when C4-polyols are used instead. Since sorbitol and mannitol gave the same 

hexatriene yields, the stereochemistry is not decisive for the product selectivity and overall 

yields. Moreover, no product mixture containing monoenes, dienes and trienes, originating 

from 1, 2, or 3 DODH steps respectively, was obtained. This is probably explained by the 

recently published MTO-catalysed [1,3]-OH shift allowing also 1,4-DODH and 1,6-DODH 

reactions to take place.59  

 

 

 

Scheme 2-10. Three consecutive DODH reactions of the sweeteners D-sorbitol and D-mannitol yield E-hexatriene 

in moderate yields, which possibly can be used as polymer precursor.
15

 

 

 

Scheme 2-11. The combination of several consecutive DODH and dehydration reactions on inisitols produces 

benzene and phenol, expanding the scope of possible biomass feedstocks for aromates production.  

 

Inisitols are sixfold cyclic polyols. Nature’s most abundant inisitol is the myo-isomer and is 

industrially produced by hydrolysis of the phytate salts which is consisted in e.g. sesame 

seed flour, tofu, linseed, and corn by a few percentage of weight.  
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Benzene and phenol is obtained when inisitols are treated with MTO at 200 °C (see 

Scheme 2-11). Therefore, benzene is formed by three consecutive DODH reactions, and 

phenol is formed by a combination of two DODH and a single dehydration reaction.  

Good to very good mass balances of ≈90% and good yields are obtained for upgrading D-

chiro- and muco-inisitol, the allo-inisitol isomer still exhibits a mass balance of 60%. 

Unfortunately, the natural abundant myo-form is the less suitable isomer which gives 

benzene and phenol in 17% and 7% yield, respectively. This is a rare example which 

expands the scope of biomass derived carbon feedstocks suitable for the production of 

aromates. In future works isomerisation of the myo-isomer needs to be developed to gain 

higher efficiency.     

 

 

2.5 Rhenium heptoxide 

2.5.1 General and structural chemistry 

In the group of rhenium oxides the lemon yellow coloured rhenium(VII) heptoxide (I-35) is the 

highest possible oxide, the key compound in Re(VII) chemistry, and used as the very initiate 

precursor compound.1  

I-35 is produced by roasting of elemental rhenium metal or lower oxides in an oxygen stream 

at 400 °C, purification and crystallisation succeeds by sublimation. Re2O7 melts readily at 

220 °C to a colourless cast, boils at 363 °C and shows high vapour pressure.102 In solid state 

the binary oxide is consisted of an equal number of nearly regular ReO4 tetrahedra and 

highly distorted ReO6 octahedra which are linked by shared oxide corners. The structure was 

first determined by Krebs and Beyer in 1968 using X-ray crystallography, in which the 

bridging Re–O bonds found longer (172.5–216 ppm) than the terminal ones (165–

174.2 pm).103-105 In the gas phase, however, electron diffraction exhibits rhenium(VII) oxide 

as molecular dimer of equivalent Re atoms tetrahedrally enclosed by oxygen atoms. The 

ReO3–O–ReO3 centres are linked by a bent oxygen bridge with a Re–O–Re angle of 

143.6(9)°. The distances of the Re–µO are identical for both rhenium atoms. I-35 is applied 

as catalyst in the olefin metathesis,106 hydrogenation,107,108 and dehydration reaction of 

secondary alcohols.12-14,44 

 

2.5.2 Dissolution properties and coordination chemistry 

Rhenium heptoxide dissolves in coordinating solvents but is insoluble in non-polar 

hydrocarbon or weakly coordinating solvents. To allow dissolution the solvent needs to break 

down the polymeric structure existent in the solid state. In a seminal study concerning the 

dissolution behaviour Krebs and Müller stated that dissolution in alcohols, ethers, and 
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amines (ethanol, t-butanol, cyclohexanol, diethylether, 1,4-dioxane, THF, piperidine, pyridine, 

n-dibutylamine) results in reductive decomposition.109,110 In other solvents/media such as 

benzene, carbon tetrachloride, DMSO, and nitromethane, reduction is observed upon 

thermal treatment. If I-35 is dissolved in water the oxidation state Re(VII) is maintained due 

to the formation of perrhenic acid HReO4. In concentrated aqueous solutions containing 

>80 wt% Re2O7 not hydrolysis but coordination of two molecules water is observed. The bis-

aqua ReO3(H2O)2OReO3 (I-35-aq) complex is consisted of an unsymmetrical oxygen bridged 

ReO3–µO tetrahedron and a (H2O)2ReO3–µO octahedron. From latter concentrated solutions 

I-35-aq can be crystallised, however, dilution to a rhenium content <70% results in complete 

dissociation to perrhenate ReO4
- and H3O

+.1,103 

Analogue coordination chemistry is observed with coordinating Lewis basic solvents such as 

THF, 1,4-dioxane, and acetonitrile. Evaporation/saturation of a solution of THF/I-35  yields 

THF adduct as colourless crystals/white powder (see Scheme 2-12, I-35-L2).
103 

 

 

Scheme 2-12. Lewis base coordination to Re2O7 weakens the Re‒O bond and preforms a ReO4
- 
fragment. The 

perrhenyl fragment becomes extremely sensitive to nucleophiles.
111,112

    

 

In common, the presence of Lewis base O- or N-donor compounds (THF, 1,4-dioxane, 

CH3CN) results in formation of Lewis acid-base pairs in the type of L2ReO3[ReO4] (I-35-L2). 

Again, two octahedral aligned ligands coordinate a single rhenium centre generating a 

perrhenyl and perrhenate centre, which in consequence loses the Re‒O‒Re intramolecular 

bond. However, pyridine represents an exception of this general reactivity, and coordination 

of three molecules pyridine to py2ReO3(µ–O)ReO3py is observed. As known for MTO 

monodendating ligands are easily replaced by bidendating ligands e.g. dimethoxyethane and 

2,2’-bipyridine.112 As a consequence of the Lewis base/acid adduct formation the Re–O–Re 

bonds become unsymmetrical. The L2ReO3–O bond weakens, in contrast the ReO3–O bond 

distance decreases (see Scheme 2-12, dashed and bold bond, respectively), which 

adumbrates the formation of perrhenate (I-37) and perrhenyl fragments I-36.111 Thus, a high 

sensitivity towards moisture and temperature is observed. Stable perrhenyl cations are 

obtained when I-35 is treated with tridendate N-base ligands such as L = N,N’,N’’-trimethyl-

1,4,7-triazacyclononane. 
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2.5.3 Reactivity towards alcohols  

Rhenium heptoxide is known to decompose as soon dissolved in alcohols. Emel’yanov et al. 

reported the formation of Re(VI) oxide,110 and a patent of Hiromitsu and Hiroko describes the 

formation of ReO3 particles with a size ranging from 10–100 nm.113 The thermal 

decomposition of rhenium heptoxide–dioxane adduct to metallic ReO3 nanoparticles was 

reported by Biswas et al.114 However, when a secondary alcohol is added to a mixture of I-35 

and toluene at 100 °C, catalytic dehydration is observed.  

The dehydration of a broad scope of alcohols was exhaustively studied by Espenson et al. 

and Korstanje et al. applying the Brønsted acids p-toluenesulphonic acid, sulphuric acid, 

perrhenic acid, and the Lewis acids MTO and rhenium heptoxide.12,14,41,44 Noteworthy, 

additions of N-bases deactivates the catalyst, either by lowering the Lewis acidity as applied 

for MTO (vide supra) or by occupying free coordination sites. Based on kinetic isotope effect 

and DFT calculations the mechanism is proposed to follow an ionic pathway exactly as 

known for Brønsted acid-catalysed dehydration reactions.44  

The dehydration occurs more easily from benzylic alcohols, but the scope extends aliphatic 

and terpineols. If a primary alcohol is subjected to Re2O7 under the latter reaction conditions, 

catalytic oxidation to an aldehyde is observed in aerobic atmosphere. In constrast, under 

exclusion of air neither dehydration nor oxidation occurs.12  
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“Green carbon will help to reduce the loss of our precious carbon 

resources and it will ensure that those hydrocarbons used for fuels will 

minimize carbon emissions”  

 

— Vicki L. Colvin, 2010 
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3. Objective 

 

3.1 Topic of research 

The chemistry and application of organorhenium oxides, in particular MTO, has a long 

tradition in the Herrmann group.1-18 Since all rhenium(VII) precursors originate from rhenium 

heptoxide, rhenium oxides were also significant research topic of the group. 

Nowadays, the research focus of natural sciences is strongly modulated by the modern 

society challenges such as environmental issues, depletion of resources, energy supply and 

storage, and development of new materials.19-25 As the outcome of ecological concerns the 

field of “green” science emerged, and principles of green chemistry were expressed and 

discussed. They include catalysis as the key technology for realising a “greener” world.26 

Being faced by rapid depletion of easy exploitable carbon feedstocks, such as crude oil, 

biomass is currently considered as the most eligible renewable carbon feedstock. In this 

context, much research efforts have been concentrated on establishing the chemistry and 

technology of the cellulose refining, however, lignin remains to be difficult for exploitation as 

feedstock.20,23,24,27,28 In order to cope with the growing demand on BTX chemicals, the usage 

of lignin appears to be the only direct and economical reasonable feedstock.29  

Despite the high importance, only very few examples on the rhenium-catalysed refining of 

biomass derived compounds are known. For example, MTO is used as catalyst for 

dehydration of alcohols (neutral conditions),30-34 deoxydehydration of polyols (reductive 

conditions),35-39 oxidative degradation of lignin model compounds and lignin (acidic and 

oxidative conditions),40-43 and oxidative upgrade of natural products.44-49 

 

 

Figure 3-1. Development of new rhenium catalysts (depicted as scissors) active in the cleavage of β-hydroxy aryl 

ether linkages (also denoted as β–O–4 linkage type), the most abundant ones found in native lignin. 

 

Aim of this research work is the development of a rhenium based catalytic system that is 

capable of degrading native lignin, in which the monomers are linked irregulary.28,50 Hence, to 

obtain sufficient depolymerisation the catalyst of choice must be suitable for cleaving the 
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most abundant linkage type, the β-hydroxy aryl ether group in native lignin (see Figure 3-1, 

please also refer to Chapter 1 for further information about lignin and model compounds).  

Furthermore, all catalysts are required to be tested on model compounds thus enabling 

comparison with known benchmarking catalysts and excluding solubility, product separation, 

analytical, and reactor setup issues. 

Known catalysts for the selective cleavage of β-hydroxy aryl ethers bear major drawbacks. 

