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Aim and scope of this thesis 
Renewable sources like biomass, which mainly consists of materials derived from trees 
and plants, are currently considered as a key and future feedstock in the chemical 
industry for the sustainable production of chemicals. After the pre-treatment of 
biomass, lignocellulosic biomass is obtained as the major component. This contains 
various polymeric compounds such as starch, cellulose and lignin. By breaking these 
polymers into smaller monomeric molecules, sugars, polyols and aromatic compounds 
are obtained. In particular the sugars and polyols contain many hydroxyl group 
functionalities and, accordingly, have a high oxygen content. In order to arrive at some 
of the main chemical building blocks, e.g. olefins, the challenge is to remove the 
hydroxyl groups (at least partly).  
 Within this context, the primary aims of this PhD thesis are to (i) develop 
homogeneous cyclopentadienyl-based trioxo rhenium catalysts, (ii) evaluate these in 
deoxydehydration reactions of vicinal diols and polyols, and (iii) in particular 
investigate the production of butadiene from biomass-derived tetritols using these 
rhenium catalysts.    
 In Chapter 1, the general development of catalysts for the conversion of 
biomass-derived alcohols and polyols to the corresponding deoxygenated olefins is 
reviewed, with a focus on rhenium-based catalysis through dehydration and 
deoxydehydration (DODH) reactions.  Particularly, the activity of the versatile 
methyltrioxorhenium (MTO) catalyst and other molecular rhenium catalysts has lead 
to a renewed interest in DODH reactions. This chapter presents both a comprehensive 
review of the field of deoxydehydration catalysis and a perspective view on the 
development of oxo-rhenium catalysts. It also describes the underlying challenges in 
understanding the DODH mechanism(s) and the importance of chemical 
technological aspects to further advance this chemistry. 
 In Chapter 2, Cp-based trioxo-rhenium catalysts are revisited by introducing 
the bulkier tri-tert-butylcyclopentadienyl (Cpttt) ligated catalyst CptttReO3. Following 
its synthesis and characterization, the new catalyst is tested in the benchmark catalytic 
DODH of 1,2-octanediol to optimize the reaction protocol, including the use of a 
number of different sacrificial reductants. The optimized DODH protocol is then 
applied to a series of different aliphatic and aromatic vicinal diols for the formation of 
the corresponding olefins.  
 As the only previously known Cp-based DODH catalyst, Cp*ReO3 was 
seemingly overshadowed with a lot of drawbacks, one of them being the strict 
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requirement of a strong sacrificial reductant like PPh3. Chapter 3 therefore explores 
the potential activity of Cp*ReO3 in the disproportionation of diols to olefins without 
the need of an external reductant. The activity of the catalyst is compared to a number 
of commercially available rhenium reagents and to that of its Cpttt analogue. 
 Furthermore, the Chapter 3 details the investigation of butadiene formation 
from the sugar-derived C4-polyol erythritol using a DODH protocol. Following the 
outcome of the investigation on the diol disproportionation reaction, the chapter 
returns to the lead DODH reaction conditions found in Chapter 2 to further study 
and optimize these using the CptttReO3 catalyst. These optimization studies include 
the use of different (co)solvents and sacrificial reductants, aimed at an improved 
butadiene yield, and finally extend the application of the optimized conditions to other 
biobased polyol substrates.  
 The catalytic activity of the CptttReO3 catalyst in DODH reactions as 
described in Chapters 2 and 3, raises the question on the origin of the beneficial effect 
of its bulky tertiary butyl substituents. Chapter 4 explores this question in order to 
obtain further mechanistic insight in the activity of the CptttReO3 catalyst and on Cp-
based trioxo-rhenium DODH catalysts in general. The nature and reactivity of the 
reduced dioxo-rhenium intermediates are studied to investigate their key role in the 
underlying DODH mechanism. Theoretical calculations by using DFT methods are 
used as complementary tools to support experimental data and provide a thorough 
understanding of the reaction pathway.  
 While the first part of this thesis demonstrates the potential utility of Cp-
based trioxo-rhenium complexes (Cp’ReO3) as DODH catalysts, only a limited 
number of Cp’ReO3 complexes were known prior to the investigations described in 
this thesis. To expand the number of stable Cp’ReO3 analogues and to arrive at a 
structure-activity relationship to aid the development of improved DODH catalysts, 
Chapters 5 and 6 are devoted to the synthesis and characterization of alkyl- and aryl-
appended Cp-based rhenium complexes. 
 Chapter 5 explores the synthesis of Cp-based tricarbonyl rhenium derivatives 
(Cp’Re(CO)3) as precursors for the corresponding high valent Cp-based trioxo-
rhenium complexes and describes their full characterization. Chapter 6 subsequently 
details the development of an oxidative decarbonylation synthesis protocol to arrive at 
Cp’ReO3 complexes. As the previously reported biphasic oxidation procedure turned 
out not to be applicable in a general sense for the synthesis of alkyl- or aryl-appended 
Cp’Re(CO)3, a systematic optimization study is presented that allows for the successful 
isolation of the targeted Cp’ReO3 complexes. Eventually the new Cp’ReO3 complexes 
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are tested in DODH reactions to evaluate their catalytic activity and to study the effect 
of the Cp-substituents on catalysis.  
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                           1 
Rhenium-catalyzed Dehydration and 
Deoxydehydration of Alcohols and 
Polyols: Opportunities for Biomass-
Deoxygenated Olefins  

Abstract  
In view of the depletion of petroleum oils, new synthetic routes for the sustainable 
production of chemicals, fuels and energy from renewable biomass sources are 
currently widely investigated. In particular, non-edible sugars and polyols are 
promising starting materials to produce olefins by dehydration, deoxygenation, or 
deoxydehydration (DODH). In this perspective, we highlight the recent evolution of 
rhenium-catalyzed dehydration and DODH of biomass-derived alcohols and polyols 
to obtain olefins. Improving over the classical acid-catalyzed dehydration reaction, 
rhenium mediated systems are very selective and more active to provide high yields of 
olefin products, but dehydration alone cannot be used to fully defunctionalize sugars. 
This issue is addressed by a growing research effort in the field of rhenium-catalyzed 
DODH, which allows complete dehydroxylation to form olefins in high yield. Recent 
developments in this field include the development of new molecular rhenium 
catalysts, the application of cheaper and more available reductants, and a growing 
mechanistic understanding owing to both experimental and computational studies. 
Finally, recent efforts to move beyond rhenium towards cheaper metals (Mo, V) are 
discussed. 

Published as part of: Raju, S.; Moret, M.-E.; Klein Gebbink, R. J. M. ACS Catal. 
2015, 5, 281–300. 
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1.1. Introduction 
 
The anticipated depletion of fossil hydrocarbon resources,1 coupled with a gradual 
increase in cost, calls for the development of new supply-chains for the chemical 
industry that rely on renewable feed stocks. The reduced, carbon-rich molecules that 
constitute the backbone of most commodity chemicals and pharmaceutical 
compounds should ideally be produced out of atmospheric carbon dioxide, which is 
not only abundant but in fact produced in excess by human activity relying on 
combustion as a source of energy. An attractive alternative to the challenging direct 
chemical reduction of carbon dioxide is to make use of the available biochemical 
machinery for the first reduction steps and use biomolecules such as sugars as starting 
point for chemical synthesis.2,3  
 In contrast to the traditional hydrocarbon feedstock derived from fossil fuels, 
the small molecules obtained from the degradation of biomass are typically oxygen-rich 
and hyperfunctionalized: sugars contain approximately one oxygen atom per carbon 
atom. Thus, efficient use of biomass poses novel challenges to synthetic chemists: 
whereas traditional synthetic routes often involve the introduction of functionality on 
‘naked’ carbon backbones via C−H bond activation or hydrofunctionalization of 
olefins, we now need to defunctionalize oxygen-rich molecules. In essence, 
dehydroxylation reactions are required to convert sugars and sugar-derived polyol 
compounds into valuable chemicals.4  
 Perhaps the simplest approach to this problem would be acid-catalyzed 
dehydration reactions, but theses processes suffer from regio- and chemo-selectivity 
problems. In addition, the stoichiometric removal of all (or most) of the oxygen 
content of sugars in the form of water ultimately results in the production of elemental 
carbon (charring). To address this problem, a range of reductive deoxygenation 
methods5,6 (e.g., hydrodeoxygenation,7,8 hydrogenolysis,9 decarbonylation,10 
decarboxylation11 or direct deoxygenation12) via heterogeneous13,14 or 
homogeneous15−18 catalysis are under investigation.  
 An appealing alternative approach consists in combining the deoxygenation 
and dehydration reactions into a formal deoxydehydration (DODH19) sequence 
converting a vicinal diol into an olefin with release of one oxygen atom and one water 
molecule, a reaction that is the formal reverse of the well-known olefin dihydroxylation 
reaction (Scheme 1.1). Late transition elements are not oxophilic enough to abstract 
oxygen atoms from most organic substrates while their early counterparts form metal-
oxygen bonds that are too strong to be reductively cleaved in a catalytic cycle. So, the 
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elements in the middle of the transition series (e.g., V, Mo, W, Re) are attractive 
candidates for the development of catalytic DODH reactions of biomass-derived 
polyols. Among these, rhenium has rapidly emerged as the most promising metal,20−22 
presumably because of its large number of accessible oxidation states (−1 to +7) and its 
ability to form strong bonds to ancillary ligands that allows the tuning of its catalytic 
activity.23,24 The rapid development of rhenium-based DODH catalysts builds upon 
the well-documented oxygen atom transfer (OAT) chemistry of oxo-rhenium 
compounds,25−28 many of which are known to mediate catalytic OAT to strong oxygen 
acceptors like triphenylphosphine from substrates such as organic sulfoxides,29 pyridine 
N-oxides30−38 and epoxides39−43 to form the corresponding organic sulfides, pyridines 
and olefins, respectively. In this perspective, we cover the latest developments in the 
rhenium-catalyzed conversion of alcohols to olefins via dehydration (Section 1.2) and 
DODH (Section 1.3). In addition, emerging alternatives based on cheaper metals 
(Mo, V) are briefly discussed. 

 
Scheme 1.1. Schematic representation of rhenium-catalyzed deoxygenation, 
dehydration and deoxydehydration reactions. 

1.2. Rhenium-catalyzed dehydration  
 
Acid and base catalyzed dehydration reactions of alcohols to render olefins are well-
known organic reactions included in all standard organic chemistry textbooks,44 and 
the acid-catalyzed reaction is a classical reaction for freshmen chemistry practical 
courses. For larger scale operations these reactions come with many downsides related 
to, e.g., waste management and overall reaction selectivity (i.e., uncontrolled reactions 
of different hydroxyl groups leading to multiple products including different oligomers 
and polymers). Alternative catalysts for these reactions that (partly) overcome these 
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issues are mostly based on non-transition metal oxides and on cation-exchanged 
structured oxides including zeolites.45 Several recent reports indicate the potential 
utility of both homogeneous and heterogeneous rhenium catalysts for the dehydration 
of biomass-derived alcohols to olefins.  

1.2.1. Homogeneous catalysts 
 The use of homogeneous rhenium-based catalysts for alcohol dehydration was 
pioneered by Espenson and coworkers who pointed out the ability of 
methyltrioxorhenium (MTO) to catalyze a number of different dehydration reactions. 
30 In their initial 1996 report, it was shown that some aromatic alcohols are smoothly 
converted to the corresponding ethers in high yields in 3 days at ambient conditions in 
dry benzene (Scheme 1.2). For a series of secondary benzylic alcohols, PhCH(OH)R, 
the conversion increases with the size of the R group (R= H, 36%; Me, 86%; Et, 89%; 
Ph, 100%). Electron-withdrawing substituents on the aromatic rings slow down the 
reaction, whereas electron-donating substituents enhance the overall conversion to 
ethers. Aliphatic alcohols show lower conversions (<8%), whereas in combination with 
secondary benzylic alcohols these give nonsymmetrical ethers in high yields (69−95%). 
Depending on the reactivity of aliphatic alcohols, mixtures of symmetric and 
nonsymmetric ethers are obtained in these reactions. Smaller primary alcohols lead to 
ethers whereas longer aliphatic alcohols (1-dodecanol or 1-undecanol) form olefins, 
albeit in low yields. The authors rationalize these observations by invoking a concerted 
ether formation process from a rhenium-dialkoxide species that would be more 
difficult for longer alcohols due to limited coordination space.  

 
Scheme 1.2. MTO-catalyzed ether and olefin formation from 1-phenylethanol. 
 
 Using 0.2 mmol of MTO with a variety of neat alcohols (15 mL) results in 
formation of the corresponding olefins at room temperature over 3 days, but for most 
alcohols the yield of olefin is very low under these conditions. Olefin yields could be 

OH
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significantly improved (11−89%) with the use of 1 mol% loading of MTO for 
different cyclic and acyclic, secondary benzylic alcohols (0.2 M) in benzene as solvent.  
 The performance and scope of rhenium systems for the dehydration of 
alcohols – including biomass derived ones − was further improved by Klein Gebbink 
and coworkers. The conversion of 1,2,3,4-tetrahydronaphthol to the corresponding 
olefin can be achieved by using 1 mol% of MTO within 0.5 h by adjusting the 
reaction temperature to 100 °C in technical toluene in air.46 1-phenyl-1,2-ethanol was 
converted to styrene with a number of different commercially available rhenium 
catalysts under these reaction conditions within 24 h (Scheme 1.3). The highest yield 
of styrene (98%) is achieved with Re2O7 with only traces for ether being formed (1%). 
Compared to the typical use of sulfuric acid as the catalyst for this reaction (39% 
styrene and 5% ether yield, concurrent product oligo-/polymerization), these numbers 
show the enhanced reaction selectivity that can be obtained with the use of non-
Brønsted acidic rhenium catalysts. In a later study by Klein Gebbink et al., the 
formation of ether as an intermediate product was clearly observed during the course 
of the reaction, which eventually transformed quantitatively into the corresponding 
olefin.47  

 

Scheme 1.3. Rhenium-catalyzed dehydration of 1-phenylethanol to styrene and the 
corresponding ether. 
 
 Different alkyl- and aryl-substituted benzylic alcohol substrates are converted 
to the corresponding olefins smoothly and in near quantitative yields using Re2O7. 
Also aliphatic tertiary and secondary allylic, as well as homoallylic alcohols are 
converted to give moderate to high olefin yields. The dehydration of aliphatic 
secondary and homoallylic alcohols requires more forcing conditions to obtain high 
olefin yields, i.e., reactions have to be carried out at 150 °C in toluene.48 At this 
elevated temperature, 3-octanol gives a mixture of octene isomers (77%), whereas the 
primary alcohol 1-octanol is transformed to 1-octanal (18%) as the main product with 
traces of octanoic acid and octyl octanoate out of 82% conversion in 24 h. These 
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investigations provide the following reactivity order within one class of substrates: 
tertiary > secondary >> primary alcohols. Based on different alcohol substrates the 
observed order of reactivity is allylic > aliphatic > homoallylic alcohols.  

 

 
Scheme 1.4. α-Terpineol dehydration to limonene and terpinolene at 100 °C using 
different rhenium catalysts. 
 
 A series of bio-derived terpene alcohols were additionally subjected to 
rhenium-catalyzed dehydration reactions.48 In fact, a range of rhenium catalysts 
including low valent carbonyl compounds, mid-to-high valent oxo compounds, and 
Re2O7 are active for the dehydration of α-terpineol to terpenes, a notable exception 
being the inactivity of perrhenate salts. Re2O7 shows a good product selectivity toward 
limonene and terpinolene (65:35), while other rhenium catalysts as well as H2SO4 give 
2−9% and 50% of other isomers (α-terpinene, γ-terpinene and para-cymene), 
respectively (Scheme 1.4). For other terpene alcohols, the Re2O7-catalyzed reaction 
yields the corresponding terpenes and isomers thereof, mostly with very good mass 
balance. In some cases, e.g., for (−)-borneol, more forcing conditions (higher 
temperature and longer reaction times) are required. The optimized reaction 
conditions were then applied to upgrade tea tree oil (from Melaleuca alternifolia), 
which is composed for nearly half the amount of α-terpineol, together with a mixture 
of other terpenes. This showed the complete dehydration of α-terpineol to the mixture 
of limonene and terpinolene isomers already present in the oil with 92% total mass 
balance. 
 The partial solubility of Re2O7 in solvents containing small amounts of water, 
including technical grade toluene, in relation to the formation of HReO4 in the 
presence of H2O, raised questions about the homogeneous or heterogeneous nature of 
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the Re2O7 catalyst. In a typical hot filtration test, both the filtrate and the residue 
(major Re part) showed further reactivity when new substrate was added, pointing out 
that soluble as well as insoluble rhenium species may take part in the reaction.48 
Finally, Re2O7 was compared to some of the commonly used solid acid catalysts (e.g., 
zeolites, alumina) in the dehydration of α-terpineol. This has shown that under the 
optimized reaction conditions for Re2O7, i.e., toluene as the reaction solvent and mild 
reaction conditions (<150 °C), this catalyst outperforms all of the solid acid catalysts 
tested in terms of activity as well as product selectivity. 
 The mechanism of the rhenium-catalyzed alcohol-to-olefin transformation 
has been investigated. Two plausible reaction pathways were envisioned early on by 
Espenson (Scheme 1.5), in which the release of olefin from the transient rhenium-
alkoxide species takes place in either a concerted (top) or an ionic pathway (bottom).30 
In general, primary aliphatic alcohols favor the concerted pathway, while benzylic 
alcohols favor the ionic pathway due to carbocation stabilization. To provide more 
insights in the mechanism of these rhenium-catalyzed alcohol dehydration reactions, 
Klein Gebbink et al. studied the conversion of 1-phenylethanol to styrene in more 
detail. 47 Because the structure and active site properties of Re2O7 are less defined, 
MTO was chosen as the catalyst in these studies. MTO itself gives a high styrene yield 
(89%) under the same reaction conditions as typically used with Re2O7.  

   
Scheme 1.5. Possible dehydration pathway using MTO, either concerted (top) or 
ionic (bottom) (adapted from Ref. 47). 
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 It is important to note that water and oxygen are essential reaction 
components in these rhenium-catalyzed dehydrations. Only a small amount of styrene 
(6%) is obtained under air-free conditions, whereas in the absence of water the 
reaction does not proceed at all. Water is proposed to facilitate the likely proton 
transfer steps, but the role of oxygen is less clear. It was envisioned to be the 
reoxidation of an inactive reduced species such as methyldioxorhenium (MDO). 
However, no evidence was found for the reduction of MTO by the alcohol or the 
formation of the corresponding ketone under catalytic conditions. 
 N-coordinating bases with sufficient base strength (i.e., conjugated acids pKa 
> 4) inhibit the dehydration reaction, albeit not because of coordination to MTO (i.e., 
no significant change of Re=O vibrations was observed for MTO in the presence of 
these bases), but likely by decreasing the proton activity in the reaction medium. 
Primary KIE values for PhCD(OH)CH3 (1.28) and PhCH(OH)CD3 (1.48) suggest 
that no α- or β-C−H bond is broken in the rate determining step. Based on these 
experimental data, a fully concerted pathway to styrene formation was excluded. The 
MTO-catalyzed dehydration reaction was found to be first order in both substrate and 
catalyst, and the experimentally determined activation parameters (ΔH‡ = 13.4 

kcal/mol, ΔS‡ = −8.3 J/mol・K) suggest an ordered rate-limiting transition state 
involving both substrate and catalyst. The carbon skeletal rearrangement and reactivity 
order (tertiary > secondary >> primary alcohols) clearly indicate the involvement of 
carbenium species, i.e., the ionic pathway. 
 This is additionally supported by DFT calculations. The activation energy 
calculated for the concerted pathway is very high (ΔG‡ = 33−40 kcal/mol) to release 
styrene from a MeReO2(OH)(1-phenylethoxy) (1a) species. The lower-energy ionic 
pathway was found to proceed via an E1-type mechanism commonly known for 
Brønsted acid-catalyzed dehydration reactions. The proposed mechanistic cycle is 
shown in Scheme 1.6. The initial formation of 1a is assisted by another alcohol 
molecule, followed by C−O cleavage to form a charge-separated species, which is 
facilitated by an additional alcohol and two water molecules. Subsequent proton 
transfer from the β-position of the carbenium ion to a water molecule, and another 
proton transfer from the hydronium ion to the anionic rhenium species results in the 
formation of styrene and of MeReO2(OH)2 (1d) species. Finally, a water molecule 
assists the dehydration of 1d back to MTO, which completes the cycle. It is noted that 
the mechanism involves five coordinated rhenium species throughout the cycle starting 
from four coordinated MTO. In addition, reaction steps that are assisted by ‘second-
sphere’ alcohol molecules may also be assisted by water molecules.  
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Scheme 1.6. Proposed alcohol-to-olefin dehydration catalytic cycle by DFT 
calculations (adapted from Ref. 47). 
 
1.2.2. Heterogeneous catalysts 
 In addition to the homogeneous systems discussed above, rhenium has also 
found use in solid-gas heterogeneous catalysis for the dehydration of short-chain 
alcohols. Wang et al. reported dehydration catalysts for the conversion of 2-butanol to 
butene isomers synthesized by solution-based atomic layer deposition of rhenia on 
mesoporous silica (SBA-15). In particular, they demonstrated that modifying the silica 
support with a layer of alumina alleviates the catalyst stability problems originating 
from the particularly weak interaction of rhenium oxide with SiO2.49,50 They used the 
unmodified ReOx/SBA-15 and the modified ReOx/AlOx/SBA-15 for the gas phase 
dehydration of 2-butanol to butene isomers (1-butene, cis- and trans-2-butene) at 
90−105 °C in a continuous flow reactor (0.5% 2-butanol-He and 200 ml/min) 
(Scheme 1.7).51 Under these conditions, the ReOx/SBA-15 catalyst is very active and 
shows 100% conversion of 2-butanol during the first 120 min of operation at 105 °C, 
which drops to 24% after ~220 min. At lower temperatures (90 °C), the conversion 
drops more significantly over time (11% after ~230 min). It is likely that the catalyst 
deactivation already started at the early stage of the reaction, but the presence of excess 
active sites maintained the high conversion of 2-butanol at 105 °C in the first 120 min.  
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Scheme 1.7. Dehydration of 2-butanol over ReOx/SBA-15 and ReOx/AlOx/SBA-15 
catalyst in a continuous flow reactor (0.5% 2-butanol-He and 200 mL/min). 
 
 In comparison, the alumina-modified SBA-15 catalyst ReOx/AlOx/SBA-15 
provides a relatively high conversion of 2-butanol (67%) even after 220 min of 
operation, whereas at 90 °C the initial activity is low (~45%). Further characterizations 
of the used and fresh catalysts by a number of different techniques (TEM, STEM, in 
situ UV−Vis (DRS), and 27Al MAS NMR) revealed a strong interaction of rhenia with 
the alumina phase. Apparently, this results in a decreased initial catalytic activity, but 
leads to higher overall catalyst stability for the ReOx/AlOx/SBA-15 catalyst. 
Sublimation, sintering, and reduction of rhenia under the reaction conditions were 
found to be the main cause for catalyst deactivation.  
 

1.3. Rhenium-catalyzed Deoxydehydration (DODH) 
 
MTO’s known ability to catalyze the oxidative oxygen-atom transfer reactions suggests 
that the reverse reductive deoxygenation reactivity – in the form of dehydration and 
deoxygenation reactions – may be harnessed for the transformation of biomass into 
value-added chemicals.2,52 Carried out individually on vicinal diols such as those found 
in the polyols that are readily available from biomass, dehydration and deoxygenation 
would yield aliphatic ketones and alcohols, respectively. Combining them in a 
deoxydehydration (DODH) reaction sequence, which can be seen as the reverse of an 
olefin dihydroxylation reaction, constitutes an attractive route to olefins from vicinal 
diols. This reaction formally yields hydrogen peroxide as the byproduct, but is typically 
carried out in the presence of a sacrificial reductant acting as oxygen acceptor and 
driving the reaction, producing water as the side product. In this way, the formation of 
water is inevitable in catalytic DODH reactions and the rational design of catalysts 
should accordingly consider water-stable catalysts. A common problem in the 
application of DODH to biomass-derived polyols is the competing dehydration 
pathway that generates a range of products from a single starting material. Thus highly 
active catalysts able to selectively perform several consecutive DODH cycles are 
required.  
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H2O



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

 
 

Chapter 1 

 
15 

 In general, trioxo-rhenium compounds such as MTO and perrhenate 
(Scheme 1.8) are attractive DODH catalysts that are easily handled under ambient 
conditions and display good air and moisture stability because of the high Re(VII) 
oxidation state. Next to MTO, ligands based on the Cp (cyclopentadienyl) or Tp 
(tris(pyrazolyl)borate) scaffold19 afford catalytically active trioxo-rhenium compounds 
that can be tuned by substituent effects (Scheme 1.8). Initial studies usually used PPh3 
as a clean oxygen-atom acceptor, but the use of cheaper reductants that are available on 
a large scale is crucial for the development of scalable processes for biomass 
transformation. Section 1.3.1 describes the evolution of molecular trioxo-rhenium 
compounds as DODH catalysts mainly with PPh3 as the reductant, and Section 1.3.2 
covers MTO and perrhenate-catalyzed DODH processes with a focus on the 
investigation of a variety of reductants (Scheme 1.8). In addition, the recent 
development of supported rhenium-based DODH catalysts is discussed in Section 
1.3.3, while Section 1.3.4 highlights recent efforts to replace rhenium itself by cheaper, 
more abundant metals. 
 

 
Scheme 1.8. Schematic representation of rhenium-catalyzed DODH. 
 
1.3.1. Cp- and Tp-based oxo-rhenium-catalyzed DODH19 
 Replacing the one-electron donor methyl group in MTO by 6-electron donor 
Cp-ligands can be thought to decrease the Lewis acidity of rhenium which 
consequently decreases the Re=O bond strength in order to facilitate the catalytic 
activity. In addition, this allows fine-tuning of the ligand environment around the 
metal, which may turn out to be beneficial for the development of catalytic DODH 
reactions under mild reaction conditions. Initial studies revealed the ability of the Cp*-
ligand19 to stabilize the high valent Re(VII) oxo compound Cp*ReO3 (2), which can 
undergo oxo-transfer reactions. Herrmann et al. have studied in detail the synthesis 
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and reactivity of Cp*ReO3, which resulted in a number of well-characterized Cp*-
based oxo-rhenium compounds.23,53–55 In particular, these pioneering studies provided 
a stoichiometric reaction cycle for the deoxydehydration of vicinal diols: Cp*ReO3 (2) 
can be reduced to the Re(V)oxo dimer 2A and the reaction of glycol with either 2A or 
Cp*ReOCl2 produces Re(V)oxo(glycolato) 2B. The retro-cyclization of 2B to produce 
ethylene occurs at 150 °C under neat conditions or in refluxing toluene (Scheme 
1.9).56 Later, Gable reported the one-pot synthesis of glycolate 2B (and its derivatives) 
directly from Cp*ReO3 and studied the thermochemistry of these complexes in detail 
both by experimental and computational methods.57 

 

Scheme 1.9. Stoichiometric reactions of Cp*ReO3 analogues. 
  
 Inspired by the extensive work of Gable on reductive deoxygenation and 
retro-cyclization of 2B to 2, Andrews et al. developed a catalytic DODH reaction 
using 2 with triphenylphosphine as the stoichiometric reductant.58 Initially, a turnover 
number (TON) of 55 per rhenium was demonstrated by using less than 2 mol% of 2 
for the quantitative conversion of 1-phenyl-1,2-ethanediol to styrene in chlorobenzene 
at 90 °C (Scheme 1.10). Next to the conversion of the 1-phenyl-1,2-ethanediol 
substrate, the Cp*ReO3/PPh3 DODH system was the first ever reported rhenium 
catalyst to convert biomass-derived polyols to obtain the corresponding deoxygenated 
olefinic products. Glycerol, a byproduct from biodiesel production,52 gives 67% of 
allyl alcohol (TON = 67) with 100% selectivity in chlorobenzene at 125 °C with this 
system under non-homogeneous conditions, whereas the reaction in a homogeneous 
N-methylpyrrolidinone (NMP) solution results in only 28 TON. Also, erythritol is 
converted using PPh3 (1.1 equiv.) to 1,3-butadiene (a) (80% selectivity, TON = 25), 
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an important monomer for the polymer industry, via the intermediate formation of 3-
butene-1,2-diol (c) and cis-2-butene-1,4-diol (d). In control experiments, clean 
formation of butadiene was observed from c, whereas d is isomerized to c (in the first 
2.5 h) first and then gives butadiene. These observations represent the first report of 
what was later coined as a 1,4-DODH via rhenium-mediated isomerization (vide 
infra).  

 

Scheme 1.10. Cp*ReO3-catalyzed DODH to form olefins using PPh3 as reductant. 
  
 The proposed mechanism involves the initial reduction of 2 (Cp*ReO3) to 
Cp*ReO2 (2A’) by PPh3, followed by diol condensation of 2A’ resulting in 2B, which 
finally extrudes olefin to retrieve 2 in the catalytic cycle (Scheme 1.11a). Detailed 
kinetic studies of 1-phenyl-1,2-ethanediol conversion to styrene were carried out to 
probe the reaction mechanism. Polar solvents give low TON, mainly due to catalyst 
decomposition to a purple compound that was initially thought to be an over-reduced 
Re(III) species, but was later identified by Gable et al. as the mixed-valent mono-
cationic tetranuclear cluster 2C (Scheme 1.11b).42 The formation of 2C was shown to 
be faster in THF than in benzene by a factor 2. In addition, the relative rate of diol 
condensation (kC) over 2C formation (kD) was found to be higher in benzene (kC/kD 
≈60 vs. kC/kD ≈2 in THF). On the other hand, additives like para-toluenesulfonic acid 
(pTSA) in THF increase the yield of styrene (91%) by accelerating the condensation 
reaction (kC). The overall reaction rate turned out being independent of the 
concentrations of 1-phenyl-1,2-ethanediol and PPh3, with the extrusion of styrene 
from the glycolate intermediate 2B being rate-limiting.  
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Scheme 1.11. a) Proposed Cp*ReO3-catalyzed DODH mechanism using PPh3 b) 
proposed catalyst decomposition pathway.    
   
 Later, some insight into catalyst decomposition pathways was gained by Gable 
et al., who established the identity of 2C, which forms by the comproportionation of 2 
and 2A. In the presence of different oxygen transfer reagents (DMSO or 2), 
compound 2C can be oxidized to the green dicationic trinuclear cluster 2D. 
Deposition of insoluble purple/green ionic clusters was seen as the cause of fast catalyst 
deactivation (Scheme 1.11b). Because catalyst decomposition is initiated by the 
dimerization equilibrium of LReO2, alterations of the ligand on rhenium could lead to 
shift the equilibrium towards LReO2 and consequently to an increase in catalytic 
performance.59  
 The range of Cp-based DODH catalysts was expanded by Klein Gebbink et 
al. who reported on the use of 1,2,4-tri(tert-butyl)cyclopentadienyl trioxo-rhenium 
(CptttReO3, 3) for DODH reactions.60 The Cpttt-ligand19 is about as electron-donating 
as the Cp*-ligand,61,62 but bulkier. This was anticipated to stabilize rhenium catalysts 
by avoiding degradation to multinuclear rhenium species. At 2 mol% loading, 
CptttReO3 converts 1,2-octanediol to 1-octene (95%) at 180 °C in chlorobenzene with 
PPh3 as the reductant within 12 h, with reactions carried out in closed reaction vessels 
(Scheme 1.12). Decreasing the catalyst loading down to 0.05% a TON per rhenium of 
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1400 was achieved for this reaction, indicating the improved stability and catalytic 
performance of CptttReO3. The reaction profile shows the clean formation of 1-octene 
with only small amounts of 2-octene isomers (6%, trans/cis=1:1) being formed, which 
can be reduced to trace amounts (2% at 135 °C) or even fully suppressed at lower 
reaction temperatures. In contrast to the lower reactivity of 2 in THF solution, 3 gives 
full substrate conversion to 84% 1-octene in this solvent (with 7.6%, 2-octene isomers, 
trans/cis ≈ 1:2). An increased activity at higher reaction temperature (180 °C vs reflux 
temperature) was also observed with other phosphine reductants like PCy3 (94%) and 
P(C6F5)3 (47%). Additionally, the use of alternative reductants (3-pentanol or H2) in 
combination with 3 gives moderate yields of octenes and octane, respectively. Na2SO3 
hampers the catalytic activity to low yields of 1-octene (5%) in 24 h, whereas without 
the addition of any reductant 50% of 1-octene is obtained by the disproportionation 
of diol (section 3.3.3A). These observations illustrate that the catalytic DODH 
reaction can be carried out with a number of different reductants, including the diol 
itself.  

 

 
Scheme 1.12. CptttReO3 (3) catalyzed DODH of 1,2-octanediol to octene isomers. 
  
 Studies of the scope of the reaction revealed that, under optimized conditions 
(2 mol% catalyst, 1.1 equiv. PPh3, 135 °C, PhCl), terminal aliphatic (C8, C10, C12) 
and aromatic (styrene) diols are cleanly converted by 3 to the corresponding olefins in 
excellent yields. Reactions take place with full retention of diol configuration: cis- or 
trans-stilbene are selectively and quantitatively formed from (R,S)- or (R,R)-1,2-
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diphenyl-1,2-ethanediol, respectively. Aliphatic (4S*,4S*)-octane-4,5-diol and (3S,4S)-
tetrahydrofuran-3,4-diol provide lower yields of olefin (17−49%). Preliminary results 
on the conversion of biomass-derived polyols showed the versatile use of 3 in DODH 
reactions. High yields of allyl alcohol (91%) can be obtained selectively from glycerol, 
whereas the heterogeneous reaction mixture of erythritol in chlorobenzene results in a 
mixture of butenediols and butadiene, with the latter being the major product. 
Homogeneous reaction mixtures in pyridine result in improved product yields; at 60% 
erythritol conversion, 42% of products are obtained with 71% selectivity to 1,3-
butadiene. Moreover, following the protocol by Toste et al.63 (vide infra) using 3-
octanol as the reductant at 170 °C yields 67% 1,3-butadiene with 7% 2,5-
dihydrofuran (b) as a side product at full substrate conversion.  
 In-line with the concept of increased steric requirements for the development 
of improved DODH catalysts, Gable has studied the hydridotris(3,5-
dimethylpyrazolyl)borate complex Tp*ReO3 (4). Tp* provides a very congested 
environment around the trioxo-rhenium moiety (cone angle of Tp* = 255o) and has 
electron-donating properties that are similar to Cp* (anionic 6e- donor).64 
Nevertheless, 4 in combination with PPh3 needs 4 days to complete the conversion of 
1-phenyl-1,2-ethanediol to styrene (5 mol% 4, 1.1 equiv. PPh3 at 100 °C in toluene-
d8). In addition, the presence/formation of water slows down catalytic turnover due to 
the hydrolysis of Tp*Re(V)diolate (4B). Based on detailed kinetic studies and 
theoretical calculations on 2B and 4B, Gable proposed the olefin extrusion step to 
proceed via a metallaoxetane intermediate. Moreover, the activation barrier for rate-
limiting olefin extrusion was found to be slightly higher (2−4 kcal/mol) for the Tp* 
complex than for the Cp*-complex. (i.e., for ethylene extrusion ΔH‡ = 28 and 32 
kcal/mol for 2 and 4, respectively).65,66 The proposed three-step mechanism of DODH 
mediated by Tp*ReO3/PPh3 is parallels that of the Cp*ReO3/PPh3 system.  
 Catalytic DODH of polyols to the corresponding olefins was also found to 
proceed with 4 albeit to a lesser extent than with the Cp-based systems. Using typical 
reaction conditions (5 mol% 4, 1.1 equiv. PPh3 at 121 °C in toluene-d8 for 24 h), 40% 
conversion of erythritol is achieved toward a mixture of butadiene (a), 3-butene-1,2-
diol (c), and cis-2-butene-1,4-diol (d) in a ratio of a/c/d = 1.6/7.2/1, whereas threitol 
conversion proceeds to an even lower extent but without the formation of d (21%, 
a/c/d = 1/1.4/0). The anticipated high activation energy for extrusion of trans-2,3-
diolate or the isomerization of d to c seems to hamper further conversion under the 
reaction conditions.68,69 It is noted that cis- and trans-butenediols (c, d) were formed as 
the side products in different (polar/apolar) solvents, whereas 2,5-dihydrofuran (b) 
alone was formed as the side product in 3-octanol.  
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 In summary, building on the pioneering work of Cook and Andrews58 on 
DODH mediated by Cp*ReO3, a small number of Cp- and Tp-based oxo-rhenium 
compounds have been shown to act as catalysts for this reaction. Trioxo-rhenium 
compounds supported by organic ligands23,24 offer a unique opportunity for the 
systematic improvement of DODH catalysts by ligand design. Based on our current 
understanding of the reaction mechanism, a key aspect in further studies is the 
incorporation of steric protection to avoid rhenium cluster formation while 
maintaining − or, better, lowering − the activation barrier for the rate-limiting olefin 
extrusion.59 
 
1.3.2. MTO-catalyzed DODH 
 Next to Cp and Tp-based catalysts, readily available compounds such as 
MTO and perrhenate are good candidates for the development of practical, scalable 
processes. Hence, there has recently been a surge of research on their application to 
DODH reactions. In particular, these simple catalysts have been used as benchmark 
systems to broaden the scope of the reaction in terms of the stoichiometric reductant, 
moving from triphenylphosphine to more available and environmentally benign 
compounds. The following section covers recent developments in this area. 
 
1.3.2.1. MTO/H2 system 
 The first report on the use of MTO for catalytic DODH reactions focuses on 
the use of molecular hydrogen as the reducing agent, which at forehand seems the 
most practical and cheap reductant for these reactions. In this report, Abu-Omar et al. 
studied the transformation of epoxides and diols to olefins using 5−10 mol% MTO as 
the catalyst under medium hydrogen pressures (5−20 bar).70 Under these reaction 
conditions, cis-1,2-cyclohexanediol is converted to cyclohexene in 60% yield and a 
small amount of fully reduced cyclohexane (3%), with the remaining substrate being a 
mixture of 1,2-cyclohexanediols (trans/cis = 4). Trans-cyclohexanediol, on the other 
hand, was found not to be reactive at all. For erythritol charring only occurs under 
these reaction conditions. Anhydroerythritol, the dehydrative cyclisation product of 
erythritol, provides some 2,5-dihydrofuran (25%) with a small amount of THF (5%) 
at 34 bar H2 in dioxane. In addition, epoxides are conveniently deoxygenated to high 
yields of olefins by the MTO/H2 system. In THF, 1-hexane oxide can be 
deoxygenated to 1-hexene (95%) at 5.5 bar H2 pressure within 8 h. At an increased H2 
pressure of 21 bar, n-hexane (96%) is obtained in 8 h, whereas a mixture of 1-hexene 
(76%) and hexane (18%) is obtained after 4 h of reaction time. These observations 
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clearly demonstrate that MTO in combination with H2 gives access to an effective 
DODH catalyst as well as to an effective, albeit slow hydrogenation catalyst.  
 The reaction profile for the deoxygenation of styrene oxide was studied in 
details: it initially shows the formation of 1-phenyl-1,2-ethanediol (due to the presence 
of water) in addition to styrene. Close to depletion of styrene oxide (at 80% 
conversion in 3 h), the formed 1-phenyl-1,2-ethanediol is also started transforming to
styrene (80% in 5 h), which is completely reduced to ethyl benzene at an extended 
reaction time of 16 h (Scheme 1.13, Figure 1.1). 
 

  
Scheme 1.13. MTO/H2 system for deoxygenation of styrene oxide  

 

 
Figure 1.1. Reaction profile of MTO-catalyzed styrene oxide deoxygenation under 
hydrogen pressure (20 bar) at 150 °C in THF (picture adapted from Ref. 70). 
  
 The reaction mechanism was proposed to involve the initial reduction of 
MTO to MDO by hydrogen, followed by coordination of the epoxide or diol 
substrate to form a Re(V)diolate (1C), and final extrusion of the olefin product via the 
metallaoxetane intermediate (1B’) (Scheme 1.14). 
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Scheme 1.14. Postulated mechanism for MTO reduction by H2 . 
  