Although many catalysts are based on less expensive precious metals or inexpensive 

transition metals, such as nickel or iron, they lack in activity, require high efforts for 

preparation, are difficult to handle under ambient conditions and demand unpractical reaction 

conditions, which limit an industrial application.40,51-55 Thus, there is still a high demand for 

the development of novel, easily manageable and applicable, and more active catalysts. 
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“Biomass energy in the form of wood had fuelled the world’s economy for  

thousands of years before the advent of more easily winnable coal and 

subsequently oil, gas, and uranium.” 

 

— Paul O’Connor, 2013 
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4. Results and Discussion – Publication Summaries 

 

In this chapter, short summaries of the publications submitted during the course of this 

dissertation are presented. The full manuscripts can be found in the appendix of the thesis. 

Moreover, also non-published results are included. 

 

4.1 Methyldioxorhenium in the Cleavage of C–O Bonds in Lignin Model 

Compounds 

 

This chapter originates from the following publication:1 

 

Reentje G. Harms, Iulius I. E. Markovits, Markus Drees, Wolfgang A. Herrmann, Mirza 

Cokoja and Fritz E. Kühn, “Cleavage of C–O Bonds in Lignin Model Compounds Catalyzed 

by Methyldioxorhenium in Homogeneous Phase”, 

ChemSusChem 2014, 7, 429–434. 

(refer to 6.1.2) 

 

In this manuscript, the first example of a C–O bond cleavage catalysed by 

methyldioxorhenium (MDO) is described. Furthermore, this is the first example on the non-

oxidative rhenium-catalysed refining of a wide range of lignin model compounds. An entirely 

new reactivity of MDO was discovered which now became well understood due to detailed 

mechanistic studies conducted in this work.  

The treatment of the simple, but commonly applied, lignin β–O–4 model compound 1 with 

catalytic amounts of MTO in p-xylene at 135 °C in homogeneous phase yields into 

quantitative and redox-neutral cleavage to phenylacetaldehyde (2) and guaiacol (3) as 

depicted in the head of Table 4-1. For this reaction, a catalyst concentration of 5 mol%, a 

reaction temperature of 135 °C, and 12 h reaction time were elucidated as optimal reaction 

parameters (Entry 1). Shorter reaction time resulted in worse conversion (Entry 2), however, 

prolonged reaction time decreases the yield of 2 (Entry 3) due to decomposition of 2 caused 

by its temperature and acid sensitivity (MTO is Lewis acidic). Lower catalyst loadings gave 

incomplete conversions even after prolonged reaction times (Entry 4). At elevated 

temperature, complete conversion is obtained after only 10 h, but decomposition of 2 also 

takes place faster (Entry 5). The catalytic system itself is very stable and the same catalyst 

loading can be used for at least five consecutive runs (substrate is re-added after full 

conversion of 1 and quantitative cumulative yield of 3 is observed). 
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Table 4-1. Influence of the reaction parameters temperature, catalyst concentration, and reaction time on the  

C–O cleavage of 2-(2-methoxyphenoxy)phenylethanol (1) to phenylacetaldehyde (2) and guaiacol (3). 

 

Entry 
Cat. conc. 
[mol%] 

Temp. 
[°C] 

t [h] 
Conv. 
[%]

a Yield 2 [%]
a 

Yield 3 [%]
a 

1 5 135 12 >99 95 >98 
2 5 135 4 8 - - 
3 5 120 24 35 18 19 
4 2.5 135 24 65 40 46 
5 5 155 10 >99 80 >98 
6 0 135 12 0 - - 

a) Determined by GC FID and 
1
H NMR spectroscopy versus an internal standard. 

 

The catalytic active species MDO is generated in situ by reduction upon oxygen abstraction. 

Reaction of the air-stable precursor MTO with the secondary alcohol group of the substrate 1 

molecule gives MDO and ketone 1a (see Scheme 4-1). The kinetic reaction profile underlines 

the relevance of MDO. Whereas application of MTO shows a long induction period up to 

three hours, the MDO-hexyne complex exhibits none.  

Nota bene, DFT calculations revealed that in MDO, rhenium exhibits a free electron pair in 

the σ-symmetric HOMO with a graphical expression depicted in Figure 4-1. Hence, MDO is 

acting rather as Lewis base and not like MTO as Lewis acid – its constitutive chemistry 

changes by oxygen abstraction and 2 electron reduction.2 It is known that MDO forms stable 

Lewis acid/base pairs with e.g. MTO or π-acceptors such as alkynes.3-5 Thus, the 

appearance of MDO could be proven by “trapping” it as 3-hexyne complex which, is 

sufficiently stable at room temperature to be detected on NMR time scale. 

 

 
Figure 4-1. Graphical expression of the HOMO of MDO – taken from Mulliken population analysis and cubegen 

as implemented in Gaussian09. 
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Scheme 4-1. Proposed mechanism of the MTO/MDO-catalysed C–O bond cleavage of 1 over the observed 

intermediate 4. Possible intermediates 1’ (–13.7 kcal/mol) and 4’ (1.4 kcal/mol) are based on DFT calculations, 

the respective ΔG values (zero-point energy refers to 5) are given in brackets. 

 

During the reaction, the appearance of enol-ether 4 is observed. The enol-ether 4 was found 

to be a stable and isolable intermediate, which forms readily prior to C–O bond cleavage to 

the products 2 and 3. In deuterium- and 17O-labelling and in situ 1H, 2H, 13C, and 17O NMR 

experiments it could be shown that 1) the carbon backbone of 1 remains unchained, 2) that 2 

and 3 are originating from cleavage of 4, 3) that oxygen transfer reaction from the catalyst 

and the substrate are involved, 4) and that labelled oxygen is only found in 

phenylacetaldeyhde (2), thus no aryl–O bond cleavage occurs at all. 

Taking into consideration all experimental results, DFT calculations allowed to propose a 

possible mechanism which is depicted in Scheme 4-1. Once MDO forms (step I), it reacts 

with a second molecule of 1 forming an alcoholate adduct 1’ (step II). Subsequent 

dehydration forms enol ether 4 (step III) due to the exergonic elimination of the rhenium(V) 

bis(hydroxo) species 5’. Then, 5’ (formally) adds an O and H atom to the double bond 

forming acetal 4’ (step IV) consisting a phenoxy group and a rhenium alcoholate. However, 
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in contrast to 1’ formation of 4’ is endergonic. Liberation of MDO and guaiacol (3) results in 

the C–O bond scission (step V). Noteworthy, the energy levels of the reaction pathway 

generating MDO from MTO due to the alcohol oxidation 1 to 1a were also determined by 

DFT calculations. Here, the key transition states were found to have 8.4–11.9 kcal/mol higher 

ΔG energy values than calculated for 1’ and 4’. The observed remarkable difference in the 

reactivity of MTO and MDO is also reflected by the ΔG energy values of their respective 

alcoholates. Whereas addition of 1 to MTO is endergonic, an exergonic reaction of 1 and 

MDO to 1’ was revealed.   

The C–O bond cleavage was also successfully applied on the β-O-4 linkage model 

compounds rac-6 and 10, which show an identical reaction mechanism via the enol ether 

intermediates 9 and 13 (see Scheme 4-2). As a drawback, 10 is very sensitive under the 

applied reaction conditions and undergoes decarbonylation to 12. Moreover, the yield of 

aldehyde 11 is decreased due to the formation of several side products which were identified 

to a certain extend by means of gas chromatography/mass spectrometry. 

 

 

Scheme 4-2. MDO-catalysed C–O bond cleavage of non-benzylic β-hydroxy aryl ether rac-6 and lignin model 

compound 10, which cleavage gave several side products such as 4-propenyl-1,2-dimethoxybenze, 3,4-

dimethoxybenzaldehyde, (3,4-dimethoxyphenyl)aceton, (3,4-dimethoxyphenyl)ethanone, 3,4-dimethoxybenzoic 

acid methyl ester, 3,4-dimethoxymandelic acid methyl ester, (3,4-dimethoxyphenyl)-2-propenal).   

 

In summary, an efficient and selective method for the cleavage of C–O bonds of several β-

hydroxy aryl ethers with catalytic amounts of MTO is presented. As the catalyst system 

requires no additional reagents, is remarkably stable under the applied reaction conditions, 

and can be reused without loss of activity, it appears to be superior to other homogeneous 
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Re,6,7 Ni,8 Fe,9,10 or Ru catalysts.11-13 It could be shown that the catalyst is able to cleave a 

broad scope of substrates. With perspective to degrade even polymeric β-O-4 linkages, and 

thus native lignin or epoxy resins, these results are promising for plastic recycling and 

biomass refining issues. 

 

 

4.2 Rhenium Heptoxide in the Cleavage of C–O Bonds in Lignin 

Model Compounds  

 

This chapter originates from the following publication: 

 

Reentje G. Harms, Lilian Graser, S. Schwaminger, Wolfgang A. Herrmann and Fritz E. Kühn, 

“Re2O7 in C–O bond cleavage of a β–O–4 lignin model linkage: A highly active Lewis acidic 

catalyst in heterogeneous phase”, 

In preparation 

(refer to 6.1.3) 

  

In this research work, the most active and thus benchmarking catalyst for the C–O bond 

cleavage of 2-(2-methoxyphenoxy)phenylethanol (1), a commonly used and the most stable 

β-O-4 lignin model compound, has been investigated (see Table 4-2). The linkage in 

compounds similar to 1 was previously reported to be labile towards treatment with both 

Brønsted and Lewis acids such as sulphuric acid or ferric chloride.14-16 Re2O7 and MTO are 

published to efficiently catalyse the dehydration of benzylic alcohols similar to 1 in aromatic 

media.17,18 Based on the reported reactivity, Lewis acids and rhenium oxides were studied in 

their catalytic activity. 

The systematic screening of various Lewis acids revealed rhenium heptoxide (see Table 4-2) 

as the most active catalyst which yields in quantitative substrate conversion, excellent mass 

balance, and selectivity towards two cleavage products as phenylacetaldeyhde (2) and 

guaiacol (3). Although less pricy Lewis acids as scandium triflate also gave full conversion, 

the usability is limited due to the pronounced acid sensitivity of 2. Furthermore, the capability 

of rhenium to catalyse the cleavage of 1 has been evaluated with several commercially 

available rhenium compounds, from rhenium(0) to ordinary rhenium oxides. 
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Table 4-2. Overview on the catalytic activity of different rhenium(0) and rhenium oxide compounds ranging from 

Re(IV), Re(VI), to Re(VII) under optimised catalytic reaction conditions.  