 Later, Bi et al.71 evaluated this proposed reaction pathway by means of DFT 
calculations. According to these, addition of hydrogen to MTO happens via a [2+3] 
rather than a [2+2] cycloaddition pathway (i.e., H−H + O=Re=O). However, the 
direct addition of H2 to MTO is endothermic (ΔH‡ = 43.5 kcal/mol), and also the 
addition of H2 to epoxide- or THF-coordinated MTO through a [2+3] cycloaddition 
is found to be unfavorable (ΔH‡ = 41–42 kcal/mol). Therefore, the pathway via the 
reduction of MTO by H2 as proposed by Abu-Omar was ruled out based on these 
calculations. Instead, the reduction step was proposed to be the formation of the 
Re(V)(OH)(alkoxo) species 1E by reaction of dihydrogen with Re(VII)diolate 1D. 
The latter can be formed either by a [2σ−2π] cycloaddition of an MTO-coordinated 
epoxide or by reaction of 1-phenylethane-1,2-diol with MTO. H2 addition to 1D then 
occurs via a [2+3] cycloaddition pathway to obtain 1E, which is stabilized by a dative 
bond of the β-hydroxyl group of the alkoxo fragment. Subsequent proton transfer 
takes place from this axial β-hydroxyl group to the equatorial hydroxo ligand. Release 
of the olefin product via a concerted elimination pathway from the resulting 
Re(V)diolate(aquo) adduct 1F is favored over elimination from the corresponding 
water free Re(V)diolate (1C) species (Scheme 1.15).  
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Scheme 1.15. DFT calculated mechanism of MTO-catalyzed deoxygenation of 
epoxide using H2 reductant. 
  
 The experimentally observed formation of diol from the epoxide substrate and 
its subsequent transformation are explained by a fast equilibrium between 
Re(VII)diolate 1D and the diol in the presence of water. Because addition of H2 to 1D 
is slow, the competitive reaction with water cleaves the five-membered diolate ring in 
1D to form MTO and the diol (Scheme 1.15).  
 
1.3.2.2. ZReO3,4/sulfite DODH system  
 Inorganic sulfites and bisulfites are relatively cheap and accessible, easy to 
store and use, and the inorganic sulfate byproduct by means of easy separation makes a 
sulfite-driven catalytic DODH system attractive. The group of Nicholas reported 
detailed investigations on the use of sulfites as the reductant for DODH reactions 
catalyzed by MTO and perrhenates (ZReO4).72,73 Reactions carried out in benzene at 
150 °C take relatively long (4 h to 4 days) to completely convert diol substrates and 
yields for the corresponding olefins are moderate with minor quantities of etheric 
dehydration products. Even though sulfites are soluble only in polar and hydroxyl 
solvents, the use of such solvents results in as little as 10−15% or no substrate 
conversion, which was attributed to the inhibition of MTO by solvent coordination. 
The conversion of 1-phenyl-1,2-ethanediol to styrene (23−71%) was optimized in 
benzene (0.2 M substrate) with different oxo-rhenium catalysts (8−10 mol% of MTO, 
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NaReO4, NH4ReO4, Bu4NReO4, or Re2O7) in combination with 1.5 equiv. of 
Na2SO3 at 150 °C. MTO and Bu4NReO4 give the best catalytic performances amongst 
these catalysts and further studies on the conversion of aliphatic diols (1,2-octanediol, 
1,2-decanediol and 1,2-dodecanediol) were, accordingly, carried out with these two 
catalysts. Aliphatic diols were found to be less reactive compared to 1-phenyl-1,2-
ethanediol, requiring longer reaction times with moderate product yields (e.g., 1,2-
octanediol needs 7 days to obtain 38% 1-octene at 95% conversion). Though there 
were no significant improvements in product yields, addition of 15-crown-5 in 
benzene lowered the reaction time considerably (from 40 to 21 h for 1,2-octanediol 
conversion). Both MTO and Bu4NReO4 provide high olefin yields (60−89%) for 
aliphatic diols in the benzene/15-crown-5 system at 150 °C in 45−110 h. Due to the 
Lewis acidic nature of MTO, different pyridine-based N-donors retard the catalytic 
reactions (similarly to what is observed for rhenium-catalyzed dehydration reactions) 
by the known-pathway to adduct formation.74,75 Cis-cyclohexanediol is converted into 
cyclohexene in modest yields (18 and 25% for MTO and Bu4NReO4, respectively), 
whereas the trans-isomer does not react as earlier noted for MTO/H2. Nonetheless, a 
considerable amount of cis- to trans-diol isomerization was observed under the reaction 
conditions. In case of the acyclic substrate (+)-diethyl L-tartrate, retention of 
configuration to form the trans-product diethyl fumarate was observed at a moderate 
yield (35%). Treatment of erythritol results in butadiene (a) as the major product, 
together with the minor products 2,5-dihydrofuran (b) and 2-butene-1,4-diol (d). In 
this case product yields are higher for Bu4NReO4 (a/b/d=27/6/5) than for MTO 
(a/b/d=14/2/5).  

 

 
Scheme 1.16. Schematic representation of erythritol reactivity for sulfite-driven 
DODH. 
  
 The product selectivity was explained by the fast initial formation of 3-
butene-1,2-diol (c) followed by subsequent butadiene formation. On the other hand, 
initial DODH of the internal vicinal diol to produce 2-butene-1,4-diol (d) seems to 
proceed slowly, which explains the small amounts of 2,5-dihydrofuran (b)  side 
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product by dehydrative cyclization (Scheme 1.16). The isomerization of d to c that 
occurs in the Cp*ReO3/PPh3 system is not observed with MTO or Bu4NReO4 in 
combination with Na2SO3. Treatment of glycerol with Na2SO3 and 10% NaReO4 at 
150−160 °C in a distillation setup forms 15% allyl alcohol together with a dark viscous 
residue. Under neat conditions (no solvent) in a closed reaction tube, 60% 1-octene 
can be obtained from 1,2-octanediol within 20 h. From the outcome of all these 
studies, the effect of the cations associated with perrhenates (Z+ReO4

−) on catalysis is 
not clearly understood. The reactivity in epoxide deoxygenations with Na2SO3 as the 
reductant illustrates this notion best. In the deoxygenation of styrene oxide and 
cyclohexane oxide (at 150 °C in benzene) NH4ReO4 gives low olefin yields of 20% 
and 15%, respectively, whereas NaReO4 is not at all active in these reactions.  

 

 
Scheme 1.17. Proposed mechanism for MTO/sulfite DODH system.  
  
 The mechanism of the MTO/Na2SO3 catalyzed DODH was initially 
proposed to involve a pivotal Re(V)diolate intermediate (1C), which can be either 
formed via initial glycol condensation with MTO followed by reduction of the 
resulting Re(VII)diolate (1D) with sulfite or vice versa via reduction followed by 
condensation.73 Room temperature equilibrium formation of 1D was earlier known to 
occur by diol condensation with MTO.96,97 In their mechanistic study, Nicholas and 
co-workers investigated the MTO/sulfite system by means of in situ 1H NMR 
spectroscopy, using the more soluble (Bu4N)2SO3 as the reductant. 1D reacts readily at 
RT with PPh3 (<10 min) but slowly with (Bu4N)2SO3 (24 h) to produce a reduced 
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Re(V)diolate 1C in an oligomerization equilibrium with the dimer 1C’ and/or its 
isomers. Thermolysis of this mixture at 60−100 °C releases styrene in the proposed 
rate-limiting reaction (scheme 1.17). 
 Another recent report from the same group uses DFT calculations to further 
investigate the reaction pathways of DODH mediated by the MTO/Na2SO3 system,76 
identifying a lower energy pathway in which a rhenium sulfate complex is the active 
species: attack of sulfite (NaSO3

−) at a Re=O bond of MTO forms 
MeRe(V)O2(OSO3Na)− (1G) as the first step of reaction. The Re−O−SO3 bond stays 
intact throughout the calculated DODH cycle. Accordingly, these studies predict 
initial mono-sulfite coordination to MTO, followed by glycol condensation to form 
Re(V)diolate(OSO3Na)(H2O)− (1H) and subsequent fragmentation of 1H to release 
the olefin product and MTO(OSO3Na)− (1I). The olefin extrusion step in this 
sequence is rate-limiting (ΔG‡ = 33 kcal/mol). Finally, NaSO4

− is released from 1I to 
regenerate MTO back to the cycle (Scheme 1.18).  

 
Scheme 1.18. DFT calculated DODH pathways for MTO/Na2SO3 system (adapted 
from Ref. 76). 
 
1.3.2.3. DODH of [Re]/alcohol system 
 The use of alcohols as reductant has been studied in detail by many different 
research teams. Starting from diol disproportionation reaction followed by DODH 
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with alcohol as external reductant and the corresponding mechanistic proposals are 
critically reviewed in the following sections. 

1.3.2.3A. Disproportionation reactions 
 In 2010, Bergman and Ellman reported on the use of low-valent rhenium 
carbonyl compounds (Re2(CO)10, BrRe(CO)5) to obtain olefins without an external 
reductant from a variety of vicinal diols.77 This phenomenon can be explained by 
disproportionation reactions in which the diol is both the oxidant and the reductant. 
Oxidation of the diol by two or four electrons would result in the respective formation 
of either hydroxyketone or diketone byproducts associated with maximum olefin yields 
of 50% or 67%, respectively (Scheme 1.19). Arguably, depending on the reactivity of 
the formed hydroxyketone, further consecutive hydrogen transfer can take place from 
the former or the latter. These reactive ketone products are generally difficult to 
quantify due to further uncontrolled reactions like aldol condensation and 
oligomerization/polymerization under the reaction conditions. Therefore, the 
chemoselectivity for the overall yield (ranging 50–67%) is rather difficult to estimate. 
In most of the cases the olefin yield is less than 50%, which suggests that the diol is a 
more efficient reductant than the hydroxyketone.  

 

 
Scheme 1.19. Possible disproportionation reactions of diols to olefins.   

 The conversion of 4,5-octanediol to 4-octene (50%) and 1,2-tetradecanediol 
to 1-tetradecene (48–52%) were obtained in the presence of Re2(CO)10 (2.5 mol%) at 
180 °C under air in 3.5 h. The formation of diketone compounds was evidenced by 
NMR and GC−MS but these products could not be quantified because of further 
decomposition. Other observations include that the reaction proceeds above 170 °C in 
an air atmosphere in the presence of Re2(CO)10 (2.5 mol%), whereas the reaction does 
not work under air-free conditions (N2 atmosphere). This observation parallels a 
similar observation on the role of oxygen on rhenium-catalyzed dehydration reactions 
(section 1.2).47 
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Scheme 1.20. Catalytic disproportionation of vicinal diols to olefins. 
  
 In 2011, Fernandes et al. observed the formation of styrene from 1-phenyl-
1,2-ethanediol in moderate yields using oxo-rhenium catalysts (ReIO2(PPh3)2, 
ReOCl3(PPh3)2 and Re2O7) as part of their study on rhenium-catalyzed epoxide 
deoxygenation.40 Using 10 mol% of catalyst, different aryl-substituted epoxides were 
deoxygenated (refluxing in toluene under air for 15 min−2 h) to olefins (30−78%) 
without adding any external reductants. Access to internal reductants is brought about 
by ring opening of styrene oxide to 1-phenyl-1,2-ethanediol during the course of 
reaction, as was also observed for the MTO/H2 system (vide supra).  
 Following the initial observations of disproportionation of diols by Bergman 
and Ellman, Abu-Omar et al. have employed 2 mol% MTO to obtain cyclohexene 
(61%) from cis-cyclohexanediol and the corresponding oxidized diketone products 
(Scheme 1.20b.) With MTO (2 mol%) as the catalyst, disproportionation of glycerol 
to allyl alcohol was also obtained through reactive distillation. Dihydroxyacetone, the 
initial oxidation product, is quite reactive and was found to transform into polymeric 
products under the reaction conditions, which made the quantification of primary 
oxidation products impossible. The volatile products correspond to an overall yield of 
37% of olefinic products and the ratio for allyl alcohol:propanal:acrolein = 1:0.22:0.15 
(Scheme 1.21). Interestingly, NH4ReO4 (5 mol%) gives a comparable product yield 
(40%), while other perrhenate catalysts NaReO4 and KReO4 result in very low yields 
under the same reaction conditions. Addition of an equimolar amount of NH4Cl or 
HCl to NaReO4 increases the overall yield in volatile products to 46−48%. No 
significant effects of additives on reactions carried out with MTO were observed, while 
the addition of NaCl or KCl to NH4ReO4 reduces the catalyst’s productivity or does 
not affect it, respectively.  
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Scheme 1.21. MTO-catalyzed disproportionation of glycerol to volatile products. 
 
 Later d’Alessandro et al. expanded the scope of glycerol conversion under flow 
of bubbling N2, air or H2 to collect the volatile products in an ice-cooled water trap.78 
Disproportionation of neat glycerol at 140 °C (8−16 h) under H2 bubbling results in a 
maximum yield of allyl alcohol of 34% and 32%, when 2 mol% of ReO3 or MTO are 
employed as the catalyst, respectively. At higher temperature (170 °C), the selectivity 
of allyl alcohol {ReO3 (30%) and MTO (25%)} decreases due to minor amounts of 
acrolein, diallyl ether and allyl formate side product formation. Other catalysts such as 
NH4ReO4 and Cp*ReO3 give traces of allyl alcohol at 140 °C and 5−21% at 170 °C. 
In all cases, air/N2 bubbling results in lower selectivity to allyl alcohol than H2 
bubbling. The addition of alcohol as reductant/solvent significantly improves the yield 
in 2,5-dimethyl-3-pentanol (ReO3, MTO = 91, 87%) and 1-hexanol (ReO3, MTO = 
70, 22%) at 140 °C under H2 bubbling, whereas relatively low yields are obtained 
under air bubbling (2,5-dimethyl-3-pentanol: ReO3, MTO = 64, 61%; 1-hexanol: 
ReO3, MTO = 20, 28%). Other tested solvents with MTO at 170 °C result in 
significant amount of acrolein product in addition to allyl alcohol; allyl 
alcohol/acrolein (yield %) = 25/7 (2-octanol), 31/26 (1,3-propanediol) and 7/7 
(sulpholane). Because complete demethylation of MTO was observed in NMR during 
the induction period (<1 h), the polymeric rhenium oxide (ReO3) or poly-MTO19 are 
suggested to be involved in catalysis. The overall combined observations that diols may 
serve as their own reductant in what is a formal disproportionation reaction and that 
higher boiling secondary alcohols can be used as sacrificial reductants in rhenium-
catalyzed DODH reactions have spurred the interest in the further development of this 
catalytic chemistry for the DODH of diols and of bio-derived ployols.  

1.3.2.3B. Catalytic DODH with MTO/alcohol systems 
 During the investigation of Re2(CO)10-catalyzed disproportionation of diols 
(vide supra),77 Bergman and Ellman have found that adding an excess (9−13 equiv.) of 
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a higher chain secondary alcohol (e.g., 3-octanol, 2-octanol or 3-nonanol) as an 
external reductant enhances the overall reactivity to obtain excellent olefin yields 
(>80%) within 4 h. The presence of a Brønsted acid (pTSA or H2SO4) in combination 
with 3-octanol allows for the reaction to proceed at a lower temperature (~155 °C), 
lower catalyst loading (1%) and shorter reaction times (1.5 h). These reactions were 
postulated to proceed via air oxidation of the starting rhenium carbonyls to oxo-
rhenium compounds, amongst which may in fact be the real catalyst for the reactions. 
Once again, olefin formation is observed for the cis-isomer of 1,2-cyclohexanediol 
(72%), while the trans-isomer stays untouched with BrRe(CO)5/3-octanol at 170 °C. 
Applying Re2(CO)10/3-octanol/pTSA (12 h at 160 °C) to erythritol results in 62% of 
2,5-dihydrofuran (b), but no butadiene (Scheme 1.22). The reaction pathway is 
assumed to involve the initial acid-catalyzed cyclodehydration of erythritol to 1,4-
anhydroerythritol, followed by DODH to form b. The significant enhancement in 
catalytic performance by the addition of acid is proposed to originate from facilitated 
olefin extrusion through protonation of the rhenium diolate intermediate. Also, 
Nicholas et al. tested Bu4NReO4 (10 mol% at 150 °C in benzene) with alcohol as 
reductant for the conversion of 1-phenyl-1,2-ethanediol to styrene.73 The use of 2,4-
dimethyl-3-pentanol results in 55% styrene in 4 h, whereas n-butanol does not result 
in any product formation at all even after 22 h. 

    
Scheme 1.22. Conversion of erythritol to 2,5-dihydrofuran by using Re2(CO)10/3-
octanol.  
  
 In 2012, Toste and coworkers reported on the use of MTO in a number of 
different DODH reactions in which an excess (10 equiv.) of a secondary alcohol is 
used as the reductant as well as solvent, with reactions being carried out in a closed 
vessel at temperatures above 170 °C.58 3-octanol or 3-pentanol were found to be the 
best reductants amongst a series of tested alcohols for anhydroerythritol conversion to 
2,5-dihydrofuran (b). In addition to the expected 3-octanone/3-pentanone resulting 
from oxidative dehydrogenation, octene/pentene isomers are formed next to the 
desired DODH product as the result of dehydration reactions. A series of different 
sugar-derived polyols can be converted to the corresponding olefins and polyenes 
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(Scheme 1.23). Glycerol is selectively converted to allyl alcohol (90%) with the 
MTO/3-octanol system and 1,3-butadiene was obtained from the corresponding 
tetritol. Both C4-polyol isomers can be used to obtain butadiene in excellent yields, 
i.e., 89 and 81% butadiene yield is obtained at full conversion from erythritol and 
threitol, respectively. Next to butadiene, 11% of 2,5-dihydrofuran (b) is formed from 
erythritol, which is the result of a sequential DODH to form 2-butene-1,4-diol (d) 
followed by dehydration or vice versa (vide infra). On the other hand, the dehydrated 
product from threitol, anhydrothreitol, is formed as a reaction product in 13% yield, 
because the trans-orientation of the hydroxyl groups in cyclic anhydroerythritol 
prevents facile extrusion of an olefin product from the corresponding rhenium-diolate 
intermediate (vide infra).68  

 

 
Scheme 1.23. MTO-catalyzed DODH of biomass-derived polyols to olefins.  
  
 In a similar way, at a six times lower concentration of polyol in 3-pentanol 
(0.05 M instead of 0.3 M) different isomers of C5-polyols (xylitol (61%), D-arabinitol 
(43%) and ribitol (33%)) can be converted with the MTO/3-pentanol system into 
pentadienol isomers, which are transformed to etheric compounds by reaction with the 
excess of alcohol reductant. (E)-1,3,5-hexatriene, an interesting polymer precursor,79 
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can be obtained in 54% yield as the only observed product from both D-conformers of 
C6-polyols (D-sorbitol and D-mannitol).  
 Nearly at the same time, independent work from the group of Abu-Omar also 
demonstrated the use of MTO (2 mol%) in combination with a slight excess of 3-
octanol (1.5 equiv.) for the conversion of glycerol into volatile products (52%), mainly 
resulting in allyl alcohol, and minor amounts of acrolein and propanal (observed 
relative ratio 1:0.07:0.02).80 In this case, reactions were performed at 165 °C in a 
distillation setup and all volatile products were collected within 1 h. This study also 
showed that other alcohols such as 1-heptanol, 1-cyclohexanol, 1,3- and 1,2-
propanediol can be utilized as the sacrificial reductant. Under the same reaction 
conditions with 3-octanol as reductant, NH4ReO4 (5 mol%) was also found to be a 
good catalyst to obtain 74% of C3-volatile products from glycerol in a ratio of 
1:0.02:0.01 (allyl alcohol:acrolein:propanal). On the other hand, the conversion of 
erythritol via reactive distillation in combination with a primary alcohol (1-heptanol) 
as the reductant does not result in butadiene formation, but instead mainly produces 
2,5-dihydrofuran (b) and a minor amount of crotonaldehyde (e) (58%, b:e =1:0.28). 
Reacting threitol under these conditions only results in 7% of crotonaldehyde (Scheme 
1.24).  

 

 
Scheme 1.24. MTO-catalyzed erythritol conversion using 1-heptanol by reactive 
distillation. 
  
 Toste et al. have applied the above-mentioned MTO/sec-alcohol DODH 
system to a number of other bio-derived substrates, thereby showing the synthetic 
potential of this catalytic system. Reaction of the cyclic C6-polyol inositol results in a 
mixture of benzene and phenol through three consecutive DODH reactions, and two 
consecutive DODH reactions and one dehydration reaction, respectively (Scheme 
1.25).58 Different isomers of inositol give moderate to excellent overall yields 
(24−96%) of a mixture of benzene (17−64%) and phenol (7−32%) after 30 min at 
200 °C. The ratio of benzene to phenol varies from 1.4 to 3.3 depending on the 
isomer of inositol used in this reaction.  
 Sugars are another interesting substrate class because these constitute a major 
part of biomass feedstocks and can be obtained rather straightforwardly. D-configured 
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tetrose and hexose can be completely deoxygenated with the MTO/sec-alcohol system 
to obtain furan derivatives, again through a combination of DODH and dehydration 
reaction steps. D-erythrose and D-threose provide 60 and 47% of the corresponding 
furan, whereas different isomers of D-hexose give a mixture of furan (16−27%) and 
vinyl furan (8−13%). Although the vinyl furan is the anticipated product in these 
reactions, retro-aldol pathways can lead to a furan compound (Scheme 1.25). 
 In general, DODH reactions require a 1,2-configured diol moiety to take 
place. Moreover, the specific stereoconfiguration is crucial in cyclic vicinal diols as 
shown by several examples of difference in reactivity of the cis- and trans-1,2-
cyclohexanediol isomers. As shown for the conversion of erythritol to 1,3-butadiene, 2-
butene-1,4-diol (d) is formed as one of the intermediate products. This 1,4-diol may 
undergo a dehydrative cyclization reaction to form 2,5-dihydrofuran (b), which is a 
typical side product for many catalytic DODH systems. Nonetheless, reaction profile 
analysis for a number of catalysts has shown that the 1,4-diol is not per se a dead-end of 
the reaction sequence and may be taken further to form the desired diene. 

 

 
Scheme 1.25. MTO-catalyzed DODH to produce aromatics and furans from inositol 
and sugars. 
   
 Though Cp*ReO3-catalyzed isomerization of 2-butene-1,4-diol (d) to 3-
butene-1,2-diol (c) was earlier observed under DODH reaction conditions,58 a recent 
study from the Toste group has addressed this issue further through an investigation of 
so-called 1,4-DODH and 1,6-DODH reactions (Scheme 1.26).69 MTO and other 
oxo-rhenium catalysts are known to catalyze the [1,3]-OH shift of allylic alcohols,81−85 
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which makes this rhenium-mediated isomerization reaction in tandem with DODH 
reactions a powerful synthetic tool for biomass valorization. Both cis- and trans-2-
butene-1,4-diol give 1,3-butadiene (70%) as the main product within 30 min at 170 
°C, using 2.5 mol% MTO in 3-pentanol. Similar reactivity is observed for substituted 
and cyclic 1,4-diols, as well as for cis,cis-muconic alcohol which afforded (E)-1,3,5-
hexatriene (1,6-DODH). Under similar reaction conditions, (Z)-4-methoxy-2-butene-
1-ol does not give butadiene, which shows the requirement of two OH groups. 

 

 
Scheme 1.26. MTO-catalyzed [1,4]- and [1,6]-DODH to produce olefins. 
  
 A plausible mechanism for the rhenium-mediated [1,3]-OH shift of allylic 
alcohols includes the coordination of the alcohol to MTO to form 
alkoxy(hydroxy)rhenium species via proton transfer to a oxo-rhenium fragment, 
followed by concerted proton exchange, as shown in Scheme 1.27 for 2-butene-1,4-
diol. All steps involved in this isomerization reaction are considered to be in 
equilibrium.  

 

Scheme 1.27. MTO-mediated isomerization of butene-diols. 
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 In the same report, Toste et al. elaborated on the use of DODH reactions to 
synthesize interesting chemical scaffolds/building blocks starting from biomass derived 
polyol compounds. As an example, mucic acid was used to produce muconic acid, 
which is a widely used precursor for adipic acid and other industrially important 
products like terephthalic acid and 1,6-hexanediol. Muconic acid can be obtained in 
43% yield with a small amount of diester byproduct (14%) using the MTO/3-
pentanol system. Alternatively, the use of perrhenic acid in combination with n-
butanol enables both DODH and esterification reactions to obtain dibutyl muconate 
(62%), which can be further hydrogenated using Pd/C to obtain dibutyl adipate in a 
simple one-pot two-step procedure (Scheme 1.28). Another recent report by the group 
of Su and Zhang expands this reaction further to obtain nearly quantitative yields 
(99%) of adipic acid esters (mixture of monoester and diester) by using 5 mol% 
MTO/3-pentanol at lower reaction temperatures (120 °C).86 Mucic acid is first 
converted to the monoester followed by the diester in 24 h, resulting in 99% yield for 
this mixture of ester compounds. It is very selective yet a slower reaction than at 180 
°C (67% in 20 h for MTO/3-octanol) under flowing N2, whereas faster rates occur 
with air flow (96% in 24 h) and much faster reaction rates by using a water separator 
reaction set up (99% in 8 h). Following the reaction profile starting from 
diethylmucate with 3-pentanol evidences ester group exchange occurrence before the 
DODH reaction sequence proceeds.  
 

 
Scheme 1.28. DODH of mucic acid to muconic acid and adipic acid esters. 
  
 The use of an alcohol as both solvent and sacrificial reductant facilitates 
DODH reactions in a number of ways (i.e., higher solubility of polyols at high 
temperature, assisting the initial reduction of precatalyst). In addition to the 
advantageous solubility of polyol substrates in alcohols, the ketones that are formed in 
the dehydrogenative oxidation may be reduced back to the alcohols stage, e.g., via 
hydrogenation with H2, in order to recycle the reductant. In such cases a proper 
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separation protocol of ketone compounds is essential. In this respect, Nicholas et al. 
reported on the use of benzyl alcohol as the stoichiometric reductant for DODH 
reactions in combination with NH4ReO4 (2.5−10 mol%) as the catalyst.87 Reactions 
were carried out in different aromatic solvents to evaluate a number of substituted 
benzyl alcohol as reductants, which showed that neutral to moderately electron-rich 
benzyl alcohols seem best suited for this purpose. The combination of NH4ReO4 and 
benzyl alcohol was shown to give consistent product yield for diethyl fumarate 
(80−85%) from (+)-diethyl tartrate, for six recycling experiments (after an initial drop 
of 15%), by following a so-called ‘react-cool-recharge’ procedure in a batch reaction 
(i.e., quantitatively precipitated NH4ReO4 at RT is charged again) (Scheme 1.29). 

 

 
Scheme 1.29. NH4ReO4/benzyl alcohol catalyzed DODH of (+)-diethyl L-tartrate to 
diethyl fumarate. 
  
 The product separation is demonstrated conveniently by using NaHSO3 that 
forms an adduct with benzaldehyde (oxidized product of reductant) followed by 
filtration and solvent evaporation resulted in olefins. Treating the benzaldehyde adduct 
with NaHCO3 in ethyl acetate then releases benzaldehyde (Scheme 1.30). 
 

    
Scheme 1.30. Product separation process for NH4ReO4/benzyl alcohol system 
(adapted from Ref. 22). 
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 Srivastava et al. reported a similar DODH reaction by using 10% MTO with 
5-nonanol (<2 equiv.) as reductant in benzene solvent at 90 °C in 24 h.88 1-phenyl-
1,2-ethanol (97%) and styrene oxide (99%) are conveniently transformed to styrene, 
whereas aliphatic diols and epoxide give low to moderate olefin yields even at high 
temperature (140−150 °C): 1,2-hexanediol (10%), cis-cyclohexanediol (15%), 1,2-
tetradecaendiol (50%), 1-hexaneoxide (17%) and cyclohexaneoxide (54%).  
 
1.3.2.3C. Mechanism of DODH in the MTO/alcohol system 
 The interest in oxo-rhenium catalyzed DODH (and transfer hydrogenation) 
reactions with alcohols as the sacrificial reductant has lead to a number of experimental 
and computational studies on the mechanism of these reactions. These studies outline 
a number of possible reaction pathways, various high-valent rhenium intermediates 
that are likely to play an active role, and different overall energy barriers for the 
DODH reaction. The DODH reaction sequence is generally thought to follow the 
steps proposed by Andrews for the Cp*ReO3-catalyzed reactions with phosphine 
reductants and involves: a) reductive deoxygenation of the starting trioxo-rhenium 
species to a Re(V)dioxo intermediate, b) diol condensation to form a Re(V)diolate 
with release of water, and c) oxidative extrusion of the olefin product from the 
Re(V)diolate intermediate with formation of the trioxo-rhenium species to complete 
the catalytic cycle. In the mechanism proposed by Toste et al. for the MTO/sec-alcohol 
system, the alcohol would reduce MTO to MDO, which was confirmed by trapping 
MDO by an alkyne to result in a stable MDO-alkyne species (Scheme 1.31). The 
energy barrier of this activation step seems high, as alcohol reduction of MTO to 
MDO occurs only at temperatures above 150 °C.  
 

 
Scheme 1.31. Alkyne-trapped MDO intermediate formation from 3-pentanol and 
MTO. 
  
 With this information in hand, Toste et al. postulated the mechanism shown 
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diol leading to Re(V)diolate (1C), followed by the final extrusion of the olefin product 
from 1C, which was also considered as rate-contributing.69 

 

 
Scheme 1.32. Proposed DODH mechanism involving MDO as the active species.  
  
 This mechanism is in stark contrast with the mechanism proposed by Abu-
Omar et al. for the disproportionation of glycerol on the basis of a first-order 
dependence of the reaction rate both on glycerol and MTO and of a kinetic isotope 
effect of 2.4 found for the DODH of d5-glycerol(OH)3 indicative of a rate-limiting C-
H bond breakage, which involves a Re(VII) diolate as the active species and follows the 
b)→a) →c) sequence (i.e., condensation→reduction→extrusion).80 Later, these two 
DODH reaction pathways were evaluated by DFT calculations by Wang et al.68   

 The calculations show that the reaction is overall thermodynamically 
favorable (ΔG= −25.6 kcal/mol). The activation barriers corresponding to the ‘a)→b)’ 
(reduction→condensation) and the ‘b)→a)’ (condensation→reduction) pathways were 
calculated to be ΔG‡ = 45.2 and 53 kcal/mol, respectively. However, a lower free 
enthalpy of activation (ΔG‡ = 39.2 kcal/mol) was calculated for alternative pathway 
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which forms by transfer hydrogenation of MTO by the alcohol. The C−O bond 
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concerted extrusion pathway (Scheme 1.33). The absence of DODH reactivity for 
cyclic trans-diols is explained from the calculated inaccessible energy barrier (ΔG‡ = 
69.9 kcal/mol) for olefin extrusion under DODH reaction conditions. 
 

 
Scheme 1.33. DFT calculated DODH mechanistic pathway for MTO/3-octanol via 
MODH intermediate.  
  
  Su, Zhang and coworkers also used DFT calculations to provide more 
insights into the MTO/alcohol system, mainly for mucic acid conversion to muconic 
acid. Their DFT calculations also suggest the formation MODH (7.8 kcal/mol) as the 
active species rather than MDO (19.4 kcal/mol), which require activation barriers of 
ΔG‡ = 39.6 and 47.5 kcal/mol, respectively.86 Initial DODH of mucic acid proceeds 
with MODH involving the α/β-hydroxyl groups rather than the α/γ-positions, with 
relative free enthalpies of activation (ΔG‡) of 21.2 and 29.5 kcal/mol, respectively. The 
consecutive second DODH is much easier than the first DODH to produce the end 
product muconic acid, with relative free enthalpies of activation (ΔG‡) of 17.6 and 
21.2 kcal/mol, respectively. From all the DFT calculations for different 
MTO/reductant DODH systems, reduction of Re(VII) to Re(V) is found rate-
limiting: ΔG‡ = 34.1 and 39.2 kcal/mol for MTO/H2 and MTO/alcohol, respectively, 
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whereas for the MTO/sulfite system final olefin extrusion (ΔG‡ = 33 kcal/mol) is rate-
limiting.  
 Later, Abu-Omar et al. proposed an alternative DODH pathway for the 
conversion of hydrobenzoin to stilbene with MTO or MDO L2 (L = PCy3, PPh3) as 
the catalysts and 3-octanol as the reductant at 140 °C.87 There is an induction period 
(10 min) for stilbene formation starting from MTO, whereas immediate reaction 
occurs by using Re(V)complexes MDO L2. Formation of benzaldehyde is observed 
when heating the Re(VII)diolate (1D) at 140 °C in a separate experiment, without the 
formation of styrene. The actual catalysis therefore is proposed to proceed through 
MDO, MTO not taking part in the catalytic cycle. Additionally, kinetic data show a 
half-order rate dependence on [Re], which is explained by the dimeric form of MDO. 
A small primary kinetic isotope effect of 1.4 with 3-D-octanol suggest the rate-limiting 
reduction of 1C, and from the obtained thermodynamic activation parameters (ΔH‡ = 
16 ± 3 kcal/mol, ΔS‡ = −36.8 ± 7.9 kcal/mol・K), the large activation entropy supports 
the bimolecular transition state. On the basis of these data, the mechanism was 
proposed to involve a monomer−dimer equilibrium for the reduction of Re(V)diolate 
(1C) by the alcohol reductant to form a putative Re(III)diolate (1J), which eventually 
releases stilbene and retrieves MDO to continue the main catalytic cycle (Scheme 
1.34). For the moment, no additional experimental evidence corroborates the 
involvement of a Re(III)diolate species.  

 

Scheme 1.34. MDO-catalyzed DODH via Re(III)diolate species. 

 The different mechanistic proposals for MTO/alcohol DODH system are 
summarized in Scheme 1.35. All of them invoke a reduced rhenium diolate compound 
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Toste and coworkers demonstrated that alcohols are competent to reduce MTO to 
Re(V) species by trapping the known alkyne adduct of MDO, whereas the DFT 
calculations by Wang as well as Zhang groups predict a lower-energy pathway to 
MODH as an intermediate (ΔG‡ = 6−8 kcal/mol lower than MDO). The recent and 
intriguing proposal by Abu-Omar that a more reduced Re(III)diolate may be involved 
introduces an additional layer of potential complexity.  
 

 
Scheme 1.35. Combined different mechanistic proposal for MTO/alcohol DODH 
system. 
  
 It is worth noting that the different mechanistic proposals are not necessarily 
mutually exclusive, i.e., several pathways may be accessible as a function of the 
substrate and conditions. In particular, both the diol condensation with MTO to 1D 
and the reduction of MTO to MDO are known to be accessible and one or the other 
may be favored depending the reaction conditions (concentration, proticity of the 
medium, etc.). In addition, the presence of hydrophilic alcohols/diols and the 
formation of water during the reaction complicate the system by giving access to a 
large number of potentially interconverting hydroxide/alkoxide species. Mixed Re(V)- 
and Re(VI)-diolates are also accessible under catalytic conditions. Narrowing down the 
range of possible pathway will likely require isolation and/or careful characterization of 
reduced oxo-rhenium species (e.g., MDO, MODH) and diolates (ReIII to ReVII ) 
species in order to study their individual reactivity and lend experimental support to 
computational models.  
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1.3.2.4. Elemental reductants for rhenium-catalyzed DODH 
 Nicholas et al. have very recently reported the use of elements such as Zn, Fe,  
Mn and C (2 equiv.) as reductants in combination with NH4ReO4 (10 mol%) at 150 
°C in benzene (24 h) to convert 1,2-decanediol to 1-decene (34−69%).88 
Advantageously, these elemental reductants and their corresponding oxidized products 
do not dissolve in the reaction mixture leading to easy separation of olefins. Increasing 
1-decene yield was obtained upon increasing amounts of Zn (56% for 1.1 equiv. and 
68% for 2 equiv.), whereas the presence of air leads to low yield (8% with 1.1 equiv. 
Zn) due to competing air oxidation of Zn. Other non-aliphatic diols such as 1-phenyl-
1,2-ethanediol (46%), (+)-diethyl L-tartrate (68−84%) and batyl alcohol (51%) can 
also be converted to the corresponding olefins in moderate to high yields with different 
combinations of elemental reductants (Scheme 1.36).  

 

 
Scheme 1.36. Elemental reductants in combination with oxo-rhenium catalysts for 
DODH of 1,2-decanediol to 1-decene.  
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reaction of [Py4ReO2]+ Cl− (5) with 1,2-decanediol (1.6 equiv.) at 150 °C in 16 h 
resulted 1-decene (0.98 equiv.; 98% with respect to Re) and not other organic 
products (i.e., aldehyde or ketone) except the corresponding oxidized 
[(Py)nRe(VII)O3]+ (5A) species. From this observation, diol condensation-dehydration 
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reduction of 5A by the elemental reductant can form back the original Re(V)dioxo 
complex 5. Nonetheless, further reduction of 5 to Re(III) species can not be ruled out 
at the moment with the data in hand.  

1.3.3. Supported oxo-rhenium-catalyzed DODH 
 Catalyst separation and reuse after the reaction is very often an issue in 
homogenous catalysis. One way to make a homogeneous catalytic process more 
economical, less toxic and environmentally more benign is the use of a supported 
version of the homogeneous catalyst. The applicability of this approach to high-valent 
oxo-rhenium compounds has been demonstrated by Arterburn and coworkers. They 
covalently linked catecholato oxorhenium compounds to polystyrene to produce a 
supported Re(VII) oxo catalyst (5 mol% loading) that provides high olefin yields from 
deoxygenation of a variety of alkyl and aryl substituted epoxides by using PPh3 as the 
reductant.89 The recovered catalyst was reused repeatedly and the catalytic performance 
remained the same. This shows the viability for easy catalyst separation from products 
and the reuse of the rhenium catalysts.  
 Nicholas et al. have recently reported a DODH system based on carbon-
supported perrhenate catalyst (ReOx−C) in combination with H2 (7−14 bar) at 
150−175 °C in benzene.90 The catalyst (3−4 mass% rhenium) was prepared by the 
equilibrium adsorption of perrhenate onto activated carbon by using aqueous 
ammonium perrhenate. 1,2-tetradecanediol is converted to 1-tetradecene (57%), 2-
tetradecanone (13%), and a mixture of cyclic ethers and acetals (10%; Scheme 1.37). 
Hot filtration of the reaction mixture after the reaction shows a moderate perrhenate 
leaching into the solution. The conversion of diethyl tartrate to diethyl fumarate 
(>95% in 2 days at 150 °C) was monitored by means of in situ IR spectroscopy. An 
induction period of 2 h was observed when the catalyst was pre-reduced for only 10 
min, whereas the induction period was shorter when the catalyst was reduced for a 
longer time and a clean correlation curve is obtained for diethyl tartrate conversion and 
diethyl fumarate formation. When diisopropyl carbinol, benzyl alcohol or 
tetrahydronaphalene are applied as the reductant for 1,2-tetradecanediol conversion, 
40−52% 1-tetradecene is obtained in 3−7 days.  
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Scheme 1.37. Carbon-supported perrhenate catalyzed DODH of 1,2-tetradecanediol 
to 1-tetradecene at 150 °C in benzene.  
 
1.3.4. DODH catalyzed by other transition metals  
 While most efforts in the field have been focused on rhenium (USD 
3197/Kg) catalysts, the development of scalable DODH technology for biomass 
conversion would benefit from using less costly metals such as molybdenum (USD 
22/Kg) or vanadium (USD 409/Kg).91 Recent results in this area are discussed here in 
comparison with state-of-the-art rhenium catalysts. The initial investigations on 
molybdenum and vanadium indicate in general a lower reactivity and the requirement 
of more vigorous reaction conditions compared to rhenium-based catalysts for DODH 
reactions. Pettinari et al. recently were the first to report the use of molybdenum oxo 
compounds for DODH, albeit with rather low selectivity.92 Acylpyrazolone 
Mo(VI)oxo complexes of the type Mo(QR)2O2 (where HQR = 3-methyl-1-phenyl-4-
alkylcarbonyl-5-pyrazolone: R = cyclohexyl (Qcy) or hexyl (Qhe)) give low yields of 
styrene (10−13%) at 60−90% conversion of 1-phenyl-1,2-ethanediol at 110 oC in 
toluene with PPh3 as reductant. Under the same conditions, the complete conversion 
of cis-cyclooctanediol results in 55% cyclooctene yield with the Mo(Qcy)2O2 catalyst. 
The cause of the poor mass balance was not known at this stage of investigation. In a 
later study, Fristrup et al. showed that different molybdenum catalysts (M(CO)6, 

Mo(CO)4(bipy), MoO2Cl2(bipy), MoO2Br2(bipy), MoO2(CH3)2(bipy), 
(NH4)6Mo7O24, Na2MoO4, and H3PMo12O40) could be used to convert 1,2-
tetradecanediol to 1-tetradecene with 5 mol % catalyst loading at 190−200 °C, giving 
up to 37−43% alkene products at complete conversion.93 They observed the products 
of an oxidative deformylation reaction in which breaking of a C−O bond occurred to 
form aldehydes out of diols with subsequent possible dioxolane formation (Scheme 
1.38).93 Coupled to DODH, this process constitutes a new type of disproportionation 
(associated with a maximum theoretical yield of 50%) distinct from those typically 
observed for Re catalysts (Scheme 1.19). Under neat reaction conditions, the formed 
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aldehydes react with 1,2-diols to form acetals, resulting in a low conversion. In an 
attempt to inhibit this presumably acid-catalyzed side reaction, NaOH (3 mol%) was 
added to the reaction mixture, but this proved detrimental to the overall olefin yield. 
In contrast, improved yields were obtained by using 1,5-pentanediol as solvent, in 
which 1,2-hexanediol and glycerol afford 1-hexene (45%) and allyl alcohol (40%), 
respectively. Control reactions for the deoxygenation of epoxides resulted in very poor 
alkene yield (<5%), indicating that the epoxide is not an intermediate in the DODH 
reaction.  