 
Entry Rhenium compound Conv. 1 [%]

a
 Yield 2 [%]

a
 Yield 3 [%]

a
 

1 none 0 - - 
2 Re powder (325 mesh) 7 2 3 
3 Re2(CO)10 24 11 13 
4 ReO2

b
 0 0 0 

5 ReO3
b
 0 0 0 

6 AgReO4 6 2 4 
7 NH4ReO4

c
 15 4 6 

8 HReO4 91 42 44 
9 Re2O7 >99 96 97 

Reaction conditions: 0.1 mol% rhenium-compound, 4 mL p-xylene, 140°C, 2 h; a) conversions and yields were 

determined by GC FID; b) conducted under argon atmosphere c) aqueous stock solution precluded solubility 

issues. 

 

Whereas Re(IV) and Re(VI) oxides exhibit no catalytic activity, Re(VII) oxides do. Re2O7 

shows an outstanding activity reflected by a turnover frequency of TOF = 2400 h-1 (at 20% 

conversion, reaches full conversion after 2 h) and a turnover number of TON = 2200. Due to 

the nature of Re(0) compounds being easily oxidised (to Lewis acidic oxides), the observed 

but low activity of Re(0) is probably explained. 

Re2O7 was identified as the actual catalyst which stays in form of fine particle in 

heterogeneous phase. Filtration of the reaction solution after 50% conversion of 1 through a 

layer of diatomaceous earth showed no further conversion in the filtrate, however, when 

filtered through a syringe filter with 0.45 µm pore size an unchanged activity is observed. 

After complete conversion, intact Re2O7 could be identified by aqueous extraction (hydrolysis 

to two equivalents HReO4) and subsequent precipitation as AgReO4. Furthermore, the 

pH value of the aqueous extract indicated a residual amount of 55% Re2O7.   

However, as a major drawback, the formation of a black, insoluble decomposition product is 

observed. An isolated and washed sample exhibits no residual catalytic activity. Elemental 

analysis revealed high contents of rhenium (56%) and carbon (19%). In a blind test heating a 

suspension of Re2O7 and p-xylene, again the black decomposition product appears. X-ray 

photoelectron spectroscopy revealed the formation of rhenium(0) and graphite. Furthermore, 

graphitic carbon, carbon nanotubes and ReO2 are identified by means of Raman 

spectroscopy; however, elemental rhenium is not Raman active. 

Based on the observed intermediate enol ether 4, a first order behaviour in the kinetic profile, 

and the absence of an induction period, a mechanism is proposed as depicted in 

Scheme 4-3 (vide supra), which was adapted from similar work previously published on the 

acid-catalysed C–O bond cleavage of various β-hydroxy aryl ether.14-16,19 
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Scheme 4-3. Mechanistic proposal of the Lewis acid-catalysed C–O bond cleavage of β–O–4 lignin model 

compound 1. The proposal is adapted from both the Brønsted acid-catalysed C–O bond cleavage reaction of 1, 

and the MTO-catalysed dehydration reaction of benzylic alcohols according to Aoyama et al. and Korstanje et 

al.
14,19

 

In summary, an outstandingly efficient and selective catalytic system for the C‒O bond 

cleavage of a very stable and commonly used β-O-4 lignin model compound has been 

developed. For the cleavage of 1, rhenium heptoxide is so far the most active catalyst which 

has been reported. Moreover, the active catalyst remains as fine particle in heterogeneous 

phase and the observed remarkable activity is based on its pronounced Lewis acidity. These 

promising results disclose Lewis acids are very efficient catalysts for the cleavage of C–O 

bonds as found in native lignin. In future applications Lewis acids may assist the paper and 

pulp industry to develop more environmentally benign processes.  
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4.3 Excursus: Single X-Ray Crystallographic Structure of MTO 

  

This chapter contains unpublished results: 

 

Reentje G. Harms, Alexandra P. Gerstle, Alexander Pöthig, Wolfgang A. Herrmann and Fritz 

E. Kühn, “Single X-Ray Crystallographic Structure of MTO”.  

 

 

Since in the late 80s when Herrmann et al. developed an elegant and versatile synthetic 

route for preparing MTO in large scale,20 much research has been conducted in this field of 

organometallic chemistry. When the extraordinary catalytic activity of MTO in homogeneous 

olefin metathesis and olefin epoxidation was discovered, a large community became 

interested in investigating the coordination chemistry of organorhenium compounds, as well 

as in the synthesis of additional derivates.21-23 Although many organorhenium trioxides R–

ReO3 could be synthesised, their role in catalysis is limited because higher alkyl-homologues 

decompose easily due to their pronounced instability of the rhenium carbon bond (Re–R, R = 

alkyl > CH3).
24 Moreover, in solution an intramolecular β-hydride elimination pathway is 

observed at the higher alkyl-homologues (MTO bears no β-hydrides). Due to the very strong 

rhenium carbon bond MTO is, in a organometllaic point of view, extraordinarily stable, but UV 

irradiation results in (photo)homolysis to •CH3 and •ReO3 radicals. The strength of the Re–C 

bond is reflected by the bond distance, and de facto the bond length in MTO is significantly 

shorter (206 pm) than in the less stable ethyltrioxorhenium derivate (210 pm). Moreover, 

chemist were interested in the existence of α-agostic interaction (Re···H–C bond) since they 

would reveal further decomposition pathways.  

Those interactions are usually revealed by means of X-ray crystallography; however, a 

suitable single X-ray structure of MTO with satisfactory R values could never be obtained. As 

reason of failure, the instability of the crystal in the X-ray beam was stated.25,26 Instead, the 

structure was determined via DFT calculations,2 gas phase electron diffraction,26 and powder 

neutron diffraction of the heavy derivate CD3ReO3.
25 In none of the obtained structures α-

agostic interactions were found. In the structure the rhenium atom is located in the centre of 

an almost ideal tetrahedron formed by the methyl group and the three oxides. The methyl 

group nearly satisfies C3 symmetry and is arranged staggered with respect to the ReO3 

fragment. 

 

In order to gain an in-depth understanding of acohol rhenium interactions, this work aimed at 

preparing and isolating MTO-alcohol adducts from concentrated alcoholic solutions of MTO 

(methanol, ethanol, 1-propanol, 2-propanol, but also acetonitrile), stored at 4 °C. The 
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dissolution of MTO in alcohols produces yellow solutions, indicating the desired rhenium 

alcohol coordination (since solutions in non-coordinating solvents usually are colourless); 

however, from all latter solutions colourless crystals grew. A 1H NMR analysis revealed the 

crystals consisting of non-coordinated MTO. In contrast to crystals obtained via sublimation 

or ordinary crystallisation, not needles but cuboids formed. A single X-ray crystallographic 

analysis discloses the first single X-ray crystallographic structure of MTO with satisfactory R 

values as depicted in Figure 4-2. 

 

 

Figure 4-2. ORTEP style plot of MTO. Ellipsoids are shown at 50% probability level. Bond lengths (Å) and angles 

(deg): Re1–C1 2.060, Re1–O1 1.705, Re1–O1a 1.705, Re1–O2 1.691, O2–Re1–O1 112.3, O1–Re1–O1a 113.3, 

C1–Re1–O1 106.3, C1–Re1–O2 105.7.    

Table 4-3. Crystallographic data/parameters of MTO 
 
 
refined composition  CH3O3Re 
Mr [g/mol]  249.24 
T [K]  120(3) 
λ [pm]  71.073 

crystal system monoclin 
space group Cmc21  
a [pm]  743.93 (4) 
b [pm]  1034.44 (6) 
c [pm]  503.25 (3) 
α = β  = γ [°]  90 
V [10

6
 pm

3
]  387.277 

Z  4 

crystal size[mm]  0.144 x 0.264 x 0.347 
parameter refined/restrictions 30/2 
R1 [I > 4σ(I)]  0.0267 
R1 (all data) 0.0272  
Δρfin (max/min) [e·Å

-3
]  5.899/ -3.267 

 

 

A comparison with previously published data (bond lengths, angles) shows only marginal 

alterations, (see Table 4-4) underlining alternative methods to be very eligible for structure 

determination. As previously determined, within the structure, rhenium is located in an almost 

ideal tetrahedron, formed by the methyl group and the oxo-ligand. The methyl group again 
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nearly satisfies C3 symmetry and is arranged staggered with respect to the ReO3 fragment. 

The tetrahedron is not distorted; therefore any α-agostic interactions of any hydrogen atoms 

with the rhenium centre are excluded. Furthermore, it is unlikely that an improved refinement 

of the residual electron density Δρfin (last entry Table 4-3) will result in any surprising 

changes of the observed structural values. 

 

Table 4-4.  Comparison of the crystallographic data of MTO obtained via single crystal X-ray diffraction, powder 

neutron diffraction,
25

 and gas phase electron diffraction.
26

 

Diffraction 

method 

Re1–C1 

[pm] 

Re1–O1 

[pm] 

Re1–O2 

[pm] 

O2–Re1–

O1 [°] 

O1–Re1–

O1 [°] 

C1–Re1–

O1 [°] 

C1–Re1–

O2 [°] 

single 

X-ray 
206.0 170.5 169.1 112.3 113.3 106.3 105.7 

powder 

neutron
a
 

206.3(2) 170.2(1) 170.2(2) 112.8(1) 113.2(1)
 

105.9(1) 105.4(1)
 

gas 

phase 

electron 

206.0(9) 170.9(3) n.a.
b 

113.0(3) n.a.
b 

106.0(2) n.a.
b 

a) Deuterium isomer CD3ReO3 b) degeneracy of Re–O bonds and angles due to identical O-atoms. 

 

In summary, the single X-ray crystallographic structure of MTO was obtained with a very high 

R value finishing a more than 20 years lasting endeavour. The crystallographic data again 

proves the eligibitily of alternative methods for determination of the crystal structure. Not 

surprisingly, only marginal alterations to the data, obtained via DFT calculations, powder 

neutron diffraction, and gas phase electron diffraction, are found. Furthermore, the short 

rhenium carbon bonding of 206 pm and the absence of any α-agostic interactions, which are 

excluded by the observed nearly perfect undistorted tetrahedral structure, again explain 

MTO’s stability. Moreover, the obtained structure disproves the myth of MTO decomposition 

in X-ray beams.  
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“Renewable biomass presents tremendous opportunities to produce 

chemicals. As a consequence, new methods and materials based  

on biomass refining are emerging for the chemical industry to sue as 

feedstock.” 

 

— Simon R. Collinson, 2010 
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5. Summary and Conclusion 

 

Focus of this research project was the development of novel rhenium based catalysts for the 

degradation of lignin. For an efficient depolymerisation application of a catalyst competent 

cleaving the most abundant motif in native lignin, the β–O–4 linkage, is required. In this work 

all studies were conducted on model compound 1, a simplified organic construct of the  

β–O–4 contained in native lignin (see Figure 5-1). 

 

 

 

Figure 5-1. The “standard” model compound 1 is used to develop and benchmark degradation catalysts.  

 

Previously, Crestini and Saladino et al. (please refer Chapter 2) reported the oxidative MTO-

catalysed degradation of lignin model compounds. However, under the reported reaction 

conditions (20 mol% MTO, H2O2, acetic acid, r.t.) no cleavage of 1 could be obtained, 

rendering MTO/H2O2 unsuitable for the depolymerisation of native lignin. Variations of the 

reaction conditions (solvents, temperature, reaction time, catalysts loading, N-base addition) 

resulted in no improvement. 

 

In this research study, MTO has been discovered to catalyse the desired C–O cleavage of 1 

when the reaction is conducted under redox-neutral conditions, in hydrocarbon solvents, and 

at elevated temperatures (see Scheme 5-1).  

 

 

 

Scheme 5-1. MTO and rhenium heptoxide catalyse the C–O bond cleavage of the standard lignin model 

compound 1 yielding phenylacetaldehyd (2) and guaiacol (3) in quantitative yields. 

 

Reaction of 5 mol% MTO with 1 in p-xylene at 135 °C yields in quantitative formation of 

phenylacetaldehyde (2) and guaiacol (3) without addition of any co-catalysts or reagents. 
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Indeed, it was established that the actual catalyst is methyldioxorhenium (MDO) which is 

formed in situ from MTO.In accordance with cited works (refer to Chapter 2), MTO 

undergoes redox reaction with the secondary alcohol group of the substrate at higher 

temperatures, forming MDO and a ketone.  

This is the first example of rhenium to catalise the selective C–O bond cleavage in β–O–4 

model compounds. The catalytic system is very stable in homogeneous phase and the same 

catalyst loading can be used for at least five consecutive runs. The obtained catalyst activity 

is rather low, which reveals a turnover frequency of TOF = 8 h-1
 and a turnover number 

of TON = 100. Furthermore, it could be shown that MTO can be applied on a variety of β–O–

4 linkage model compounds.     

 

In a follow-up project it has been discovered that rhenium heptoxide too catalyses the highly 

selective C–O bond cleavage of 1. The reaction is conducted under the same conditions, but 

in constrast only 0.1 mol% catalyst loading and 2 h reaction time are necessary to obtain 

complete conversion to 2 and 3, thus Re2O7 is superior to MTO/MDO. Moreover, the kinetic 

reaction profile shows that Re2O7 remains unchanged in the heterogeneous phase and 

catalyses the cleavage reaction remarkably efficient. The observed kinetic data revealed that 

rhenium heptoxide is 300 times more active than MTO bearing a turnover frequency of 

TOF = 2400 and number of TON = 2200. Nota bene, rhenium heptoxide is the most active 

catalyst for the cleavage of model compound 1 which has been reported so far. 

The high discrepancy in activity between MTO and Re2O7 is explained due to the fact that 

the catalysts follow fundamental different mechanism pathways. MTO/MDO obeys a 

molecular mechanism. Once MDO is formed, it reacts with 1 to an acoholate followed by 

elimination/dehydration. Subsequently, the methylrhenium (dihydroxy)monoxide 

(MDO hydrate) add formally to the enol ether double bond and forms a rhenium acetal. 

Liberation of MDO then yields in C–O cleavage. DFT calculations reveal an only slightly 

exergonic reaction profile, however, the cleavage remains disfavoured kinetically due to high 

energies found in the transition states.  

In contrast rhenium heptoxide is a Lewis acid catalyst which shows inhibition upon addition of 

Lewis bases. Here, all mechanistic steps are similar to a sequence of Brønsted acid-

catalysed dehydration and enol ether hydrolysis. Rapid acid/base reaction explains the high 

catalyst activity. Apparently, MTO’s Lewis acidity is too low for an acid-catalysed reaction 

pathway, which is exposed clearly in the observed kinetic profile and the long induction 

period. 

 

In a side project, the interaction of MTO with alcohols and coordinating solvents such as 

methanol, ethanol, or acetonitrile was investigated. We were interested to evidence the 
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coordination of alcohols to MTO, which is indicated by the change of colour in alcoholic 

solutions. Although no adducts could be crystallised from a concentrated solution, single X-

ray crystallographic suitable crystals were obtained (see Figure 5-2). The obtained structure 

shows only marginal alteration to the previously published data obtained via DFT 

calculations, powder neutron diffraction, and gas phase electron diffraction. As expected, the 

non-distorted almost ideal tetrahedral structure excludes the existence of any α-agostic 

rhenium–hydrogen interaction, which is in agreement with the published data. Moreover, the 

latter results prove that exposure of MTO to X-ray beams do not result in significant 

decomposition.  

 

 

 

Figure 5-2. Proposed coordination of alcohols to MTO. Alcohol-MTO adducts cannot be crystallised from 

concentrated solutions, however, instead pure MTO crystals eligible for X-ray crystallographic single structure 

determination grow.   

  

In summary, two novel rhenium based catalytic systems for the C–O cleavage of 1 were 

developed. An entirely new reactivity of MDO was found and the rudimentary mechanism 

was elucidated. Moreover, the catalytic activity observed using rhenium heptoxides set the 

benchmark to the community. 

In future work the catalysts will be studied on model polymers. The low solubility of the 

polymers is an apparent obstacle, thus a reaction medium, in which the catalyst remains 

active but nevertheless dissolves the polymers, needs to be investigated.  

The latter results are promising and might assist the pulp and paper industry to develop more 

efficient and sustainable processes. Highly active β-hydroxy aryl ether depolymerisation 

catalysts can be applied to permit the down-cycling of epoxy resins.  

Furthermore, for the first time the single X-ray crystallographic structure of MTO was 

determined. 
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7. Appendix 

7.1 Unpublished Manuscripts used within this Thesis  

 

Reentje G. Harms, Lilian Graser, S. Schwaminger, Prof. Dr. Wolfgang A. Herrmann and 

Prof. Dr. Fritz E. Kühn  

 

“Re2O7 in C–O bond cleavage of a β–O–4 lignin model linkage: A highly active Lewis acidic 

catalyst in heterogeneous phase” 

 

 

Abstract: A Lewis acid highly active in catalysing the C–O bond cleavage reaction of the β-

hydroxy aryl ether lignin model compound 2-(2-methoxyphenoxy)phenylethanol (1) is 

presented. A systematic screening of various Lewis acids revealed rhenium heptoxide as the 

most active catalyst which results in quantitative substrate conversion and excellent 

selectivity towards two cleavage products. With a TOF of 2400 h-1, this is the most active 

catalyst for the C–O cleavage of model compound 1 reported so far. Furthermore, Re2O7 is 

more active in heterogeneous (apolar media) than in homogeneous (coordinating solvents) 

phase. The catalyst deactivation has been studied by means of TEM, XPS and Raman 

spectroscopy. Based on the observed intermediate and the kinetic reaction profile a 

mechanism close to Brønsted acid-catalysed C–O bond cleavages is discussed. 

 

Introduction: The worldwide increasing demand for energy and material sources is faced 

with dwindling fossil resources. The depletion of crude oil is accompanied with a dramatic 

sevenfold increase of the oil price during the past 15 years,1 which underlines the ecological 

and economical need for replacement of conventional oil resources. Biomass is currently 

considered as alternative resource and growing research efforts are ventured to find 

sustainable pathways for the production of petrochemicals, energy and fuels.2-4 Here, the 

effort of the inefficient and thermodynamically highly disfavoured reduction of CO2 carbon 

atom has already been done by nature. Many routes have been developed for the refining of 

biomass-derived feedstocks such as carbohydrates (cellulose, starch) to value added fine 

chemicals;5-9 however, next to naphtha lignin is the only direct and economical valuable 

feedstock for the production of bulk aromatic compounds. The pyrolysis or 

hydrodeoxygenation of lignin into bio-oils are promising candidates for the renewable fuel 

production. In contrast, genesis of bulk chemical compounds demands more specific 

functional group transformations.10, 11 Lignin is a very complex phenolate based 
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heterogeneous polymer, which inhibits so far its efficient degradation and application as 

chemical carbon feedstock.  

In natural lignin the β–O–4 bond – simply described by a β-hydroxy aryl ether bond – is the 

predominant intermonomer linkage between the aromatic units (up to 50%).9-12 Hence, that 

linkage presents a promising target in fundamental C–O bond cleavage studies and 

heterogeneous (zeolites, supported transition metals, nanoparticles)13-20 and homogeneous 

(acidic, alkaline or transition metal)20-29 catalysts have been investigated. 

Recently, the methyldioxorhenium(V)-catalysed C–O bond cleavage of several non-phenolic 

lignin model compounds at mild reaction conditions (110–135 °C) was reported.30 The active 

catalyst is generated in situ by deoxygenative reduction of the precursor compound 

methyltrioxorhenium (MTO). The C–O cleavage proceeds via a stable enol ether 

intermediate, which is the formal dehydration product of the secondary alcohol group 

containing the β-hydroxy model compound. 

 

 

 

Scheme 1. The general acid-catalysed C–O bond cleavage occurs in a sequence of two reaction steps a) via 

formation of enol ether as intermediate, which is the formal dehydration product the β-hydroxy aryl ether, and 

b) subsequent hydrolysis which yields in C–O cleavage to phenylacetaldehyde and phenol derivatives. 

 

This intermediate is observed also in the Brønsted acid-catalysed cleavage of lignin model 

compounds as depicted in Scheme 1. Matsumoto et al. investigated the acidolysis (acid-

catalysed cleavage) of dimeric β–O–4 model compounds in water/dioxane mixtures using a 

range of mineral acids such as HBr, HCl, H2SO4 and isolated the latter enol ether 

intermediate.31-33 The subsequent acid-catalysed hydrolysis of the enol ether yields in the 

desired C–O bond cleavage. Lundquist and Lundgren discussed in a seminal work from the 

1970s an ionic cleavage mechanism of the sulphuric acid-catalysed degradation of lignin and 

lignin model compounds.34  

In a recent catalytic and computational study by Sturgeon et al. the ionic mechanism and the 

observed enol ether intermediate was confirmed for a variety of phenolic and non-phenolic β-

hydroxy aryl ether compounds.35 Notably, not only Brønsted but Lewis acids are capable for 

degradation of lignin model compounds and lignin.36-38 The cleavage of non-phenolic β–O–4 

model dimers is conducted by treatment with aluminium-, ferric- or stannic chloride in diluted 

alcoholic solutions at 170 °C;39 by application of group 3 and group 13 triflates hydrolysis of 

aryl-oxygen linkages is obtained at 250 °C.40 Binder et al. found several metal chlorides and 

triflates suitable for model compound degradation in ionic liquid media.41 Technical lignin 
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degradation applying ZnCl2, FeCl3 or AlCl3 catalyst produces phenols in low yields at 

temperatures from 300 °C,41, 42 however, conversions of 30% are obtained when Alcell-

derived lignin is reacted with NiCl2 or FeCl3.
43 However, detailed studies regarding the 

reactivity towards functional groups are not available. 