 

 
Scheme 1.38. Comparison of oxidized products for Re and Mo in disproportionation 
reaction systems.  
  
 Oxo-vanadium catalysts were also reported for DODH of diols to olefins. 
Amongst a series of tested LVO2,3 catalysts, [(n-butyl)4N][(pyridine-2,6-
dicarboxylate)VO2] (10 mol%) is able to give olefins in high yields (85−97%), either 
with Na2SO3 or PPh3 as the reductant in 2−3 days.94 Reactions carried out in non-
polar solvents (PhCl, PhH) at 170 °C with PPh3 (1.5 equiv.) were found to be optimal 
for converting vicinal aromatic diols (1-phenyl-1,2-ethanediol: 95%) and aliphatic 
diols (1,2-octanediol: 87%; 1,2-hexanediol, diethyl fumarate or pinacol: 85%; cis-
cyclohexanediol: 15%). The reaction mechanism was thought to involve 
vanadium(III)diolate intermediate via either VIII or VV anionic species.95 The oxo 
catalysts of vanadium (10 mol%, 170 °C) and molybdenum (5 mol%, 200 °C) require 
high temperature and large amount of catalyst loading with limited diol substrates 
scope resulting in moderate to good yields to olefins. Further studies on vanadium and 
molybdenum as affordable catalysts for the valorization of biomass derived polyols are 
warranted. In particular, mechanistic studies would be valuable for the rational 
development of new catalysts that could compete with the highly studied rhenium-
based DODH systems.  
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1.4. Conclusion 

One of the main challenges in biomass conversion is the selective deoxygenation of 
sugars and sugar-derived alcohols to form olefins. Amongst a number of different 
viable catalytic transformations, rhenium-mediated deoxygenations in the form of 
deoxygenation, dehydration and deoxydehydration reactions have received special 
attention. Whereas details on rhenium-mediated deoxygenation reactions of epoxides 
and pyridine N-oxides have been known for quite some time, catalytic dehydrations 
and DODH reactions of alcohols and polyols to form olefins and polyenes are 
reported more recently. These recent studies have shown that various diol and polyol 
substrates can often be converted in high yields and with good selectivity to the 
corresponding olefins, without these olefins being further converted through e.g., 
oligo- or polymerization reactions. The number of different rhenium-based catalysts 
that are currently used for these reactions is limited to MTO, perrhenate salt and a 
selected number of organometallic rhenium complexes. MTO has received the most 
attention in the field by far, and using this established catalyst may be of interest for 
practical applications. Yet, since MTO is the only stable alkyl-ReO3 compound further 
optimization and fine-tuning of its performance will most likely involve chemical 
technological aspects. From this point of view the development of new organometallic 
(homogeneous) and inorganic (heterogeneous) DODH catalysts based on rhenium 
seems a worthwhile effort. 
 Another important aspect for further development is the use of reducing 
agents in DODH chemistry. While a number of different reducing agents, including 
the bio-alcohols that are converted into olefins themselves, have been explored with 
quite some success, there is certainly room for improvement. For the practical 
implementation of any DODH reaction the cost of the reducing agent (or of its 
recycling) will contribute significantly to the overall process cost. In this respect 
hydrogen gas may at first sight be of interest. The initial studies presented here also 
show some downsides to its use as a reducing agent in DODH reactions. Not only 
may its use result in overreduction of the target olefins down to alkanes, overall 
reaction selectivities are not per se optimal when using H2. The use of H2 in a relay 
setup may therefore be of interest. As pointed out by Nicholas et al. one could envision 
the recovery of oxidized reducing agents, such as benzyl alcohol or secondary alcohols, 
by means of a coupled reduction with H2 or another cheap terminal reductant. 
 Some studies have explicitly been devoted to unraveling the mechanism of 
catalytic DODH reactions. These have amongst other shown that the reduction of the 
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rhenium catalyst may follow different mechanisms depending on the reducing agent 
that is employed in the reaction, which in turn may result in different de-activating 
pathways. Another important insight that came out of these studies is the dual role of 
water and of alcohol reagents in the mechanism. Water, being a product of the 
reaction, in many cases reacts with the (pre)catalyst to actually activate it instead of 
passivating it. Alcohols may serve a similar role and much still seems to be unclear 
about the reactivity pattern of the various condensation products arising from the 
reaction of both water as well as alcohols and the various rhenium-based reaction 
intermediates. Accumulation of water in the system may hamper the overall reaction. 
Therefore, an efficient removal of produced water with the aid of chemical technology 
is very well anticipated in large scale chemical productions in industry. Nevertheless, 
the development of rhenium-based catalysts for biomass transformations is still in its 
infancy, which leaves a lot of room for improvement. The overall high energy barrier 
for the simple rhenium oxides (i.e., perrhenates, MTO) under different catalytic 
conditions reveals the requirement for the development of new catalyst candidates. 
Providing further understanding of the mechanisms by which DODH reactions can be 
catalyzed by means of proper kinetic models and theoretical studies will certainly aid in 
this endeavor.  
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                                    2 
Catalytic Deoxydehydration of Diols 
to Olefins Using a Bulky 
Cyclopentadienyl-based Trioxo-
rhenium Catalyst 
 
Abstract 
A bulky Cp-based trioxo-rhenium compound was developed for the catalytic 
deoxydehydration (DODH) of vicinal diols to olefins. The CptttReO3 (Cpttt = 1,2,4-
tri-tert-butylcyclopentadienyl) (2) catalyst was synthesized in a two-step synthesis 
procedure. Dirhenium decacarbonyl was converted into CptttRe(CO)3 (1), followed by 
a biphasic oxidation with hydrogen peroxide. These two new three-legged ‘piano-stool’ 
configured compounds were fully characterized, including their single crystal X-ray 
molecular structures. DODH reaction conditions were optimized using 2 mol% 
loading of 2 for the conversion of 1,2-octanediol into 1-octene. Different phosphine-
based and other, more conventional reductants were tested in combination with 2. 
Under optimized conditions, a variety of vicinal diols (aromatic and aliphatic, internal 
and terminal) were converted into olefins in good to excellent yields and with minimal 
olefin isomerization. A high turn-over number of 1400 per Re was achieved for the 
DODH of 1,2-octanediol. Furthermore, the biomass-derived polyols glycerol and 
erythritol were converted into their corresponding olefinic products using 2 as the 
catalyst.  

 
Published as part of: Raju, S.; Jastrzebski, J.T.B.H.; Lutz, M.; Klein Gebbink, R.J.M. 
ChemSusChem 2013, 6, 1673–1680. 

 

 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

 
 

Chapter 2 

 
54 

2.1. Introduction 
  
Due to the increasing need for energy and material sources, biomass is currently 
considered as an alternative resource for the sustainable production of chemicals, fuels, 
and energy. In this respect, biomass-derived feedstocks, such as sugars and polyols, are 
interesting starting materials to replace conventional oil resources,1 which are further 
depleting and concomitantly increasing in price. Unlike oil-derived hydrocarbons, the 
sugar derivatives are oxygen-rich materials due to the high abundance of hydroxyl 
groups, cf. the referral as carbohydrates. The main challenge in making use of such 
oxygen-rich materials is to reduce their oxygen content and, accordingly, decrease their 
polarity. In particular, this approach will yield olefins, which are essential chemicals for 
both the polymer and the bulk chemicals industries.2  
 The production of olefins from sugars and sugar-derived polyols is viable via 
deoxygenation3 and dehydration,4–5 or combinations of these reactions, such as 
didehydroxylation6 or deoxydehydration (DODH) reactions.7–12 Although, alcohol 
dehydrations are well known acid-catalyzed and high-temperature transformations,13 
transition metal-catalyzed versions of these reactions have been studied to a lesser 
extent. We recently reported on rhenium-catalyzed dehydration reactions of benzylic, 
non-benzylic and biobased alcohols.5 Amongst the transition metal catalysts currently 
known for this transformation,14 rhenium-based catalysts seem best suited due to the 
facile bond-forming and bond-breaking tendency of rhenium-oxygen bonds. In an 
early report, Andrews and Cook mentioned the catalytic conversion of polyols into 
olefins by using Cp*ReO3 as the catalyst.7 2 mol% of catalyst loading was used in 
combination with triphenylphosphine as a stoichiometric reductant to achieve the 
quantitative conversion of phenylethane-1,2-diol into styrene in chlorobenzene at 90 
°C. Later, Gable and coworkers used Tp*ReO3 (Tp*= hydrido-tris-(3,5-
dimethylpyrazolyl)borate) as an alternative catalytic system by replacing the Cp* with a 
Tp* ligand.15 Nevertheless, the total turn-over number was limited in both cases.  
 The proposed DODH mechanism of these catalysts involves initial reduction 
of XRe(VII)O3 to obtain the active species, XRe(V)O2. Next, condensation of the diol 
substrate with XRe(V)O2 leads to the diolate intermediate, followed by a thermal 
cycloreversion through which the olefin product is released.6 Herrmann and co-
workers had earlier reported the formation of Re(V) diolate intermediates16 and 
successive possible extrusion of olefin products for their Cp*ReO3 catalyst. Further, 
Gable and co-workers developed new routes to synthesize different Re(V) diolates and 
investigated the mechanistic pathways of cycloreversion reactions in detail using kinetic 
studies.17 One of their findings was that the very active dioxo-rhenium (XRe(V)O2) 
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species, formed upon reduction of the starting trioxo complex, is in equilibrium with 
its dimeric form. In addition, over-reduction of the dioxo-complex leads to the 
formation of catalytically inactive Re(III) species. Each of these events causes catalyst 
deactivation and results in lower turn-over numbers per Re.  
 The versatile oxidation catalyst CH3ReO3 (MTO) was also explored for 
DODH reactions in combination with a number of different reductants, including 
molecular hydrogen,8 Na2SO3,9,10 and alcohols.11,12 Very recently, independent works 
by Abu-Omar11 and Toste12 showed catalytic conversion of polyols into olefins using 
MTO and secondary alcohols as both the reductant and solvent. In addition, Abu-
Omar reported that the substrate, i.e., glycerol, itself can be used as the reductant to 
obtain C3 volatile products in a distillation set up at 165 °C. Toste documented the 
conversion of biomass-derived sugars and polyols into furan derivatives or aromatics, 
and linear polyenes, respectively.  
 In the development of improved DODH catalysts based on Re, we envisioned 
the use of robust Cp-based catalysts by considering both the electronics and the steric 
bulkiness of the ligand system. Amongst a series of Cp-derived ligands, the Cp* ligand 
can be compared to the 1,2,4-tri-tert-butylcyclopentadienyl (Cpttt) ligand in terms of 
electronics, whereas the latter is more bulky than the former. Here, we present the 
development of the 1,2,4-tri-tert-butylcyclopentadienyl-based trioxo-rhenium complex 
(CptttReO3, 2 ) as a proficient catalyst for DODH reactions.  
 

2.2. Results and discussion 
  
We started our investigation to synthesize 2 by making use of literature methods for 
the two-step synthesis of Cp-based trioxo-rhenium complexes (Scheme 2.1). 1,2,4-Tri-
tert-butylcyclopentadiene (CptttH) was synthesized according to the literature 
procedure by Sitzmann and co-workers.18 Similar to the procedure reported by Gladyz 
et al.,19 an excess of the substituted cyclopentadiene was mixed with dirhenium 
decacarbonyl and refluxed in neat conditions under nitrogen atmosphere in order to 
generate the rhenium tricarbonyl complex. Gradual heating of the reaction mixture 
from 150 °C to 210 °C lead to complete conversion of the rhenium starting material, 
yielding 42% of the rhenium tricarbonyl complex CptttRe(CO)3 (1). After a simple 
work-up by washing out the excess ligand with cold hexane, 1 was obtained in a pure 
form according to NMR. Singlet peaks at 5.35 (2H, CpH), 1.37 (18H, tBu) and 1.19 
(9H, tBu) ppm were observed by 1H NMR, in addition to a peak at 196.61 ppm in 
13C NMR corresponding to one unique carbonyl group. Two strong IR-vibrational 
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modes were observed at 1886 cm–1 (νasym) and 2004 cm–1 (νsym) for the carbonyl 
moiety. ESI-MS showed an ion with an m/z value of 504.1729, corresponding to a 
[M]+ cationic species (calcd. m/z = 504.1675).  
 

 
Scheme 2.1. Synthesis of CptttRe(CO)3 (1) and CptttReO3 (2) 
  
 Next, 1 was oxidized to obtain the corresponding trioxo-rhenium compound, 
CptttReO3 (2), by using a well-established biphasic oxidation method.19 1 was refluxed 
for 15 h in a benzene solution in the presence of H2O2 (31 equiv., 35% in water) 
under nitrogen atmosphere to yield the product as a yellow crystalline material in 73% 
yield after work-up. A few drops of conc. H2SO4 were added to the reaction mixture 
from the beginning to activate hydrogen peroxide for the oxidative decarbonylation of 
the starting material, as described by Herrmann and coworkers.20–21 Clear downfield 
shifts of Cp hydrogen (from 5.35 to 6.55 ppm) and carbon signals in NMR and the 
disappearance of the carbonyl peak in 13C NMR pointed to the clean conversion of 1 
to 2. Typical Re=O IR-vibrations at 877 cm–1 (νasym) and 917 cm–1 (νsym), and the 
absence of carbonyl vibrations further support the formation of 2. By ESI-MS, two 
cationic species were observed, one at m/z = 469.1753 for (M + H)+ (calcd. m/z = 
469.1683) and one at m/z = 532.1820 for (M + Na + CH3CN)+ (calcd. m/z = 
532.1832). The latter adduct can be explained by the Lewis acidity of the high-valent 
of trioxo-rhenium species, the use of CH3CN for the sample preparation, and the 
presence of residual Na+ sources in the ESI-MS set-up. 
 Compounds 1 and 2 were crystallized in a monoclinic fashion from a 2:1 
mixture of dichloromethane and hexane at –30 °C. The molecular structures show 
typical three-legged ‘piano-stool’ configured molecules, similar to other known Cp-
based rhenium compounds (Figure 2.1). The OC–Re–CO angles in 1 are between 
89.18(9) and 90.84(7) °, the C–C(Cp) distances are in the range 1.420(2)–1.472(2) Å, 
and the Re to Cp(centroid) distance is 1.9569(7) Å. The C–C(Cp) distances in 2 are 
in the range 1.408(3)–1.450(2) Å. This possibly indicates a slight decrease in the C–C 
bond lengths in the substituted Cp-ring as a consequence of the oxidation of carbonyl 
compound 1 into oxo compound 2. Such a shortening has been reported in the 
literature.20,22 In 2, the Re to Cp(centroid) distance is 2.0830(8) Å, the Re=O distances 

Re2(CO)10
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reflux, 5 h Re ReOC COOC

O
O O benzene
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0.5

1 2

      H2O2
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are between 1.7239(15) and 1.7267(14) Å, and the O=Re=O angles are between 
103.86(8) and 105.39(8) °. The orientation of the tBu groups in 2 is anticipated as 
beneficial in shielding the ReO3 moiety. 

              
Figure 2.1. ORTEP picture at 50% probability of the molecular structures of complex 
1 and 2 in the crystal. Hydrogen atoms are omitted for clarity. 
 
 We started our investigation in the use of 2 as a catalyst for the DODH of 
vicinal diols into olefins by using 1,2-octanediol as a substrate (Scheme 2.2). Initial 
catalytic reactions were performed with 2 mol% catalyst (2) at 180 °C in 
chlorobenzene and 1.1 equiv. of triphenylphosphine as the sacrificial reductant under 
an inert nitrogen atmosphere, i.e., similar conditions as earlier reported by Andrews for 
Cp*ReO3 in this reaction.6 A profile of the reaction over time shows that it proceeds to 
completion within 15 h to exclusively yield octenes (1-octene:2-octene = 1:0.05) 
(Figure 2.2). Carrying out the reaction under aerobic conditions resulted in moderate 
octene formation (60%) at 75% conversion.  
 

 

 
 
Scheme 2.2. Conversion of 1,2-octanediol into octenes catalyzed by 2.  

OH
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Figure 2.2. Reaction profile of the DODH of 1,2-octanediol by 2 at 180 °C. 
  
 In order to reduce the formation of 2-octene, the reaction temperature was 
lowered. At 150 and 135 °C, complete conversion of 1,2-octanediol was observed and 
octene yields were very good (Table 2.1, entries 2–3). The amount of 2-octene isomers 
was lower when the reaction was carried out at 135 °C compared at 180 °C. At 150 
°C, the amount of 2-octenes (12.4%; trans/cis ratio = 0.51/1) was relatively high. This 
was due to the isomerization of 1-octene into 2-octenes under the reaction conditions, 
i.e., the longer reaction times. When the reaction was performed below the reflux 
temperature of chlorobenzene, moderate to low yields were obtained (Table 2.1, 
entries 4–7). At 130 °C, 1-octene was obtained in good yield within 15 h and 
complete conversion was observed after 24 h (91% 1-octene). Poor conversions and 
yields were obtained in the temperature range between 100 and 120 °C. No significant 
improvement in conversion was observed at 100 °C upon extension of the reaction 
time to 38 h. Interestingly, at lower temperatures isomerization did not occur as 1-
octene was obtained selectively.  
 Next, a number of different apolar and polar solvents were tested for the 
reaction at their respective reflux temperature. The reaction carried out in toluene 
showed a moderate yield, whereas in benzene it gave a very low yield (Table 2.2, 
entries 2–3). In more polar and coordinating solvents like THF and acetonitrile no 
significant reactivity was observed at all. When the reactions were performed at 180 °C
in pressure tubes in these solvents, much better conversions and yields were obtained 
for the non-polar solvents, producing >90% of octene products after complete 
conversion of substrate (entries 1–3). In this case, 2-octene isomers were also obtained 
at a higher trans/cis-isomer ratio (~2:1) in non-polar solvents, while more of the cis-
isomer was formed in THF (entry 4). In acetonitrile, no reaction was observed at all 
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even at 180 °C (entry 5). Likely, acetonitrile coordination to rhenium prevents the 
reaction from taking place. Interestingly, another coordinating basic solvent, pyridine, 
gave 67% yield of 1-octene at 83% conversion of 1,2-octanediol at 180 °C (entry 6), 
whereas a similar trend of very poor conversion was observed at 135 °C. The reactivity 
in pyridine could be of interest for the conversion of very polar polyols substrates 
because of solubility reasons.  
 
Table 2.1. Optimization of the reaction temperature for the conversion of 1,2-
octanediol into octenes catalyzed by 2.[a] 
 

Entry T (°C ) Yield (%)[b] 
A / B / C[c] 

Conversion 
(%)[b] 

t 
(h) 

1 180 89 / 3 / 3 >99 15 

2 150 79 / 4.2 / 8.2 >99 15 

3 135 94 / 1.3 / 1 >99 12 

4 130 80 / 0 / 0 86[d] 15 

5 120 26 / 0 / 0 35 15 

6 110 6 / 0 / 0 10 15 

7 100 11 / 0 / 0 18 38[e] 

 
[a] Reaction conditions: 1,2-octanediol (0.5 mmol), 2 (0.01 mmol), PPh3 (0.55 mmol), 
PhCl (5 mL). [b] Determined by gas chromatography using mesitylene (0.5 mmol) as 
an internal standard. [c] A / B / C = 1-octene / trans-2-octene / cis-2-octene. [d] 91% 
of 1-octene at complete conversion in 24 h [e] No trace of octene in 12 h. 
  
 As a next step in the protocol optimization, the use of alternative reductants 
instead of triphenylphosphine was investigated. Other phosphines such as electron-rich 
P(nBu)3 and PCy3 or electron-deficient P(PhF5)3 provided very poor conversions and 
gave less than 5% of 1-octene at 135 °C (Table 3, entries 2–4). Interestingly, the use of 
these phosphines at 180 °C significantly improved the overall reactivity (entries 2–3). 
PCy3 gave an overall octene yield of 94%, including 2-octenes (14%; trans/cis ratio = 
0.43/1) at complete conversion of 1,2-octanediol. P(PhF5)3 gave only 47% of 1-octene 
at 54% conversion in 12 h. A poor yield was obtained with P(nBu)3, due to very fast 
catalyst deactivation (entry 4).23 
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Table 2.2. Solvent optimization for the DODH of 1,2-octanediol catalyzed by 2.[a] 
 

 
[a] Reaction conditions: 1,2-octanediol (0.5 mmol), 2 (0.01 mmol), PPh3 (0.55 mmol), 
solvent (5 mL), 15 h. [b] Determined by gas chromatography using mesitylene (0.5 
mmol) as an internal standard. [c] A / B / C = 1-octene / trans-2-octene / cis-2-octene. 
  
 The use of other conventional reductants also resulted in a poor overall 
reactivity at 135 °C (entry 5–8). Sodium sulphite gave a very poor conversion, most 
likely because this salt does not dissolve in chlorobenzene (entry 5). Molecular 
hydrogen (40 bar) was tested as the reductant, which resulted in 21% n-octane 
formation24 as the over-reduced product at 35% substrate conversion. Increasing the 
temperature from 135 to 180 °C clearly lead to an increased octane yield (47%) at 
complete conversion. Changing the solvent from chlorobenzene to THF, yielded a 
mixture of octene isomers and octane products in poor yield at 135 °C, while at 180 
°C the activity increased with an increased formation of 2-octene isomers (entry 6). 
Using the secondary alcohol 3-pentanol or the substrate itself as the reductant resulted 
in poor yields (entries 7–8). At 180 °C, moderate yields were obtained in both cases 
within 15 h. Interestingly, 100% selectivity (50% yield) of 1-octene was achieved by 
the consumption of 50% of substrate as the reductant by hydrogen transfer as reported 
by Abu-Omar (entry 8).11 These experimental observations are in accordance with the 
rate-determining step involving the cycloreversion of the diolate intermediate at 
elevated temperature,17 which was studied by Gable and coworkers and in recent 
independent DFT calculations by Lin, Wang and Nicolas.25 
 
 
 
 
 
 

            Reflux T (15 h)                  at 180 °C   

Entr
y 

Solvent Yield (%)[b] 
A / B / C[c] 

Conversion 
(%)[b] 

Yield (%)[b] 
A / B / C[c] 

Conversion 
(%)[b] 

t 
(h) 

1 PhCl 94 / 1.3 / 1 >99 89 / 3 / 3 >99 12 

2 Toluene 34 / 0 / 0 36 83 / 7.7/ 5.8 >99 15 

3 Benzene 2 / 0 / 0 16 84 / 4.7 / 3.1 >99 17 
4 THF trace 11 84 / 2.3 / 5.3 >99 12 
5 CH3CN trace 5 trace 9 15 
6 Pyridine 2 / 0 / 0 8 67/ 0 / 0 83 15 
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Table 2.3. Reductant variation for the DODH of 1,2-octanediol catalyzed by 2.[a] 
 

 
[a] Reaction conditions: 1,2-octanediol (0.5 mmol), 2 (0.01 mmol), reductant (0.55 
mmol), PhCl (5 mL). [b] Determined by gas chromatography using mesitylene (0.5 
mmol) as an internal standard. [c] A / B / C = 1-octene / trans-2-octene / cis-2-octene. 
[d] 1H NMR conversion. [e] Pentadecane was used as an internal statndard. [f] 40 bar 
H2 pressure [g] n-octane yield. [h] Reaction carried out in THF. 
 
 Following these optimization studies, the substrate scope using a variety of 
vicinal diols was investigated under optimized reaction conditions, i.e., 1.1 equiv. 
PPh3, chlorobenzene, 135 °C (Table 2.4). Linear aliphatic terminal diols were 
completely converted into the corresponding terminal olefins with high selectivity 
(entries 1–3). Decanediol and dodecanediol showed complete conversion after 40 h 
with a very low amount of internal olefin formation. Cis-cyclohexanediol was 
converted into cyclohexene in a low yield (10%), whereas the corresponding trans-
cyclohexanediol did not show any reactivity (entries 4–5). On the one hand, this shows 
that the diol needs to be able to adopt a syn-configuration to be converted by the Re-
catalyst,8,10,13a while on the other hand formation of the diolate intermediate from a 
cyclohexanediol substrate may be hampered by the steric bulk of 2.  
 

Entry Reductant T (°C) Yield (%)[b] 
A / B / C[c] 

Conversion 
(%)[b] 

Tim
e (h) 

1  
    

PPh3 135 
180 

94 / 1.3 / 1 
89 / 3 / 3 

>99 
>99 

15 
12 

2  
     

PCy3 135 
180 

5 / 0 / 0 
80 / 4.2 / 9.8 

5 
>99 

11 
15 

3  
 

P(PhF5)3 135 
180 

3 / 0 / 0 
47 / 0 / 0 

7 
54 

15 
12 

4  
 

P(nBu)3 135 
180 

trace 
8 / 0 / 0 

<1[d] 
17[d] 

43 
24 

5  

 
Na2SO3 135 

180[e] 
trace 
5 / 0 / 0 

3 
<10 

15 
24 

6  
 

H2
[f]

  135 
135[h] 
180 
180[h] 

21[g]  

2[g] + 3 / 1 / 0.8 

47[g]  

12[g] + 1.2 / 3.1/ 6 

35 
10 
>99  
35 

15 
15 
15 
15 

7  

 
3-pentanol 135 

180[e] 
9 / 0 / 0 
43 / 0 / 0 

9 
47 

15 
12 

8  
 

      - 
 

135 
180 

7 / 0 / 0  
50 / 0 / 0 

16 
>99 

15 
15 
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Table 2.4. DODH of vicinal diols into olefins under optimized conditions catalyzed 
by 2.[a] 
 

 
 
[a] Reaction conditions: 1,2-octanediol (0.5 mmol), 2 (0.01 mmol), PPh3 (0.55 mmol), 
PhCl (5 mL). [b] Determined by gas chromatography using mesitylene (0.5 mmol) as 
an internal standard. [c] A / B / C = 1-octene / trans-2-octene / cis-2-octene. [d] 10% 
trans-stilbene. 

 The aromatic vicinal diol phenyl-1,2-ethanediol gave nearly quantitative yield 
(99%) of styrene (Table 2.4, entry 6), without polymerisation of the product, as was 
observed before by us for Re-mediated dehydrations towards styrenes.5 (R,R)-1,2-
diphenyl-1,2-ethanediol selectively gave trans-stilbene in quantitative yield (entry 8), 
while (R,S)-1,2-diphenyl-1,2-ethanediol (meso-hydrobenzoin) was fully converted into 
a mixture of cis-stilbene (89%) and trans-stilbene (10%) in 40 h.26 Moreover, 1,4-
anhydroerythritol gave 49% of 2,5-dihydrofuran at full conversion (entry 9). 
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Treatment of the internal aliphatic diol syn-4,5-octanediol gave a moderate conversion 
resulting in only 17% of trans-4-octene (entry 10). This observation may furthermore 
indicate the sensitivity of 2 to steric bulk in the substrate.  
 In order to probe the activity and stability of catalyst 2, its loading was 
lowered to 0.05 mol% to convert 0.985 mmol of 1,2-octanediol (0.144 g) at 180 °C in 
0.5 mL chlorobenzene. After 59 h, 86% conversion of 1,2-octanediol was achieved to 
yield 72% of octenes as a mixture of 1-octene (62.5%) and 2 octenes (9.5%; trans/cis 
ratio = 1/2). The total turn-over number for 2 based on the amount of octenes formed 
equals 1400 per Re in this reaction. To the best of our knowledge, this turn-over 
number for CptttReO3 (2) is the highest reported to date for any of the published oxo-
rhenium catalysts in a DODH reaction. 
 Finally, 2 was used in the DODH of two bio-based polyols, i.e., glycerol and 
erythritol. Using the optimized reaction conditions (vide supra), glycerol, which is the 
main side product from biodiesel production,27 was selectively converted to the 
corresponding olefinic product, allyl alcohol, in 91% yield at a substrate conversion of 
94% in 26 h (Scheme 2.3). In a similar reaction using 2.2 equiv. of PPh3, erythritol 
was converted to 1,3-butadiene (a), with the concomitant formation of the partial 
DODH products 3-butene-1,2-diol (b), cis-2-butene-1,4-diol (c) and trans-2-butene-
1,4-diol (d). As shown in Table 2.5, very poor conversion (20%) and yields were 
obtained in chlorobenzene at 140 °C in 26 h (entry 1). Upon raising the reaction 
temperature of this heterogeneous mixture to 180 °C, complete conversion of 
erythritol gave 18% of butadiene with c (5.8%) and d (2.2%) as side products (entry 
2).28 On the other hand, a homogeneous mixture in pyridine resulted in 30% of 
butadiene with butene diols (b: 4.3%, C: 3%, d: 4.9%) at 60% conversion of 
erythritol (entry 3).  

Scheme 2.3. Conversion of glycerol (1) and erythritol (2) catalyzed by 2. 
 
 Inspired by the work of Toste et al.12 who used MTO (2.5 mol%) as a catalyst 
in combination with 3-octanol as the reductant at 170 °C to convert erythritol into 
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butadiene, we also used 2 as a catalyst under these conditions (Table 2.5, entry 4).29 
This reaction gave 67% butadiene without the formation of byproducts B–D, but with 
the formation of 7% 2,5-dihydrofuran (Scheme 2.4). 
 
 

 
Scheme 2.4. DODH of erythritol catalyzed by 2 with 3-octanol as the reductant. 

Table 2.5. Conversion of erythritol into butadiene and butenediols catalyzed by 2.[a] 
 

Entry Solvent T ( °C)            Yield (%)[b] Conversion 
(%)[b] 

Time  
(h) a b c d 

1 PhCl 140 1.5 2.7 0.3 2.5 20 26 

2 PhCl 180 18 - 5.8 2.2 >99 24 

3 Pyridine 180 30 4.3 3.0 4.9 60 15 

4[c] 3-octanol 170 67 - - - >99 1.5 
 
[a] Reaction conditions: erythritol (0.5 mmol), 2 (0.01 mmol), PPh3 (1.1 mmol), 
solvent (5 mL). [b] Determined by gas chromatography using mesitylene (0.5 mmol) 
as an internal standard. [c] Erythritol (0.2 mmol), 2 (0.005 mmol), 3-octanol (0.67 
mL); 7% 2,5-dihydrofuran formed, yields were determined by 1H NMR. 

2.3. Conclusion 

We have shown efficient catalytic deoxydehydration (DODH) reactions of vicinal 
diols to yield olefins using the new and bulky Cp-based trioxo-rhenium catalyst 
CptttReO3 (Cpttt = 1,2,4-tri-tert-butylcyclopentadienyl) (2). Different phosphine-based 
and conventional reductants were tested, including the cheapest reductant, molecular 
hydrogen. Under optimized reaction conditions, different types of vicinal diols were 
converted into their corresponding olefins, with limited isomerization of the α-olefin 
products. The loading of 2 can be reduced to 0.05% to achieve a turn-over number as 
high as 1400 per Re. These data point at the combined activity and stability of 2 in 
DODH reactions and make 2 into a promising lead for the further development of 
Cp-based trioxo-rhenium catalysts as envisioned by Gable.15a Preliminary experiments 
have shown that 2 may serve as a powerful catalyst for the conversion of bio-based 
polyols into olefins. 

HO OH

HO OH 3-octanol (0.3 M)

O

170 oC, 1.5 h, N2

2 (2.5%)

67% 7%
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2.4. Experimental Section 
 
General 
 All chemicals including solvents were degassed by either freeze-pump-thaw 
cycles or degasification under vacuum. Toluene, THF and acetonitrile solvents were 
obtained from a MBraun MB SPS-800 and degassed. Triphenylphosphine was 
crystallized in ethanol and dried under vacuum. Unless otherwise stated, all other 
commercial chemicals were used without further purification. NMR spectra were 
recorded on a Varian VNMRS400 at 298 K. Infra-Red spectra were recorded using a 
Perkin-Elmer Spectrum One FT-IR spectrometer in the range of 650–4000 cm–1. ESI-
MS spectra were recorded using a Waters LCT Premier XE instrument.  
 
Synthesis of CptttRe(CO)3 (1) 
  In a dried Schlenk tube, Re2(CO)10 (1.0 g, 1.5 mmol) was charged and 
degassed under vacuum for 30 min and an excess of tri-tert-butylcyclopentadiene (1 
mL, 2 mmol) was added under nitrogen atmosphere. The resulting mixture was 
refluxed at 150 °C for 30 min. At regular time intervals, the reaction temperature was 
increased to reach 210 °C in 4 h. The reaction mixture was kept for 30–45 min at 210 
°C to allow for the complete conversion of the Re starting material. After cooling down 
to ambient temperature, a sample of the solidified reaction mixture was analysed by 
TLC, which showed complete conversion of rhenium starting material. After washing 
out excess tri-tert-butylcyclopentadiene with cold hexane and drying under vacuum, 1 
was obtained as a bright white solid in 42% yield. Crystals of 1 suitable for single X-
ray diffraction were obtained at –30 °C from a solution in a 2:1 (1.5/0.75 mL) solvent 
mixture of dichloromethane and hexane.  
 1H NMR (400 MHz), CDCl3 (7.26 ppm): 1.19 (s, 9H, tBu), 1.37 (s, 18H, 
tBu), and 5.35 (s, 2H, CpH). 13C NMR (400 MHz), CDCl3 (77.16 ppm): 30.94, 
32.21, 33.09, 34.51, 85.74, 113.52, 115.73, 196.61 ppm. IR (ATR/FT-IR): 1247, 
1365, 1463, 1485, 1886, 1900, 2004, 2872, 2965 cm–1; ESI-MS (in CH3CN): calcd. 
for [M]+: 504.1675; found: 504.1729.  
 
Synthesis of CptttReO3 (2) 
  Tricarbonyl rhenium complex 1 (1 g, 1.98 mmol) was degassed in a dried 
Schlenk tube by stirring 30 min under vacuum, followed by the addition of degassed 
benzene (50 mL) and H2O2 (35% in water, 5 mL, 31 equiv.) mixed with conc. H2SO4 

solution (0.1 mL). The resulting mixture was refluxed for 15 h at 80 °C, after which 
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the yellowish organic layer was separated from the water layer by extracting with 
benzene (3 × 25 mL) in open air. Then, the organic layer was washed with 
demineralized water (2 × 100 mL), 5% aqueous NaHCO3 (1 × 100 mL), brine 
solution (1 × 100 mL) and dried over Na2SO4. After the removal of benzene in vacuo, 
2 was obtained as a bright yellow crystalline compound in 77% yield, and was further 
purified by column chromatography (SiO2) with dichloromethane and hexane (1:1, 
v/v) as the eluent (yield: 73%). Crystals of 2 were obtained from a 2:1 mixture (1/0.5) 
of dichloromethane and hexane at –30 °C. 
  1H NMR, CDCl3 (7.26 ppm): 1.41 (s, 9H, tBu), 1.55 (s, 18H, tBu), 6.55 
ppm (s, 2H, CpH); 13C NMR, CDCl3 (77.16 ppm): 30.11, 32.30, 33.29, 35.18, 
110.93, 134.71, 136.19 ppm. IR (ATR/FT-IR): 832, 877, 917, 1236, 1369, 1462, 
2967 cm–1; ESI-MS (in CH3CN): calcd. for [C13H29ReO3 + H]+: 469.1683; found: 
469. 1753; calcd. for [C13H29ReO3 + Na + CH3CN]+: 532.1832; found: 532.1820. 
Elemental analysis calcd. (%) for C17H29ReO3 (468.17): C 43.66, H 6.25, O 10.26, 
Re 39.82; found: C 43.23, H 6.41, O 10.27, Re 39.49. 
 
General procedure for catalytic deoxydehydration 
 Unless otherwise noted, all reaction mixtures were prepared inside a glove box 
under nitrogen atmosphere or on a conventional Schlenk line in a 15 mL thick-walled 
glass pressure tube (Ace) fitted with a Teflon screw-cap. 1,2-Octanediol (0.5 mmol), 2 
(0.01 mmol) and mesitylene (0.5 mmol) were dissolved in chlorobenzene (5 mL) and 
mixed well. Finally, PPh3 (0.55 mmol) was added to the reaction mixture to avoid 
over-reduction of 2. Alternatively, stock solutions were prepared in chlorobenzene. 
Then, the closed reaction vessel was brought into a preheated silicone oil bath at 135 
or 180 °C. After the reaction, aliquots of the reaction mixture were diluted with 
acetone (for olefins) or ethylacetate (for diols). GC measurements were performed 
using a Perkin Elmer Autosystem XL Gas Chromatograph equipped with a Perkin 
Elmer Elite-17 column (Length: 30m, I.D.: 0.32 mm, Film thickness: 0.50 μm), and 
with FID-detector. GC method: 40 °C, 5 min; 3 °C/min to 55 °C; 20 °C/min to 250 
°C; 250 °C, 10 min. All olefinic products are known compounds and were calibrated 
against mesitylene for quantification.  
 
Typical procedure for deoxydehydration with hydrogen as the reductant 
 Diol (1 mmol), 2 (0.02 mmol) and mesitylene (1 mmol) were mixed with 10 
mL of chlorobenzene or THF in an autoclave vessel. The solution was flushed three 
times with 40 bar H2 pressure and then heated to the mentioned temperature. Samples 
were taken for GC and GC-MS analysis after cooling down in an ice bath. 
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Typical procedure for polyol conversion 
 Polyol (0.5 mmol) 2 (0.01 mmol), mesitylene (0.5 mmol) and PPh3 (0.55 or 
1.1 mmol) were weighed directly into the reaction tube followed by the additions of 5 
mL solvent. The reaction tube was closed properly and heated in a preheated oil bath. 
Afterwards, the mixture was cooled in an ice bath and homogenized with pyridine. 
Samples were taken directly by syringe to analyse for volatiles. Then the mixture was 
further diluted in pyridine to homogenize the mixture for diol and polyol analysis. 
Further, acetylation was carried out with acetic anhydride (0.5 mL sample, 1 mL 
pyridine, 0.3 mL acetic anhydride) at 70 °C for 20–30 min, to determine the 
unreacted polyol. In the case of 3-octanol as the reductant, the catalyst (0.03 mmol) 
was dissolved in 3-octanol (4 mL). 0.67 mL of this stock solution was added to the 
reaction tube in which erythritol (0.2 mmol) was already weighed. After the reaction, 
the tube was cooled in an ice bath and 20 μmol mesitylene was added. After mixing, 
0.1 mL of the mixture was diluted in CDCl3. 1H NMR yields were calculated by 
averaging all proton signals in the olefinic products against aromatic proton signals of 
mesitylene. 
 
X-ray crystal structure determinations 
  X-ray reflections were measured on a Bruker Kappa ApexII diffractometer 
with sealed tube and Triumph monochromator (λ = 0.71073 Å). The intensities were 
integrated with the Saint software.30 Absorption correction and scaling based on 
multiple measured reflections was performed with SADABS.31 The structures were 
solved with DIRDIF-0832 (1) and SIR-9733 (2). Least-squares refinement was 
performed with SHELXL-9734 against F2 of all reflections. Non-hydrogen atoms were 
refined freely with anisotropic displacement parameters. Hydrogen atoms were located 
in difference Fourier maps. The ring hydrogen atoms H3 and H5 in 1 were refined 
freely with isotropic displacement parameters; all other hydrogen atoms were refined 
with a riding model. Geometry calculations and checking for higher symmetry was 
performed with the PLATON program.35  
 
Compound 1: C20H29O3Re, Fw = 503.63, colourless block, 0.24 x 0.22 x 0.18 mm3, 
monoclinic, P21/c (no. 14), a = 10.6140(4), b = 11.5980(5), c = 16.7925(7) Å, β = 
97.0861(13) º, V = 2051.39(15) Å3, Z = 4, Dx = 1.631 g/cm3, μ = 5.94 mm–1. 35746 
Reflections were measured at a temperature of 150(2) K up to a resolution of (sin 
θ/λ)max = 0.65 Å–1. 4682 Reflections were unique (Rint = 0.017), of which 4327 were 
observed [I>2σ(I)]. 234 Parameters were refined with no restraints. R1/wR2 [I > 
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2σ(I)]: 0.0118 / 0.0282. R1/wR2 [all refl.]: 0.0140 / 0.0290. S = 1.028. Residual 
electron density between -0.36 and 0.64 e/Å3. 
 