Since both Brønsted and Lewis acids catalyse the dehydration of secondary alcohols to 

olefins, the formation of intermediate enol ethers while treatment of β-hydroxy-aryl ethers is 

feasible.44-47 The dehydration of benzylic alcohols was extensively studied by Espenson et al. 

and Korstanje et al. applying strong acids such as p-toluenesulphonic acid and sulphuric acid 

or rhenium based compounds such as MTO, perrhenic acid and rhenium heptoxide.48-51 

Re2O7 is revealed to be the most efficient rhenium based dehydration catalyst for a broad 

range of benzylic alcohols in toluene at 100 °C. The catalyst allows quantitative conversions 

of the substrate with distinct olefin selectivity and a remarkable activity (TOF of 431 h-1 for 

1-phenylethanol; >800 h-1 for 1,2,3,4-tetrahydronaphtol). 

Although the latter results present a promising approach for the economical lignin refining, to 

our surprise, the recent impact on the scientific community is rather marginal. Herein, we 

present the application rhenium heptoxide as Lewis acidic catalyst for the efficient C–O bond 

cleavage of exceedingly stable 2-(2-methoxyphenoxy)phenylethanol (1) lignin model dimer at 

mild reaction conditions. The observed catalyst activity is, up to our knowledge, the highest 

that has ever been reported. Moreover, the reaction proceeds quantitatively with excellent 

product selectivity. 

 

Results and discussion: In this work the Lewis acid-catalysed C–O bond cleavage of β-

hydroxy aryl ether 1, a frequently used lignin model dimer, to phenylacetaldehyd (2) and 

guaiacol (3) is reported (see Table 1). The catalytic activity of several in this context studied 

Lewis acids were applied to an aromatic hydrophobic reaction medium.39, 40 Toluene was 

previously proven to be an efficient reaction medium for the Brønsted and Lewis acid-

catalysed dehydration reaction, however, p-xylene was used to realise significant higher 

reaction temperatures without utilisation of any special high pressure equipment.  

Therefore, the Lewis acid was added to a solution of 1 in p-xylene under aerobic conditions 

and the reaction mixture was heated to 140 °C for 2 h. The screened Lewis acid catalysts are 

not soluble in p-xylene and stay in heterogeneous phases during catalysis. However, the 

liquid compounds TiCl4 and SnCl4, and ethereal BF3 were soluble and represent 

homogeneous Lewis acids. It was found that rhenium heptoxide, stannic chloride, scandium 

triflate, and titanium chloride are capable for complete conversion of model compound 1 

(Table 1, entry 5-8). Using BF3*Et2O and FeCl3 yields moderate conversions of ≈70% (entries 

3 and 4). Nonetheless, the obtained product yields are rather low. 

Table 1. Screening of various Lewis acids in the catalytic C–O bond cleavage of β-hydroxy aryl ether 1.  
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Entry Lewis acid catalyst 
Conv. 

[%]
a
 

Yield 2 

[%]
a
 

Yield 3 

[%]
a
 

1 AlCl3 16 0 4 

2 Al2(SO4)3*18H2O 21 0 0 

3 BF3*Et2O 70 0 36 

4 FeCl3 72 2 46 

5 Re2O7 100 86 93 

6 Sc(OTf)3 100 7 71 

7 SnCl4 100 0 36 

8 TiCl4 100 0 47 

Reaction conditions: 100 mg 2-(2-methoxyphenoxy)phenylethanol (1); a)
 
conversions and yields were determined 

by GC FID. 

 

This is probably ascribed to the sensitivity of β-hydroxy aryl ether cleavage products under 

the applied acidic conditions which was previously described by Sturgeon et al.35 In particular 

aldehydes are well known to be very reactive under acidic conditions. The polymerisation of 

various aldehydes at low temperatures is catalysed by both protic and Lewis acids such as 

FeCl3 and BF3 and was reported by Vogl et al. and later reviewed by Tsukamoto.52-54 

Moreover, aldehydes are subjected to acetal formation at such acidic conditions. Several 

aluminium compounds merely showed conversion and no product yield within the GC 

method error. When 1 is subjected to 5 wt% Re2O7 quantitative conversions and an almost 

complete mass balance is observed. It seems that Re2O7 provides the best properties for the 

reaction meaning sufficient strong acidic to obtain substrate conversion, but also not to 

exceedingly strong to catalyse product decomposition.  

Moreover, a significant influence of air and moisture on the conversion and product yields is 

not observed. Neither the use of with water saturated p-xylene (washed with water and 

phases were separated) nor application of Schlenk conditions and argon inert gas 

atmosphere has an influence on the reaction outcome. However, when 2 mL of water are 

added, no conversion is obtained. This is due to the formation of a two-phasic system, in 

which the aqueous phase extracts and retains the rhenium heptoxide catalyst as perrhenic 

acid.  

Other critical parameters, such as the influence of temperature, reaction time, catalyst 

loading, and the reaction media was optimised after this suitable catalyst system has been 

identified (see Table 2).  

 

Table 2. Optimisation of the reaction parameters of the Re2O7-catalysed C–O cleavage of 1. 



Chapter VII – Appendix                                                                 89 

 

 

Entry 
Cat. conc. 

[mol%] 
Medium Temp [°C] Conv. [%]

a
 Yield 2 [%]

a
 Yield 3 [%]

a
 

1 2.5 p-xylene 140 100 86 93 

2 0.5 p-xylene 140 100 92 96 

3 0.1 p-xylene 140 100 96 97 

4
b 

0.1 p-xylene 140 100 51 93 

5 0.1 THF 140 71 44 54 

6 0.1 MeCN 140 23 7 11 

7 0.1 n-decane 140  19  7 9  

8 0.05 p-xylene 140 100 69 (83)
c 

77 (91)
c
  

9 0 p-xylene 140 0 0 0 

Reaction conditions: 100 mg 1, 4 mL solvent, reaction time 2 h; a) conversions and yields were determined by 

GC FID; b) 16 h; c) 2.5 h. 

 

The optimal reaction conditions were found at a low catalyst loading of 0.1 mol% (0.2 wt%; 

Table 2, entry 3). Applied under these reaction conditions the catalyst reaches a TOF of 

2400 h-1 after 10 minutes. The latter high activity in C–O bond cleavage of model compound 

1 is, up to our knowledge, the highest reported so far. 

A further decrease in the catalyst loading to 0.05 mol% yields in full conversion, but the 

obtained product yields are rather low (entry 8). However, a prolonged reaction time of 2.5 h 

results in an almost complete mass balance, indicating an unchanged catalyst activity. On 

the other hand, a decreasing product yield is perceivable at higher catalyst loadings (entries 

1 and 2, see also the SI, Table S1). The reaction time of 2 h was found to be optimal at a 

catalyst loading of 0.1 mol%. A kinetic profile exhibits reasonable lower conversion at shorter 

reaction times than 2 h (please see the kinetic profile at the SI, Figure S3), however, an 

extended reaction time of 16 h results in complete conversion but decreased product yields, 

especially of 2 (entry 4). The negative influence of higher catalyst loading and extended 

reaction times is attributed to product sensitivity towards acidic conditions (vide supra and 

see the SI, Figure S2). A blank experiment without the catalyst shows no conversion 

(entry 9). Moreover, the used reaction medium shows a strong influence on the catalytic 

activity. Application of an aliphatic reaction medium (entry 7) results in a strong decline of 

conversion. Rhenium heptoxide is soluble in coordinating solvents, thus allowing the reaction 

to be conducted in homogeneous phase. However, the use of THF and acetonitrile results in 

a decline of conversion (entries 5 and 6) probably due to downgrading the catalyst’s Lewis 

acidity. This is a rare example, where the catalyst is more active in suspension rather than in 

solution.55, 56 

 

Notably, lower reaction temperatures lead to significant lower conversions. The influence of 

the temperature on the conversion was studied for temperatures ranging from 140 °C, 
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100 °C, 80 °C and r.t. and is illustrated in Figure 1. At a reaction temperature of 100 °C both 

poor conversion and product yields are observed, and 80 °C yields only in a marginal 

conversion. At room temperature no conversion is observed (please see the SI, Table S1 for 

detailed conversions and yields). 

 

 

Figure 1. Influence of the reaction temperature in conversion of 1 using 0.1 mol% Re2O7 in p-xylene.  

 

To elucidate if the C–O cleavage reaction is catalysed either due to the Lewis acidity of 

Re2O7 or due to in situ formation of a catalytically active metallic or oxidic rhenium 

compound, commercially available rhenium compounds in several oxidation states ranging 

from Re(0) to Re(VII) were tested (see Table 3).30, 49, 50, 57-61  

 

Table 3. Screening of different rhenium compounds from oxidation state Re(0) to Re(VII) under optimised 

catalytic reaction conditions.  

Entry Rhenium-compound Conv. 1 [%]
a 

Yield 2 [%]
a
 Yield 3 [%]

a
 

1 Re powder 325 mesh 7 2 3 

2 Re2(CO)10 24 11 13 

3 ReO2
b 

0 0 0 

4 ReO3
b 

0 0 0 

5 AgReO4 6 2 4 

6 NH4ReO4
c 

15 4 6 

7 HReO4 91 42 44 

Reaction conditions: 0.1 mol% rhenium-compound, 4 mL p-xylene, 140°C, 2 h; a) conversions and yields were 

determined by GC FID; b) under argon atmosphere; c) aqueous stock solution precluded solubility issues. 

 

Elemental rhenium is only poorly active and negligible conversion is observed (entry 1); 

however, rhenium decacarbonyl exhibits a higher but still low conversion of 24% (entry 2). 