Compound 2: C17H29O3Re, Fw = 467.60, yellow needle, 0.40 x 0.24 x 0.14 mm3, 
monoclinic, P21 (no. 4), a = 8.6569(8), b = 11.3605(11), c = 9.2162(8) Å, β = 
108.164(2)º, V = 861.22(14) Å3, Z = 2, Dx = 1.803 g/cm3, μ = 7.06 mm–1. 18827 
Reflections were measured at a temperature of 150(2) K up to a resolution of (sin 
θ/λ)max = 0.65 Å–1. 3900 Reflections were unique (Rint = 0.023), of which 3864 were 
observed [I>2σ(I)]. 200 Parameters were refined with one restraint (floating origin). 
R1/wR2 [I > 2σ(I)]: 0.0093 / 0.0234. R1/wR2 [all refl.]: 0.0095 / 0.0234. S = 1.099. 
Flack parameter36 x = 0.007(4). Residual electron density between -0.44 and 0.22 e/Å3. 
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                           3 
Cyclopentadienyl-based Trioxo-
rhenium-catalyzed Conversion of 
Diols to Olefins and Biomass-derived 
Tetritols to Butadiene 

Abstract 
Biomass-derived sugars and polyols are potential feedstocks for the formation of olefins 
via reductive deoxygenation methods such as deoxydehydration (DODH) of vicinal 
hydroxyl groups. In view of the on-purpose production of butadiene from biobased 
feedstocks, diols-to-olefins transfer hydrogenation reactions without an additional 
reductant were demonstrated with the Cp*ReO3 catalyst in chlorobenzene as well as 
under neat conditions. While these procedures provide good olefin yields for a variety 
of vicinal diols, the formation of butadiene from erythritol using these procedures was 
disappointing. Returning to the lead result described in Chapter 2, the erythritol to 
butadiene reaction conditions for the CptttReO3/PPh3 DODH system were optimized 
to obtain high butadiene yields (up to 55%) in a homogeneous pyridine solution, 
rather than in a non-homogeneous mixture in PhCl (high erythritol consumption but 
a low butadiene yield of 18%). Changing to 3-octanol as both the reductant and 
solvent, analogous Cp-based trioxo-rhenium catalysts also resulted in comparable 
yields for butadiene (up to 67%). By lowering the concentration of erythritol (0.05 M) 
for the CptttReO3-catalyzed reaction, a maximum 74% of butadiene was achieved in 
either 3-octanol or 3-pentanol as the solvent/reductant. The CptttReO3/alcohol 
DODH system was further explored with other polyols (xylitol, sorbitol) to yield the 
corresponding polyenes. Irrespective of the used reductant or catalyst, a dark-brown 
insoluble polymeric solid deposited during the erythritol reactions, which is proposed 
to be caused by polyol condensation reactions.   

Raju, S.; van Hartevelt, H.; Jastrzebski, J.T.B.H.; Moret, M.-E.; Klein Gebbink, 
R.J.M. manuscript in preparation.  
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3.1. Introduction  

The valorization of biomass is one of the main targets in fulfilling the energy and 
materials needs for the future on the basis of sustainable and renewable feedstocks. 
While chemical technology plays a vital role in the challenging, primary ‘cracking’ of 
the long-chained polymeric biomass-based materials such as starch, cellulose, and 
lignin, subsequent chemical defunctionalization strategies are needed for the 
sustainable production of value-added chemicals from the highly oxygen-rich cracking 
products (i.e., sugars and polyols).1-4 By achieving such challenging transformations in 
an efficient and catalytic manner, the chemical industries would be able to take up bio-
based processes for the production of commodity chemicals, polymers and 
pharmaceuticals. 
 One large-scale product of interest in this respect is 1,3-butadiene, which is 
the monomer for styrene-butadiene-rubber (SBR)5 and polybutadiene rubber (BR).6 
These rubbers are of high demand and are particularly used for the manufacturing of 
automobile tires. Approximately 95% of the currently produced butadiene is obtained 
as a side product in ethylene production by means of naphtha cracking (16–18 tons of 
butadiene for every 100 ton of ethylene).7 As a result, the current supply of butadiene 
highly depends on the feedstock for ethylene production. Due to the recent ‘shale gas 
revolution’ and the potential use of shale gas as the feedstock for future ethylene 
production, the development of on-purpose production processes of butadiene is 
foreseeable and processes based on renewable feedstocks, such as biomass, are of 
particular interest.7,8 In the past, during world war II, butadiene has been produced on 
a commercial scale starting from ethanol by the heterogeneous Lebedev and 
Ostromislenskiy processes.8,9a These established processes would certainly be attractive 
for the industry, as nowadays-renewable ethanol (‘bioethanol’) is largely available at a 
relatively low price.9a On the other hand, biomass-derived sugars and polyols such as 
tetritols, i.e., erythritol and threitol, represent alternative potential feedstocks for the 
production of butadiene. A synthetic scheme can be envisioned in which non-edible 
C5 sugars are catalytically decarbonylated to the tetritol stage, followed by an 
appropriate catalytic deoxygenation step to remove all hydroxyl groups and end up 
with butadiene (Scheme 3.1).9b  
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Scheme 3.1. Conversion of C5-sugars to butadiene via consecutive decarbonylation 
and deoxydehydration methods.   

 A reaction that has attracted attention recently is the rhenium-catalyzed 
deoxydehydration (DODH) reaction that combines formal deoxygenation and 
dehydration steps to convert vicinal diols to olefins in the presence of a reductant.10-12 
Methyltrioxorhenium (MTO) is known to be a versatile DODH catalyst with 
reductants such as H2

13, sulphite,14–16 alcohol,17–23 or an elemental reductant (Zn, Fe, 
Mn or C).24 Nicholas and coworkers reported a relatively low yield of butadiene in the 
DODH of erythritol using either MTO (14%) or (NBu4)ReO4 (28%) as the catalyst 
and sodium sulphite as the reductant in benzene at 150–160 °C.16 Later, Shiramizu 
and Toste reported the conversion of both erythritol and threitol to butadiene in high 
yields (81–89%) by using MTO in combination with 3-octanol as reductant as well as 
the solvent in a closed reaction set-up.21 For the similar MTO/3-octanol system, but in 
a distillation set-up, Abu-Omar and coworkers obtained only 1.3% butadiene with 
2,5-dihydrofuran (DHF) as the major product (37%).20 Indeed, MTO has attracted a 
lot of attention for the development of catalytic DODH systems in recent years due to 
its commercial availability and the ease of handling it under ambient conditions.   
 On the other hand, Cp*ReO3 was the first ever reported DODH catalyst and 
was demonstrated by Cook and Andrews in 1996 to provide 37% of butadiene yield 
by the equimolar reaction of erythritol with PPh3 as reductant.25 Gable et al. later 
reported on the use of Tp*ReO3 (Tp* = hydridotris(3,5-dimethylpyrazolyl)borate) in 
combination with PPh3 (1.1 equiv.) in DODH reactions to provide 6.5 and 8.7% of 
butadiene present in reduced materials of erythritol (40%) and threitol (21%), 
respectively (i.e., the remaining major products were butene-diols).26 In Chapter 2, we 
reported that the bulky CptttReO3 (Cpttt = 1,2,4-tri-tert-butyl-cyclopentadienyl) allows 
for the formation of up to 30 and 67% butadiene with PPh3 or 3-octanol as the 
reductants, respectively, from erythritol.27 
 In this chapter the use of molecular Cp-based rhenium-trioxo complexes in 
catalytic DODH reactions for the formation of biomass-based olefins with a particular 
focus on the formation of butadiene is further explored. Starting from the lead system 
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based on CptttReO3 in combination with PPh3 developed in Chapter 2, the use of 
other Cp-based rhenium-trioxo complexes and the use of other sacrificial reductants is 
investigated here. While the DODH activity of Cp*ReO3 was earlier reported only in 
combination with phosphine reductants,25 it was recently reported to catalyze the 
conversion of glycerol to allyl alcohol without an added reductant.28 In the latter case, 
glycerol serves both as the substrate and as the reductant in what is a formal 
disproportionation reaction combining DODH and transfer hydrogenation. The use 
of strong reductants like phosphines in stoichiometric amounts in DODH reactions is 
impractical, because of the high price and waste product formation, together with 
toxicity issues. Indeed, a number of literature examples reported on the combined 
DODH/transfer hydrogenation to convert diols into olefins with high valent MTO 
and perrhenate,19 as well as low valent Re2(CO)10 and Re(CO)5Br.17 These examples 
operate under rather different conditions; for example, the latter carbonyl complexes 
require an air atmosphere unlike the other examples, and MTO was found inactive in 
inert solvents like toluene.19,21 Starting with a screening of commercial rhenium 
reagents in the DODH of 1,2-octanediol, as a model substrate, to 1-octene under 
disproportionation conditions, this chapter describes the use of the Cp*ReO3 and 

CptttReO3 catalysts for the optimization of DODH reaction conditions and the 
ultimate formation of butadiene using rhenium-catalyzed DODH reactions. 

 

3.2. Results and Discussion 

Disproportionation of diols to olefins 
One of the ways to produce olefins from diols is a disproportionation reaction 

using the diol as substrate and as sacrificial reductant via a transfer hydrogenation 
mechanism. This reaction can lead to a maximum olefin selectivity of either 50% or 
67%, when either two (hydroxyketone) or four (diketone) electron oxidations of the 
diol occur in the reaction (Scheme 3.2). The nature of the oxidized products is often 
unclear because of subsequent decomposition under the reaction conditions. Initial 
studies were conducted with 1,2-octanediol as the model substrate for biomass-derived 
polyols. Neat reactions were performed in a closed pressure tube with 1 mol% of 
rhenium catalyst at 180 °C under N2 atmosphere, i.e., no additional solvent was used 
beside the substrate itself.  
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Scheme 3.2. Reaction equations for the disproportionation of diols to olefins 

 Firstly, some of the commercially available oxo-rhenium reagents were 
employed for the conversion of 1,2-octanediol to 1-octene (Scheme 3.3). In most 
cases, complete conversion of 1,2-octanediol was achieved in 24 h to result in 1-octene 
together with cis- and trans-2-octene isomers. A combined yield of 2-octene isomers 
was determined from 1H NMR, because the isomers could not be distinguished due to 
overlapping of alkene proton signals. The corresponding oxidized reaction products 
could not be quantified, because these hydroxyl ketone or diketone compounds are 
known to decompose under the reaction conditions (vide infra).17 Both MTO and 
ReO3 gave a total yield of 51% for octene isomers with 67% selectivity to 1-octene and 
33% for 2-octene isomers (Table 3.1, entries 1–2). The use of Re2O7 and 
ReO2I(PPh3)2 resulted in somewhat lower overall olefin yields and even higher 
amounts of 2-octene isomers, with 44 and 42% selectivity for 1-octene, respectively 
(entries 3–4).  
       

 

Scheme 3.3. Rhenium-catalyzed disproportionation of 1,2-octanediol to octene 
isomers at 180 °C.   

 Then, a number of low valent rhenium carbonyl complexes were tested under 
the same reaction conditions. Interestingly, both Re2(CO)10 and Re(CO)5Br turned 
out to be active catalysts for the disproportionation reaction and gave 46 and 23% 
olefin yield, respectively, albeit at a moderate 45% conversion of 1,2-octanediol for 
Re(CO)5Br (entries 5–6). Interestingly, these entries showed a very high selectivity for 
1-octene (95–100%), which may be related to the lower activity and a lower Lewis 
acidity of the employed catalysts. Conversely, when Ellman and coworkers performed 
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similar reactions using a reflux condenser set-up under N2 atmosphere, no conversion 
of 1,2-tetradecanediol was found with Re2(CO)10 (2.5 mol%) at 180 °C in 24 h, 
whereas in open air 1-tetradecene (50%) was obtained within 3.5 h.17,28 Although the 
mechanism in these reactions is not clear, they presumed some kind of oxidized species 
formed from Re2(CO)10 to be responsible for conversion. In the current study, the 
reaction using Re2(CO)10 or BrRe(CO)5 occurred conveniently even in the absence of 
air and the active form of the catalytic species being an oxidized rhenium species may 
be questioned. CO dissociation from the low valent rhenium species may initiate the 
catalytic reaction in these cases (cf. the catalytic applications of low valent XRe(CO)5 
(X = Br, Cl) or Re2(CO)10 in other organic reactions).29 No reactivity was observed for 
the carbonyl complex CptttRe(CO)3 and for Re powder, while a very low olefin yield 
(7%) with perfect terminal olefin selectivity but at significant substrate conversion 
(51%) was obtained for KReO4 (entries 7–9). The lack of reactivity of the Cp-based 
tricarbonyl rhenium complex CptttRe(CO)3, as compared to the reactivity of the other 
rhenium-carbonyl complexes, is likely the result of strong π-back-bonding, from the 
electron-rich rhenium center to CO hampering facile CO dissociation.27 
 Moreover, the rhenium-oxo compounds CptttReO3 (52%) and Cp*ReO3 
(54%) exhibited high octene yields at full substrate conversion and with 1-octene 
selectivities of 66 and 87%, respectively, at full mass balance (entries 10–11). The 
cause for the formation of 2-octene is not fully understood. Control experiments 
starting from 1-octene in the presence or absence of Cp*ReO3 did not give any 2-
octene under these neat reaction conditions. It is therefore likely that other rhenium 
species, e.g. with a lower oxide content (see Chapter 4), formed during the course of 
the reaction facilitate the isomerization side reaction. In general, the catalysts that give 
full substrate conversion in Table 3.1 also show higher degrees of product 
isomerization. In the absence of kinetic data on these reactions, this observation cannot 
be linked to absolute catalytic activities. 
 As shown in Table 3.1, dark or yellow brown reaction mixtures were observed 
for most rhenium-oxo and rhenium-carbonyl catalysts. The color of these mixtures 
hints at the formation of different oxidized rhenium species (cf. all starting rhenium 
carbonyl reagents, MTO and KReO4 are colorless, and Cp-based-ReO3 complexes are 
yellow). Furthermore, a dark-red mixture was observed upon the addition of Re2O7 or 
ReO3 to 1,2-octanediol at room temperature. Apparently, the substrate reacts at 
ambient temperature with these rhenium oxides, likely forming the rhenium diolate 
intermediate on the basis of the observed color.30 
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Table 3.1. Disproportionation of 1,2-octanediol to octene isomers using different 
rhenium-based catalysts at 180 °C.[a] 

Entry [Re] Catalyst Color[b] Conversion 
[%][c] 

Yield [%] [c] 
(T:I) 

1 CH3ReO3 Dark brown >99 51 (67:33) 

2 ReO3 Dark brown >99 51 (67:33) 

3 Re2O7 Dark brown >99 44 (42:58) 
4 ReIO2(PPh3)2 Dark brown >99 42 (54:46) 

5 Re2(CO)10 Yellow brown >99 46 (95:5) 

6[d] Re(CO5)Br Yellow 45 23 (100:0) 

7 (Cpttt)Re(CO)3 Colorless <1 - 

8 Re powder Dark green 1 - 

9 KReO4 Yellow brown 51 6 (100:0) 

10 Cp*ReO3 Dark brown >99 54 (87:13) 

11 CptttReO3 Dark brown >99 52 (66:34) 

 
[a] Reaction Conditions: diol (3.5 mmol), Re-catayst (0.035 mmol), 180 °C, N2 
atmosphere, 24 h. [b] The mentioned color is that of the hot reaction mixture after 24 
h. [c] Determined by 1H NMR with mesitylene as internal standard. The yield is 
presented as total olefin yield and the ratio of terminal (T): internal (I) octenes are 
given in parenthesis. [d] Viscous reaction mixture was observed. 

Cp*ReO3-catalyzed disproportionation in organic solvents 
 It is interesting to note the reactivity of Cp*ReO3 in the disproportionation of 
diols to olefins and the relatively high 1-octene selectivity under neat reaction 
conditions. Moreover, MTO is known to be unreactive in the disproportionation 
reaction when performed in inert solvents like toluene under air.19,21 For these two 
reasons, the scope of the Cp*ReO3 catalyst in the diol-to-olefin disproportionation was 
investigated using a number of different solvents as the reaction medium.  
 Initially, the reactions were performed in closed pressure tubes at 150 °C for 
24 h in the presence of oxygen (i.e., 5–10 min exposure to air before sealing the tube). 
A homogeneous reaction mixture containing Cp*ReO3 (1 mol%) and 1,2-octanediol 
in apolar solvents such as toluene, benzene or PhCl gave low conversions (27, 31 or 
38%) and a poor yield of 1-octene (2, 6 or 7%), respectively (Table 3.2, entries 1–3). 
Polar solvents such as MeCN and THF, resulted in very low substrate conversion 
(entries 4 and 5). This is most likely due to solvent coordination to the active rhenium 
catalyst preventing its interaction with the diol substrate. A control experiment in 
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PhCl in the absence of catalyst showed no conversion at all (entry 6). Lowering the 
temperature to 100 °C for the reaction in PhCl resulted in very poor conversions (5–
10%) and no formation of 1-octene at all, in either the presence or strict absence of air 
(entries 7 and 8). Similarly, there was no change in the reaction outcome for the 
reaction in toluene at 150 °C being carried out in air or under a N2 atmosphere 
(compare entries 1 and 9). However, the reaction in PhCl showed a significant 
improvement in conversion of 1,2-octanediol (68%) to 1-octene (26%) under N2 
atmosphere (entry 10) compared to the reaction conducted in the presence of air (7% 
1-octene out of 38% conversion; entry 3). It is currently not understood why the 
reaction in PhCl is sensitive to oxygen and the reaction in toluene is not. Also, a 
detrimental effect of oxygen was found in oxo-rhenium-catalyzed DODH reactions 
using sacrificial reductants (e.g. PPh3).27 Although the exact role of oxygen is unclear in 
the DODH and disproportionation reactions, the reduced Re(V)dioxo species in the 
presence of PPh3/oxygen were reported to form inactive oxo-rhenium clusters, which 
were proposed to be the main cause for catalyst decomposition.31,32  
 Further reactions were carried out under a N2 atmosphere, in which the effect 
of catalyst loading was tested. Increasing the Cp*ReO3 loading from 1 to 10 mol% 
resulting in full conversion of the substrate and a steady increase in 1-octene yield to a 
maximum of 54% (Table 3.2, entries 10–13). Moreover, an extended reaction time 
also lead to completion of the reaction at lower catalyst loading (entry 11). On the 
other hand, raising the reaction temperature to 180 °C gave a similar amount of 1-
octene (48%) at full conversion within the standard reaction time (entry 14). In this 
case, however, 7% of 2-octene (cis/trans = 1/2) was observed as a side-product. The 
observation that an increase of reaction temperature leads to an increased reaction rate 
with concomitant product isomerization at higher temperature was earlier made for 
DODH reactions with CptttReO3.27 Finally, a fivefold increase in substrate 
concentration resulted in a very similar conversion (68%) and 1-octene yield (28%), 
indicating that the reaction rate is independent of the diol concentration under these 
reaction conditions. These data show the overall beneficial effect of carrying out the 
disproportionation reaction in an inert and high boiling solvent like PhCl on the 
reaction outcome, i.e., the same diol conversion and olefin yield can be reached at a 
lower temperature and, importantly, without product isomerization using a similar 
catalyst loading. 
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Table 3.2. Cp*ReO3-catalyzed disproportionation of 1,2-octanediol in different 
solvents.[a] 

Entry Solvent Reaction 
conditions 

Cp*ReO3 

[mol%] 
Conversion  
[%][b] 

1-octene 
[%][b] 

1 Toluene  Air, 150 °C 1 27 2 

2 Benzene  Air, 150 °C 1 31 6 

3 PhCl Air, 150 °C 1 38 7 

4 THF Air, 150 °C 1 7 - 
5 CH3CN Air, 150 °C 1 <1 - 

6[c] PhCl Air, 150 °C 1 <1 - 

7 PhCl Air, 100 °C 1 10 - 

8 PhCl N2, 100 °C 1 5 - 
9 Toluene N2, 150 °C 1 30 2 

10 PhCl N2, 150 °C 1 68 26 

11 PhCl N2, 150 °C 2 71 (>99) [d] 31 (50) [d] 

12 PhCl N2, 150 °C 5 >99 51 
13 PhCl N2, 150 °C 10 >99 54 
14 PhCl N2, 180 °C 2 >99 48[e] 
15[f] PhCl N2, 150 °C 2 68 28 

 
Reaction Conditions: [a] 1,2-octanediol (0.5 mmol), Cp*ReO3 (0.05–0.005 mmol), 
pentadecane (0.25 mmol, internal standard), solvent (5 mL, 100 mM), 24 h. [b] 
Determined by GC. [c] No catalyst. [d] After 32 h. [e] 7% 2-octene. [f] 500 mM 1,2-
octanediol, 250 mM pentadecane.  
 