Since Re(CO)10 is prone to aerobic oxidation,62 probably a small amount of catalytic active 
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rhenium oxide has been formed. The formation of Re(IV) and Re(VI) oxides (entries 3 and 4) 

as active species is excluded because latter oxides showed no conversion of 1.  

This experiment was conducted under argon atmosphere to prevent aerobic oxidation.      

Rhenium heptoxide is known to decompose at elevated temperatures due to fragmentation 

into perrhenate ReO4
- and cationic perrhenyl ReO3

+.63, 64 To investigate the catalytic ability of 

perrhenate, AgReO4 and NH4ReO4 were tested (entries 5 and 6). When these were applied 

poor substrate conversions are observed, limiting its role as active catalyst species.    

In contrast, the Brønsted acid HReO4 shows very good conversion, but is less selective 

towards C–O cleavage (entry 7); the formation of non-volatile ethers of 1 is observed instead. 

In comparison of latter distinct results, Re2O7 outperforms all other rhenium compounds in 

both activity and product yield.  

 

Mechanism 

The mechanism of the acid-catalysed cleavage of β-hydroxy aryl ethers was discussed 

previously by Yokoyama et al.,31-33 Lundquist et al.,34 Sturgeon et al.,35 and Aoyama et al.39 

Based on the latter findings the rhenium heptoxide catalysed C–O cleavage of 1 most 

probably follows the same reaction mechanism as depicted in Scheme 2.  

 

Scheme 2. Proposed mechanism of the Lewis acid (LA) catalysed ionic C–O bond cleavage of β-hydroxy aryl 

ether 1 according to Yokoyama et al.,
31-33

 Lundquist et al.,
34

 Sturgeon et al.,
35

 and Aoyama et al.
39
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The observed intermediate 1a (please see the SI for further details) and the reaction 

products 2 and 3 fit to an acid-catalysed reaction type which is consisting of a sequence from 

initial dehydration plus subsequent enol ether hydrolysis. Furthermore, the substrate 

conversion drastically declines if n-decane is used as reaction medium.  

Apolar aprotic alkanes are less capable stabilising the ionic intermediates in absence of any 

coordinating agent, thus disfavouring the required hydroxide abstraction. In a first step the 

Lewis acid (LA) abstracts 1’s secondary hydroxyl group and forms a benzylic carbocation 

(see Scheme 2, step I). Subsequent loss of a proton generates the observed intermediate 1a 

(step II). Enol ethers are very sensitive towards hydrolysis which is catalysed by small 

amounts of acid (step III).65, 66 The Lewis acid–water adduct is sufficient acidic to catalyse the 

enol ether hydrolysis leaving 2 and 3 (step IV).  

Several experiments revealed that Re2O7 is the active Lewis acid catalyst which stays 

unchanged in heterogeneous phase; the formation of other active species was verified to be 

unlikely. When the reaction mixture is filtered through a layer of Celite® (diatomaceous 

earth), no further conversion is observed after continued heating and stirring of the filtrate. 

However, if the reaction mixture has passed or syringe filter (0.45 µm pore size), a virtually 

unchanged catalyst activity (>95% conversion) in the filtrate is revealed. Hence, the catalyst 

stays as very small particles in heterogeneous phase and no formation of any active soluble 

compounds occurs. The formation of perrhenic acid as the catalytic active species is refuted 

because it is found to be both less catalytically active and selective than Re2O7. Furthermore, 

the stable perrhenate fragment is catalytically inactive (vide supra), thus no heterolytic 

decomposition into ReO3
+

 and ReO4
- occurs.  

The aqueous extraction of the reaction mixture after quantitative conversion of 1 reveals 

intact rhenium heptoxide, which was elucidated by its unaltered chemical reactivity.   

Since Re2O7 hydrolyses in excess water into two equiv. of perrhenic acid, the pH value 

provides information about the remaining rhenium amount. A measured value of pH = 4.1 

indicates the presence of perrhenic acid. Considering HReO4 as strong acid (pKa = –1.25),67 

the obtained pH value of 4.1 is equivalent to an amount of ≈ 0.11 mg of Re2O7 which 

represents 55% of initial catalyst loading. Subsequent addition of silver nitrate gave a white 

precipitate of silver perrhenate which confirms the latter formation perrhenic acid. The 

remaining amount of Re2O7 explains the residual catalytic activity which is observed by the 

consecutive addition of a new substrate load. Herein, further conversion of 72% is obtained 

within 2 h at 140 °C. 

The importance of the acidity was confirmed by addition of a Lewis base which inhibits the 

catalyst probably reducing its Lewis acidity. Similar reactivity was previously observed by 

Korstanje et al. when N-base addition resulted in inhibition of Re2O7 in the alcohol 

dehydration, a reaction known to be catalysed by Lewis acids.48  The latter effect is applied 
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for the MTO-catalysed olefin epoxidation. Addition of N-bases decreases its acidity and 

increases the selectivity towards acid sensitive epoxides.68, 69 Moreover, the kinetic profile 

exhibits no induction period and first order behaviour (please see the SI, Figure S3). Thus, 

no preceding transformation to an active catalyst species occurs.  

However, catalyst decompositions is observed limiting the catalysts turn over number to 

TON = 2200 (vide infra). During reaction a black, insoluble precipitate forms due to Re2O7 

instability at such reaction conditions. Heating of Re2O7 in the reaction medium (all tested 

solvents as p-xylene, toluene, THF, 1,4-dioxane, MeCN) resulted in reasonable 

decomposition. Noteworthy, the isolated precipitate is catalytically not active. 

 

Analysis of the decomposed catalyst (black precipitate) 

The black material was separated from the supernatant solution and subsequently analysed. 

The very fine grained solid is insoluble in all commonly used laboratory solvents such as BTX 

aromatics, aliphatic hydrocarbons, halogenated alkanes, ethers, DMSO, CH3CN, and 

pyridine. Thus, the precipitate can be washed with toluene and hexane and be dried in the 

high-vacuum. While latter procedure no change of the powder in shape and colour is 

observed. An elemental analysis revealed an unexpected high content in carbon of 18.8% 

and low rhenium percentage of 55.7%. Moreover, the high amount of carbon was confirmed 

by the energy dispersive X-ray spectroscopy (EDX, see the SI Figure S6). The related 

scanning electron microscopy (SEM) picture shows an overview of the decomposed catalyst. 

The powder is composed of small sized and equally distributed particles; however, a powder 

XRD analysis exhibited the amorphous character of the solid. 

The surface of the powder was analysed by X-ray photoelectron spectroscopy (XPS) to gain 

insight about the elemental composition and present oxidation states. This spectroscopic 

method is very suitable for the determination of the oxidation state of rhenium compounds, 

since the binding energies of each oxidation state differs from Re(0) to Re(VII) by 7 eV.70-73 

The wide scan (survey) XPS spectrum of the washed solid (see Figure 2, a) shows 

reasonable intense signals of rhenium Re4f, Re4d3/2, Re4d5/2, oxygen O1s and carbon C1s. 

The narrow scan of this sample over the Re4f region illustrates the presence of multiple 

rhenium oxidation states due to the overlaid to Re4f5/2 and Re4f7/2 signals (see Figure 2, b). 

Deconvolution exhibits the 4f region to be consisted of the contributions of at least three Re 

4f spin orbit coupling doublet components, which indicates that rhenium is present in at least 

three different oxidation states. 
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a)       

b) c)  

Figure 2. X-ray photoelectron spectra of the black precipitate: a) survey scan (b.e. –800 to 0 eV) with annotation 

of the corresponding orbital signal; b) narrow scan over the Re4f energy window (b.e. –58 to –38 eV) and 

deconvolution of the overlapped proportion; c) narrow scan over the O1s energy window (b.e. –537 to –526 eV) 

and deconvolution of two overlapped proportions. 

 

The most intense peak of the Re 4f7/2,5/2 doublet pair is the lowest binding energy component. 

The binding energies of –40.7/–43.1 eV are in agreement with the literature for elemental 

Re(0).70-74 The deconvolution in higher binding energy components proves the presence of 

higher oxidation states. In accordance to the literature, the existence of Re(IV) and Re(VI) is 

revealed by the pairs of peaks at binding energies of –42.5/–44.8 eV and –44.5/–46.8 eV 

respectively, in decreasing intensity.71, 73, 75 A narrow scan of the oxygen O1s region shows a 

broad, overlaid signal (see Figure 2, c). The deconvolution exposes two species of oxygen. 

The binding energies of –530.6 eV and –532.5 eV are in agreement with the literature values 

of oxygen found in ReO2 and ReO3, respectively.75 The carbon C1s region shows only a 

single signal, which is in literature referred to graphite (see the SI for detailed spectra).72 

These values prove that the black precipitate is consisted only of rhenium, carbon and 

oxygen. Furthermore, the contained rhenium is present in three different oxidation state, 

whereas the major ratio is contributed by rhenium(0) and in much diminished amounts by 

rhenium(IV) and rhenium(VI). The Re4d region exhibits a higher amount of Re(IV) than the 
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Re4f (see the SI). Since the photoelectron escape depth of 4d electron is lower, the Re4d 

regions exhibits more surface details than from the bulk material. Thus, the surface of the 

particles is more oxidised than the bulk material, pointing to the formation of Re(0) rather 

than the formation of a mixed oxide. Moreover, rhenium(VII) of the initially used Re2O7 is not 

present indicating a complete, reductive decomposition and no co-precipitation or adsorption 

on char.71-75 The formation of elemental rhenium and its superficial oxidation is not surprising 

since the reduction of perrhenates to Re(0) in presence of alcohols was reported 

previously.57, 76 Furthermore, elemental jet-black rhenium clusters are known to undergo 

rapid oxidation to Re(III/IV) and Re(VI/VII) oxides in aerobic atmosphere,77, 78 and black 

Re(0) nanoparticles of 2 nm size are easily oxidised to ReO2.
57, 76 The high carbon content 

found in elemental analysis is identified by XPS as graphite.  

 

Further insight in the nature of the carbon and the rhenium oxide species was gained by 

Raman spectroscopy (see Figure 3).  

 

Figure 3. Raman spectrum of the black precipitate which forms during catalysis. The questioned composition is 

revealed by Raman spectroscopy as disordered graphite and ReO2. 

 

A very strong and broad band at 1597 cm-1 indicates enormous amounts of sp2-hybridised 

carbon. The position and broadness of the latter band and the appearance of an additional 

band at 1367 cm-1 displays the possible formation of disordered graphite as observed by 

Reich et al.79 The bands at 1367 cm-1 and 1597 cm-1 may also refer as D (diamond or 

disorder-induced) and G (graphite) bands respectively as observed in Raman spectra of 

carbon nanotubes.80-83 A comparison with the Raman spectra of authentic rhenium samples 

(ReO2, ReO3, NH4ReO4, see the SI), identified the very strong bands at 989, 965, 377, and 

249 cm-1 as ReO2. The strong and sharp bands at 989 cm-1 and 965 cm-1 show the presence 
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of Re–O vibrational modes which might also refer to the νs and νas vibration mode of ReO3 

units in Re2O7. However, the Raman spectrum excludes the presence of rhenium heptoxide, 

because no signal originating from characteristic vibration of the Re–O–Re bonds is found in 

the region of ≈61 cm-1.84-86 Moreover, only small amount of ReO3 can be assigned to the 

absorption band at 728 and ≈340 cm-1.87, 88 Although the high-frequency mode at 965 cm-1 

could be derived from the Re–O stretching mode in ReO4 tetrahedra in solid perrhenates,89 

characteristic bands at 914, 892, and 343 cm-1 are not present excluding the presence of any 

perrhenate (see the SI). 

 

Consideration of rhenium heptoxide’s reductive decomposition  

As afore mentioned the decompositions of Re2O7 at the applied reaction conditions (100–

140 °C) is independent of the presence of substrate. The decomposition rate depends on the 

used solvent and N-basic additives. In O-donor solvents as THF and 1,4-dioxane reasonable 

decomposition is observed at 80 °C and 100 °C, respectively (vide supra for solvent 

influence on the catalytic activity). Rhenium heptoxide is stable in CH3CN at 80 °C, however, 

an elevated temperature to 140 °C leads to precipitation of a black solid. Addition of 1 equiv. 

pyridine per rhenium heptoxide to a p-xylene mixture slows down the decomposition process 

at 140 °C, but addition of 10 equiv. completely inhibits both catalysis and catalyst 

decomposition. Small amounts of water or the presence of Lewis base O- or N-donor 

compounds (THF, 1,4-dioxane, CH3CN, pyridine) result in formation of Lewis acid-base pairs 

in the type of L2ReO3[ReO4] (see Scheme 3). Two octahedral aligned ligands coordinate a 

single rhenium centre generating a perrhenyl and perrhenate centre, which in consequence 

weakens the Re–O–Re intramolecular bond (see Scheme 2).63  

 

 

Scheme 3. Lewis base coordination to Re2O7 weakens the Re–O bond and preforms a ReO4
- 
fragment. Thus, the 

perrhenyl fragment becomes extremely sensitive to nucleophiles.    

 

Coordination of two O-donor solvent molecules destabilises the rhenium heptoxide, thus the 

improved solubility may also effect accelerated decomposition. The increased stability in N-

donor media or in presence of N-bases is explained by a reduced Lewis acidity of rhenium 

heptoxide itself which probably overwhelms the effect of destabilization due to N-base 

coordination.64, 90 Although Re2O7 forms stable Lewis base adducts, no alcohol adducts are 

observed and reductive decompositions in concentrated alcoholic solutions occurs instead. 
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By thermal treatment of an alcoholic solution of Re2O7 the reductive formation of 

nanoparticles (10–100 nm) was observed.91-94 At similar reaction conditions, Biswas et al. 

reported the syntheses of red coloured ReO3 nanoparticles by the thermal decomposition of 

Re2O7-dioxanes adducts in toluene.93, 94 Since red rhenium(VI) oxide is known to form black 

aqua-adducts, the uncontrolled formation and growth of black ReO3 nanoparticles is 

possible.91 

Furthermore, Abu-Omar et al. observed black Re(0) nanoparticles upon treatment of either 

MTO or ammonium perrhenate with secondary alcohols at similar reaction temperatures 

ranging from 140–180 °C.57, 95 The synthesis of nanostructured gray-black ReO2 by reductive 

hydrolysis of MTO was reported by Fröba and Muth,96 while Mucalo et al. obtained black 

Re(0) particles upon reduction of Re(VI) halides.77, 78   

 

Formation of carbon  

Amorphous sp2–hybridised carbon is probably generated by the catalytic ability of colloid 

Re(0) particles. Ritschel et al. reported that magnesium oxide supported rhenium is capable 

to catalyse the growth of carbon nanotubes (CNT) by decomposition of methane.97 Usually 

benzene or xylene is used as carbon source in CNT synthesis and Fe, Co or Ni 

nanoparticles are proven to be efficient catalysts. As Kumar and Ando stated in their recent 

review article any metal can catalyse the CNT growth, and just any carbon containing 

material can yield in CNT.98  

Moreover, the formation of black carbon is commonly considered as charring. The groups of 

Abu-Omar and Nicholas observed significant charring or formation of a black precipitate 

when MTO is exposed to similar reaction conditions (alcoholic substrates, higher 

temperature range).61, 95, 99 However, charring was previously observed also in absence of 

rhenium catalyst. Sturgeon et al. reported the charring of β-hydroxy aryl ether lignin model 

compounds in presence of 0.2 M sulphuric acid at 150 °C.35 The authors stated the 

sensitivity of the cleavage products towards strong acidic treatment. The observed charring 

is also reflected in a decrease of the product yield after prolonged reaction times. The longer 

the heating of the reaction mixture is continued after full conversion and the higher the initial 

rhenium heptoxide loading, the lower the observed product yields (see the SI, Figure S2). 

 

Conclusion: In summary, a new benchmark system for selective C–O bond cleavage of a 

very stable and commonly β-hydroxy aryl ether lignin model compound has been presented. 

The cleavage reaction is revealed to be Lewis acid-catalysed and Re2O7 proved to be both 

the most active and selective. The catalyst stays unchanged as fine, heterogeneous Re2O7 

particles in the reaction medium and no preceding modification or formation of any further 

active species is observed. Based on first order kinetics and reactivity studies a mechanism 
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analogue to Brønsted acid-catalysed reactions is proposed. Up to our knowledge, this is the 

first example on the degradation of a β–O–4 lignin model linkage because of Lewis acidity of 

a rhenium compound. However, the catalytic system suffers from reductive decomposition 

due to the formation of catalytically inactive Re(0) under the applied reaction conditions. The 

deactivated catalyst was thoroughly analysed by means of elemental analysis, XPS, and 

Raman spectroscopy. The application of the latter promising results in the C–O bond 

cleavage of other lignin model compounds and the depolymerisation of β-hydroxy aryl ether 

macromolecules are currently under investigation. Moreover, solid non-precious Lewis acids 

exhibit comparable catalytic activity at the applied reaction conditions. Hence, this might be a 

promising concept for the catalytic C–O bond cleavage in unprocessed lignin. 

 

 

Experimental: Typical procedure for the catalytic cleavage of 2-(2-

methoxyphenoxy)phenylethanol (1): A solution of 1 (100 mg, 0.410 mmol) and p-xylene 

(4 mL) was added to Re2O7 (0.20 mg, 0.42 mmol, 0.1 mol%) and 1,2,4,5-tetramethyl-

benzene (ca. 20–40 mg as internal standard) in a 20 mL vial and heated under stirring for 2 h 

at 140 °C. Although full substrate conversions are observed at lower catalyst concentrations, 

a loading of 0.1 mol% allowed a more precise and convenient work routine.  

During the reaction the initial colourless mixture changed to pale brown and subsequently the 

precipitation of a black solid is observed. After given reaction time, the reaction was stopped 

by cooling down using an external water bath. For GC FID analysis the reaction mixture was 

filtered to remove the black solid. An aliquot of 50 µL was taken from the filtrate, diluted with 

950 µL toluene and 500 µL external standards solution in toluene (see the SI for details). If 

different solvents were used, the procedure was not changed, however, using low boiling 

point solvents an ACE pressure tube was used instead as reaction vessel. 

For the aqueous extraction the reaction mixture was passed through a Whatman® filter and 

the filtrate subsequently washed with 1 mL water. After separation of the two phases all 

further experiments were conducted from the aqueous phase. 
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C-1 General  

 

C-1.1  Material and methods 

The NMR solvents p-Xylene-d10 (Sigma-Aldrich) and chloroform-d3 (Deutero GmbH) were 

used without further purification. Rhenium heptoxide was provided from Enovik Industries AG 

(former Degussa AG) or prepared according to a literature procedure.1 2-(2-

methoxyphenoxy)phenylethanol was synthesised according to a literature procedure.2, 3 All 

other reagents were purchased from commercial suppliers (Sigma-Aldrich and ABCR, 

Karlsruhe) and used without further purification.  

Catalytic reactions were carried out in a 20 mL vial. When the reaction was conducted under 

argon atmosphere a Schlenk tube was used instead. If reaction temperature exceeded the 

boiling point of the solvent, ACE pressure tubes were used as reaction vessel.   

 

C-1.2  Instruments 

Catalytic runs were monitored by using GC methods on a Hewlett–Packard HP 6890 Series 

GC System equipped with a FID and using Standard ChemStation G1701AA Version 

A.03.00 as software. Integrals have been quantified using internal (1,2,4,5-

tetramethylbenzene; TMB) and external (3-methylanisol, diphenylether, 4-

methylacetophenone) standards. NMR spectra were recorded on a Bruker Avance DPX 400 

(293 K, 1H-NMR, 400.1 MHz;) and chemical shifts are reported relative to the residual signal 

of the deuterated solvent (p-xylene-d10 was prior referred to tetramethylsilane δ = 6.90, 2.12 

ppm).  
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C-2  Catalysis  

 

C-2.1  Typical GC analysis at optimised reaction conditions  

The formation of phenylacetaldehyd (2) and guiacol (3) was observed via GC FID. The data 

are in agreement with an authentic sample. GC FID showed an identical retention time. 

Signals at retention time of 5.077, 7.994, and 8.638 min originate from solvent impurities as 

revealed by a blank test. 

   

 

Figure S1. GC FID spectrum after a standard catalysis run (2 h at 140 °C; TMB = 1,2,4,5-tetramethylbenezene). 
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C-2.2  Optimisation of reaction conditions 

C-2.2.1 Influence of temperature, catalyst loading and reaction time 

 

The influence of catalyst loading and reaction time was determined. An increase of catalyst 

concentration resulted in an aggravated mass balance. Extended reaction times gave full 

conversions, however, the product yields decreased. 

 

Table S1. Effect of catalyst concentration in the Re2O7 catalysed C‒O cleavage of 1.  

 

Entry Cat. conc. [mol%] Temp. Conv. 1 [%] Yield 2 [%] Yield 3 [%] 

1 5 140 100 52 63 

2 2.5 140 100 86 93 

3 0.5 140 100 92 96 

4 0.1 140 100 96 97 

5 0.1 120 43 20 22 

6 0.1 100 20 18 15 

7 0.1 80 4 0 0 

8 0.1 r.t. 0 0 0 

9 0.05 140 100 69 77 

10 0.025 140 41 34 37 

11 0 140 0 0 0 

      Conversion and yields were determined by GC FID. 
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Figure S2. Influence of the catalyst loading (mol%) and reaction time (h). 

 

 

C-2.2.2 Solvent influence  

 

Table S2. Effect of different solvents on the catalytic activity and product yield.  

Entry Solvent/Medium
a 

Temp. [°C] Conv. 1 [%] Yield 2 [%] Yield 3 [%] 

1 THF
b 

140 71 44 54 

2 THF
b 

100 55 25 27 

3 THF
b 

80 32 12 15 

4 MeCN
c 

140 23 7 11 

5 MeCN
c 

80 9 0 0 

6 MeCN
d
 80 22 32 3 

7 MeCN
e
 80 41 38 13 

8 Dioxane
b
 80 86 47 65 

9 n-decane
c 

140 19 7 9 

10 CH3COOH
c 

140 65 43 44 

11 CH3COOH
c
 110 13 0 7 

a) 4 mL solvent; b) 5 mol% Re2O7, 2 h; c) 0.1 mol% Re2O7, 2 h; d) 0.1 mol% Re2O7, 16 h; e) 0.1 mol% 

Re2O7, 24h.  
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C-3 Mechanistic investigations 

C-3.1  Kinetic data 

The kinetic behaviour of the catalytic reaction was determined. For every data point an 

individual reaction mixture was prepared with a catalyst loading of 0.1 mol% Re2O7 in 4 mL 

p-xylene and heated for the corresponding reaction time to 140°C. After given reaction time, 

the reaction mixture was quickly cooled down by means of an external water bath. The 

samples were taken following the standard catalytic procedure (see experimental section). 

The conversion was determined by GC FID.  

 

Figure S3. Kinetic profile of the Re2O7-catalysed C‒O cleavage reaction of 1. 
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C-3.2  Formation of the enol ether intermediate (1a) 

 

 

Scheme S1: Formation of the enol ether intermediate 1a during catalysis. 

 

During the reaction of 1 to cleavage products 2 and 3 at 140 °C formation and subsequent 

depletion of an isomeric mixture of olefins (6.64 and 6.62 ppm, Z-isomer; 5.72 and 5.77 ppm, 

E-isomer) is observed. The 1H NMR and GC FID spectra (vide infra) was recorded after 

30 min reaction time. The identical intermediate 1a was already isolated and characterised 

by a recently published work.4 

 

 

Figure S4. 
1
H NMR spectrum (in p-xylene-d10) during the catalytic C‒O cleavage reaction of 1 measured after 

30 min reaction time. The zoom box shows the olefinic signals of 1a.   
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Figure S5. GC FID spectrum shows the olefins at the retention time of 21.04 min and 21.43 min which formed 

after 30 min reaction time. S4 (26.03 min) represents unconverted substrate 1. 
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C-4  Analysis of the inactive decomposed catalyst 

 

C-4.1  EDX Spectra and SEM picture  

 

The related scanning electron microscopy (SEM) picture was recorded on a CamScan CS24 

(Compact) and shows an overview of the decomposed catalyst. The black powder is 

composed by small sized and equally distributed particles; however, a powder XRD analysis 

exhibited the amorphous character of the solid. The chemical compositions was recorded by 

energy dispersive X-ray spectroscopy (EDX) using an Oxford Instruments Swift ED. 

 

 

Figure S6. EDX spectrum and SEM picture of the black precipitate, which is obtained as amorphous powder. 

Analysis data: Re: 54.5%; C: 14.2%; O: 30.8%.    

 

C-4.2  Raman Spectra 

The chemical composition was determined by Raman spectroscopy. A Senterra Raman 

spectrometer (Bruker Corporation, USA), equipped with a 488 nm laser, was used for the 

analysis of particles produced. A laser power of 1 mW and an integration time of 30 s were 

chosen for each sample analysis. A baseline correction was accomplished, using the rubber 

band method, with the software OPUS for each spectrum measured by Raman 

spectroscopy. Although Re(0) has no active Raman vibration modes, it was measured to 

exhibit any oxidation of the surface which was found identical with ReO2.       
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Figure S7. Waterfall diagram of the Raman spectra of the black rhenium precipitate (deactivated catalyst) and the 

authentic samples of carbon nano tubes (CNT, sp
2
 hybridised), ammonium perrhenate, Re(VI) oxide, Re(IV) 

oxide and rhenium powder (surficial oxidised). 

 

 

 

Figure S8. Overlaid Raman spectra of the black rhenium sample, CNT, rhenium(IV) oxide and rhenium powder 

(surficial oxidised to ReO4). 
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C-4.3  XPS 

Chemical analysis was accomplished by XPS with a Leybold-Heraeus LHS 10 XPS chamber 

in ultra-high vacuum (UHV). A non-monochromatized MgKα-source (1253.6 eV) was used to 

investigate the rhenium precipitate pellets. The samples were sputtered with argon ions to 

remove the surface layer before measuring at a pressure below 2x10-8 mbar. The survey 

spectrum was recorded with a pass energy of 100 eV, a stepsize of 1 eV and a dwelltime of 

0.1 s while the regions of interest were recorded with a pass energy of 20 eV, a stepsize of 

0.1 eV and a dwelltime of 0.1 s. As a reference the C1s (–284.5 eV) peak was used and the 

spectra corrected to compensate charge effects. Since the presence of sp2–hybridized 

carbon was revealed by Raman spectroscopy, the C1s signal was referenced on the 

literature value of graphite C=C. The Spectra of the Re4d region show significantly higher 

amounts of rhenium oxides due to the lower escape depth of electrons in this energy range. 

So a more surfacial insight to the samples chemical composition is given by the scans in the 

Re4d region compared to the Re4f region. 

 

 

 

Figure S9. Re4f region narrow scan, fit and deconvolution in three compartments; PE100. 
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Figure S10. Re4f region narrow scan, fit and deconvolution in three compartments; PE20. 

 

 

Figure S11. Re4d region narrow scan, fit and deconvolution; PE100. 
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Figure S12. Re4d region narrow scan, fit and deconvolution; PE20. 

 

 

Figure S13. C1s region narrow scan, fit and deconvolution; PE20. 
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Figure S14. O1s region narrow scan, fit and deconvolution; PE100. 

 

 

 

 

Figure S15. O1s region narrow scan, fit and deconvolution; PE20. 
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Table S3. Mathematic data sets of all fits, deconvolutions, and peak areas of the Re4f, Re4d, C1s and O1s 

windows in resolutions of P100 and PE20. 
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C-5  Product identification and NMR spectra 

C-5.1  Retention times and NMR data 

 

Table S4. Analytical data of observed cleavage prodcuts 

Product Structure 
GC retention 
time [min] 

NMR data 
Other 
analysis 

Phenylacet-
aldehyde 

 

6.92 

1
H-NMR (400 MHz, p-xylene-d10) 

δ (ppm) = 9.22 (t, 
3
J = 2.4 Hz; 1H), 

7.08–6.98 (m, 3H), 6.80–6.78 (m, 
2H), 3.02 (d, 

3
J = 2.4 Hz; 2H). 

A, B 

Guaiacol 

 

8.11 

1
H-NMR (400 MHz, CDCl3) δ (ppm) = 

6.98–6.84 (m, 4H), 5.61 (s, 1H), 3.89 
(s, 3H).

 

1
H-NMR (400 MHz, p-xylene-d10) 

δ (ppm) = 6.93–6.89 (m, 1H), 6.73 
(ddd, 

3
J = 7.8 Hz, 

4
J = 1.5 Hz; 1H), 

6.65 (ddd, 
3
J = 7.8 Hz, 

4
J = 1.5 Hz; 

1H), 6.42 (d, 
3
J = 8.0 Hz; 1H), 5.40 (d, 

1H), 3.23 (s, 3H). 

A, B 

(E/Z)-1-
Methoxy-         
2-(styroloxy)-
benzene 

 

21.04 / 21.43 

1
H-NMR (400 MHz, CDCl3) δ (ppm) = 

7.75–7.70 (m, 2 H, (Z-isomer)), 7.36–
7.26 (m, 3H), 7.23–7.05 (m, 4H), 
7.01–6.91 (m, 3H), 6.54 (d,

 3
J = 

6.9 Hz; 1 H, (Z-isomer)), 6.32 (d,
 3

J = 
12.4 Hz; 0.3 H, (E-isomer), 5.58 (d,

 3
J 

= 6.9 Hz; 1 H, (Z-isomer)), 3.90 (s, 
4 H, (Z- and E-isomer)).

 

1
H-NMR (400 MHz, p-xylene-d10) 

δ (ppm) = 7.78 (m, 2H), 6.28 (d, 
3
J = 

6.9 Hz; 1 H, (Z-isomer)), 6.17 (d, 
3
J = 

12.4 Hz; 1 H, (E-isomer)), 5.36 (d, 
3
J 

= 6.9 Hz; 1 H, (Z-isomer)). 

A, B 

2-Phenoxy-
phenylethanol 

 

26.03 

1H-NMR (400 MHz, p-xylene-d10) δ 
(ppm) = 7.37‒7.30 (m, 2H), 7.20‒7.12 
(m, 2H), 7.12‒7.06 
(m, 1H), 6.82‒6.69 (m, 2H), 
6.59‒6.50 (m, 2H), 5.00 (dd, 3J = 9.0, 
3.2 Hz; 1H), 4.11 (s, 1H), 
3.86 (dd, 3J = 7.6 Hz, 2J = 9.6 Hz; 
1H), 3.76 (m~dd, 3J = 9.0 Hz, 2J = 
9.6 Hz; 1H), 3.34 (s, 3H). 

A, B 

A)  GC-MS and GC-FID analysis (retention time, mass spectra) matched with the authentic sample. 

B)  The product peaks in 
1
H-NMR spectrum of the reaction mixture were in agreement with the 

1
H-NMR 

spectra of the authentic sample in CDCl3 (literature value or sample prepared). 
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C-5.2  Selected NMR spectra 

 

Figure S16. 
1
H NMR spectrum of model compound 1 in CDCl3. 

 

Figure S17.
13

C NMR spectrum of model compound 1 in CDCl3. 
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Figure S18. 
1
H NMR spectrum of the isolated mixture of 1a in CDCl3. The signals are shifted to low field 

compared to those sample measured in p-xylene. 
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