 To get more insight in the progression of the disproportionation reaction, the 
reaction with 1 mol% of Cp*ReO3 was followed over time at 150 °C. The reaction 
tube was taken out of the heating bath at regular time intervals and quickly cooled 
down to ambient temperature in a water bath. GC samples were collected inside a 
glovebox and then the reaction was continued again at 150 °C. It showed complete 
conversion of 1,2-octanediol to 47% of 1-octene in 48 h with an induction period of 
ca. 8 h (Figure 3.1). In the initial hours, no substrate conversion was observed, which 
indicates either that Cp*ReO3 is a precatalyst and is outside of the catalytic cycle or 
that it is involved in the overall rate-limiting step of the cycle, which has other steps of 
similar energetics (i.e., a slow build-up of a steady-state catalyst concentration). 
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Figure 3.1. Reaction profile for the disproportionation of 1,2-octanediol to octene 
catalyzed by Cp*ReO3 at 180 °C in chlorobenzene  

Substrate scope of the Cp*ReO3-catalyzed disproportionation of diols 
 Because disproportionation reactions carried out in solvents required relatively 
higher catalyst loadings, neat reaction conditions were chosen for a substrate scope 
study. Accordingly, a number different vicinal diols were reacted in the presence of 
Cp*ReO3 (1 mol%) at 180 °C for 24 h under neat conditions (Table 3.3). Increasing 
the chain length in a consistent series of linear 1,2-aliphatic diols (1,2-octanediol to 
1,2-dodecanediol) gave good olefin yields (54–58%) at complete diol conversion and 
with a high selectivity for the terminal olefin products (66–88%; entries 2–4). The 
yield of 1-hexene from 1,2-hexanediol was a low 32% yield out of 81% diol 
conversion within 4 h (entry 1). Interestingly, the color of the reaction mixture is dark-
green in this case, compared to dark brown reaction mixtures for the other linear 
aliphatic diols. Additionally, cyclic diols were tested under these reaction conditions. 
Cis-1,2-cyclooctanediol was completely converted to give cis-cyclooctene in a good 
yield (54%; entry 5). In the case of cis-1,2-cyclohexanediol, a highly viscous dark-
brown reaction mixture was obtained, which resulted in only 19% yield of cyclohexene 
at complete conversion (entry 6). In contrast, the trans-cyclohexanediol isomer was 
unreactive (entry 7). These observations indicate on the one hand that an increased 
build-up of product ring strain may severely hamper product formation and, on the 
other hand, that a proper vicinal diol configuration is pivotal for reactivity. It has been 
reported that a high activation energy is required for the extrusion of the cyclic olefin 
from a trans-configurated diolate intermediate species. 34 The observed purple color of 
the reaction mixture in the case of trans-1,2-cyclohexanediol is indicative of the 
presence of the latter Re species.30 In general, there are no reports on the successful 
conversion of a trans-configurated cyclic vicinal diol to the corresponding cyclic olefin 
with the use of a rhenium catalyst, irrespective of the conditions used.  
 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

 
 

Chapter 3 

 
81 

Table 3.3. Cp*ReO3-catalyzed disproportionation of vicinal diols at 180 °C.[a] 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

[a] Reaction Conditions: diol (3.5 mmol), Cp*ReO3 (0.03 mmol), 180 °C, N2 
atmosphere, 24 h. [b] Determined by 1H NMR with mesitylene as internal standard. 
The yield is presented as total olefin yield and the ratio of terminal (T):internal (I) 
olefins are given in parenthesis. [c] The mentioned color is that of the hot reaction 
mixture after 24 h. [d] Reaction time is 4 h [e] Viscous reaction mixture. [f] 
Determined by GC. The total stilbene yield is presented and the ratio of cis:trans 
isomer is given in parenthesis.  

 Next, aromatic diols were found to give poor olefin yields out of complete 
conversion of the diols. Only 5% of styrene was obtained from 1-phenyl-1,2-
ethanediol and 20% of stilbene products were observed starting from meso-
hydrobenzoin with a cis/trans ratio of 55:45 (entries 8 and 9). Product formation in 

Entry Substrate Major 
products 

Color [c] Conv.[b] 
[%] 

 

Yield  
[%][b] 
(T:I) 

 
1[d] 

 

 

 

 

 
Dark green 

 
81 

 
32 

 

2 

  
 

Dark brown >99 54 
(87:13) 

 
3 

  
 

Dark brown >99 56 
(66:34) 

 

4 

  
 

Dark brown >99 58 
(86:14) 

 

5 

  

Dark brown >99 54 
 

6 

  

Dark brown[e] 92 19 
 
 

7 

  

purple <1 - 
 
 

8 

 
 Dark brown 

 
>99 5 

 
 

9 

 

 
 

Dark green >99 20[f] 

(55:45) 
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this case is unlikely to be hampered by oligomerization/polymerization of the formed 
styrene or stilbene because of the very low tendency of rhenium compounds to catalyze 
olefin polymerization.35 In the reaction with 1,2-phenylethanediol formation of 
phenylacetaldehyde (dehydrated product) and phenylglyoxal (oxidized product) was 
observed by GC-MS analysis though. In the case of meso-hydrobenzoin large amounts 
of benzil (oxidized diketone) and benzaldehyde, and traces of other unidentified 
products were observed by GC-MS. Similar products such as benzil, benzaldehyde and 
diphenylethanone were earlier reported by Abu-Omar et al. for a MTO-catalyzed 
reaction at 140 °C starting from (R,R)-(+)-hydrobenzoin in 1-heptanol or cumene as 
the solvent.20 For the reaction in 3-octanol, an intermediate equilibrium formation of 
an acetal was proposed by the reaction of benzaldehyde with the hydrobenzoin 
substrate. At the end of the reaction, the acetal was consumed to result in an increase 
in the overall trans-stilbene yield as 80%.20 Related reaction pathways may be involved 
in the neat reaction with Cp*ReO3, but do not lead to an increase in product 
formation. The formation of benzaldehyde from the hydrobenzoin substrate can be 
explained by oxidative deformylation of the hydroxyketone compound as proposed by 
Fristrup et al. (see Scheme 3.2).33    
 In general, diol oxidation products such as diketones or hydroxyketones are 
highly sensitive to decomposition under the reaction conditions, i.e., at 180 °C. 
Indeed, heating phenylglyoxal monohydrate or 2-oxooctanoic acid at 180 °C for 24 h 
in the presence of Cp*ReO3 (1 mol%) leads to decomposition with severe charring 
(i.e., dark-brown viscous mixtures are obtained). Similarly, such decompositions were 
earlier reported for 1,2-cyclohexanedione and 3,4-hexanedione in the presence of 
Re2(CO)10.17  
 Overall, the yields presented in Table 3.3 for the solventless 
disproportionation of diols to olefins are lower compared to CptttReO3/PPh3 catalyzed 
DODH reactions in PhCl. Also, olefins were obtained with high regioselectivity from 
the aromatic diols for Cp’ReO3/PPh3 (Cp’ = Cp*, Cpttt) at lower temperature (90–135 
°C),25,27 but poor yields were obtained under disproportionation conditions with high 
amount of side products at 180 °C. 
 The good results for the disproportionation of linear aliphatic diols led us to 
study similar reaction conditions for the disproportionation of the biobased polyol 
substrates glycerol, erythritol, (D)-xylitol and (D)-sorbitol. Unfortunately, attempts to 
extend the scope of the neat disproportionation conditions to these polyol substrates 
did not result in substantial formation of the anticipated olefin and polyene products 
(Table 3.4). In all cases complete conversion of the polyol substrate was achieved 
though, alongside the formation of water (clearly visible as droplets on the sides of the 
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reaction tube). In addition, severe charring, i.e., the formation of dark-brown insoluble 
solids in a viscous reaction mixture, was observed upon heating the polyols at 180 °C 
for only 4 h. The charring products are proposed to be polyol condensation products, 
the formation of which is facilitated by the rhenium catalyst (vide infra). None of the 
expected olefin products were identified from the reactions with D-xylitol or D-
sorbitol (entries 4 and 5).36 However, exposing glycerol to these conditions resulted in 
a low yield of the expected allyl alcohol (14%), together with trace amounts for 
acrolein (0.5%) and propanal (0.5%; entry 1). The tetritol erythritol gave DHF (19%) 
as the major product with trace amounts of crotonaldehyde (0.5%; entry 2). Due to 
the mild Lewis acidic nature of the oxo-rhenium catalyst, dehydrative cyclization 
involving the terminal hydroxyl groups followed by DODH to yield DHF (2,5-
dihydrofuran) seems to be the favored reaction pathway at these conditions. Other 
unidentified products were observed in very small amounts, which might correspond 
to the oxidized products. However, the anticipated butadiene product was not detected 
in these experiments. 
 
Table 3.4. Cp*ReO3-catalyzed disproportionation of polyols at 180 °C.[a] 

Entry Polyol Olefin (%)[b] Time (h) 
1 

 

4 

2 

 

 

4 

 
3[c] 

 

 
1 

 
4 

 

 
- 

 
4 

 
5 

 

 
- 

 
4 

 
[a] Reaction Conditions: polyol (3.5 mmol), Cp*ReO3 (0.03 mmol), 180 °C, N2 
atmosphere. [b] CDCl3 extracted solution was measured by 1H NMR with mesitylene 
internal standard. Conversions of polyols were not determined due to insoluble dark 
brown solid [c] Erythritol (1 mmol), CptttReO3 (0.03 mmol). 
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 All in all, the disproportionation of different vicinal diols using the Cp*ReO3 
catalyst under neat conditions and elevated temperatures resulted in moderate to high 
olefin yields. Given that the maximum yields in these reactions extend beyond 50%, 
the reaction pathway in which the diol is oxidized to the diketone to provide reducing 
equivalents seems to be operable. Extending these conditions to the conversion of 
biobased polyols to polyenes turned out to be not efficient and resulted in minor 
amounts of allyl alcohol in the case of glycerol and in side product formation, 
including charring, for other polyols. 
 Given our primary interest in the formation of butadiene from biobased 
polyols, we additionally attempted the transformation of erythritol with the CptttReO3 
catalyst, which had shown a reactivity comparable to that of Cp*ReO3 in the 
disproportionation of 1,2-octanediol (see Table 3.1). Heating erythritol to 180 oC in 
the presence of CptttReO3 (3 mol%) lead to complete conversion within 1 h under 
(Table 3.4, entry 3). Interestingly, a significant improvement over the Cp*ReO3 
catalyst was observed and 34% of DHF and 7% of crotonaldehyde formed. The DHF 
selectivity is 68% according to Scheme 3.2a (max. 50%) and 51% according to 
Scheme 3.2b (max. 67%), which in either case is higher than the DHF selectivity of 
36%/27% that can be obtained with the MTO catalyst under neat conditions in a 
distillation set-up.19 The formation of the crotonaldehyde product can be explained by 
the ring-opening of DHF under the reaction conditions. Nevertheless, butadiene was 
not produced in any case under disproportionation reaction conditions. This led us to 
focus further investigations toward the formation of butadiene on CptttReO3-catalyzed 
DODH reactions of erythritol in combination with external reductants such as PPh3 
or alcohols, i.e., to follow up on the initial lead reported in Chapter 2. 
 
CptttReO3-catalyzed DODH of erythritol to butadiene 
 Initially, the optimized reaction conditions for the DODH of 1,2-octanediol 
with CptttReO3 were used for polyol conversion.27 A very good yield of allyl alcohol 
(91%) was obtained from glycerol with PPh3 as the sacrificial reductant (1.1 equiv.) at 
140 °C in PhCl. In contrast, the heterogeneous reaction mixture obtained for the 
reaction with erythritol resulted in a much less efficient conversion and product 
formation. A poor conversion of erythritol (20%) to a very low butadiene (a) yield 
(1.5%) was found for the reaction at 140 °C in PhCl with PPh3 (2.2 equiv.) after 26 h 
(Table 3.5, entry 1), whereas complete conversion was achieved at 180 °C with 18% of 
butadiene (a) formation after 24 h (entry 2).27 The side products observed in these 
reactions are the partially converted butene-diols such as 3-butene-1,2-diol (b), cis-2-
butene-1,4-diol (c) and trans-2-butene-1,4-diol (d; see Scheme 3.4). The total yield of 
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these side products was 5.5% (b/ c/ d = 0.49/ 0.05/ 0.45) and 8% (b/ c/ d = 0/ 0.73/ 
0.27) at 140 and 180 °C, respectively (Table 3.5, entries 1–2).  
 

 

Scheme 3.4. CptttReO3-catalyzed DODH of erythritol to butadiene using PPh3 
reductant. 

Table 3.5. DODH of erythritol to butadiene formation using reductants.[a]   

 
Reaction conditions: [a] erythritol (0.5 mmol), CptttReO3 (0.01 mmol), PPh3 (0.55–1.1 
mmol), solvent (5 mL). [b] Determined by using GC with mesitylene (0.5 mmol) as 
an internal standard. [c] Air exposed after 6.5 h of reaction under N2. [d] AF - 
ammonium formate. 

A control experiment starting from a butadiene solution in PhCl (0.1 M) 
under the same reaction conditions showed only 4% loss at 180 °C in 15 h in the 
pressure tube reaction set-up. Hence, the formed volatile butadiene was neither lost 
during the analysis nor further transformed via thermal 
oligomerization/polymerization using this reaction and analysis procedure. Therefore, 
the large amounts of missing reaction components were assumed to be the result of 

OHHO

OH

OH c

OH

HO

d

N2, solvent (0.1 M)
180 oC, 1–2 days

H2O
PPh3 PPh3O

ba

HO OH

HO OH

 (2%)CptttReO3

T (°C) Solvent Reductant 
PPh3 / 
AF[d] 
(equiv.) 

Conv. 
(%)[b] 

Total 
Yield 
(%)[b] 

  Product distribution (%)[b] t 
(h) 

a b c   d 

127 140 PhCl 2.2 / -  20 7 1.5 2.7 0.3 2.5 26 

227 180 PhCl 2.2 / - >99 26 18 - 5.8 2.2 24 

3 180 Pyridine 2.2 / - 76 61.5 51 1.5 5.2 3.8 55 

4[c] 180 Pyridine 2.2 / - 77 66.2 55 2.8 4.8 3.6 45 

527 180 Pyridine 1.1 / - 76 29.8 22 3.1 1.5 3.2 15 

6 140 Pyridine 1.1 / - 8  
3.5 

trac
e 

1.0 0.8 1.7 15 

7 140 Pyridine - / - 8 4 - - - 4.0 15 

8 180 Pyridine - / 8 >99 62 23 ND 8.8 39 24 

9 180 Pyridine 0.02 / 4.3  28 11.7 4.7 ND 1.7 7 24 
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competing polyol condensation reactions under the heterogeneous reaction conditions 
(vide infra). In trying to overcome this issue, a number of reactions were carried out in 
pyridine as the solvent, which gave completely homogeneous reaction mixtures. 
Satisfyingly, a high butadiene yield of 51% at 76% erythritol conversion was obtained 
in this way within 55 h with concomitant formation of butene-diols (10.5% in total; 
b/ c/ d = 0.14/ 0.49/ 0.36; entry 3).
 The progression of this reaction was monitored over time using separate 
reaction tubes. The reaction profile seems to include a short induction period, if any, 
and shows the immediate formation of side products at a constant concentration 
together with an increasing butadiene yield of 3.3%, 14.6% and 30% in 2.5 h (9.1%, 
b/ c/ d = 0.4/ 0.2/ 0.4), 6.5 h (10.5%, b/ c/ d = 0.32/ 0.24/ 0.44) and 15 h (12.2%, b/ 
c/ d = 0.35/ 0.25/ 0.4), respectively (Figure 3.2). The constant butenediol 
concentration over the full duration of the reaction is consistent with their role of 
intermediate products in the formation of butadiene from erythritol. The current data 
are not informative on the regioselectivity of erythritol conversion, which can take 
place via either ‘1,2-diolate’ or ‘2,3-diolate’ formation. 
  

 

Figure 3.2. Reaction profile for erythritol to butadiene conversion at 180 °C in 
pyridine. 

 Additionally, exposure of a reaction mixture to air after 6.5 h of reaction also 
resulted in high amounts of butadiene (55%) at 77% erythritol conversion after 45 h, 
and gave similar amounts of butenediols (11.2%, b/ c/ d = 0.25/ 0.43/ 0.32) (Table 
3.5, entry 4). Apparently, the presence of oxygen in this case did not substantially 
affect the course of the reaction. On the other hand, lowering the amount of reductant 
to half of the required amount (i.e., 1.1 equiv. PPh3) afforded 22% of butadiene at a 
high conversion of erythritol (76%) at 180 °C in only 15 h (entry 5). This observation 
points out that competing disproportionation or condensation of erythritol may occur 
under homogeneous reaction conditions as well, as was earlier found for MTO-
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catalyzed glycerol conversion.19 Lowering the reaction temperature at this lower 
reductant loading did not result in these competing reactions to a significant extent 
with an erythritol conversion of only 8% and with only trace amounts of volatile C4-
products being formed (entry 6). In the absence of PPh3, the same conversion was 
observed with a surprising good selectivity for the 1,4-butenediol product as the only 
detectable product at 140 °C (entry 7). These experiments clearly illustrate the 
importance of a sufficiently high reaction temperature for the formation of butadiene 
from erythritol using the CptttReO3 catalyst in combination with the PPh3 reductant 
under homogeneous conditions. In addition, DODH seems to be the most prominent 
reaction pathway leading to product formation in this case without significant transfer 
hydrogenation taking place. 
 Next, ammonium formate was tested as an easily accessible reductant for the 
reaction. Using 8.3 equiv. of ammonium formate in pyridine resulted in complete 
conversion of erythritol to yield 23% of butadiene at 180 °C in 24 h (Table 3.5, entry 
8). In this case, trans-2-butene-1,4-diol (d) was obtained as the major product in 39% 
yield and cis-2-butene-1,4-diol was formed in 8.8%. To our knowledge, this is the first 
reported rhenium-catalyzed DODH reaction using a formate reductant. Interestingly, 
the high product selectivity for 1,4-butenediols indicates a greater reactivity of the 
internal secondary hydroxyl groups when ammonium formate is the reductant. The 
latter observation raises questions related to the nature of the rhenium species involved 
in the isomerization of the 1,4-butenediols to 1,2-butenediols and to the role of the 
reductant in this reaction. Surprisingly, the use of catalytic amounts of PPh3 (i.e., 0.02 
equiv. was added to reduce the pre-catalyst CptttReO3 to its active CptttReO2 species) 
in combination with ammonium formate (4.3 equiv.) impeded the reaction, and 
provided only 28% conversion of erythritol with 5% butadiene yield and 7% of DHF 
(d) as the major product (entry 9). These experiments show that different reductants 
may be used for DODH reactions and that the outcome of the reactions depend on 
the nature of the reductant, both in terms of conversion as well product formation and 
selectivity.  
 In general, the influence of the reductant on the formation of side products is 
particularly striking. Earlier work of Andrews and Toste has shown the viability of the 
interconverting isomerization of butene-diols b, c and d, which may favor the 
formation of butadiene as the major final product, resulting in a formal [1,4]-
DODH.22,25 Protic media might facilitate the proton transfer for allylic [1,3-OH]-
disposition of butene-diols. Combining our own results and the preexisting literature, 
a general trend is evident: DODH of erythritol with PPh3 or ammonium formate as 
reductant produces a mixture of butene-diols as side products for all the employed 
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catalysts XReO3 (X = Cp*16, Cpttt27 or Tp*25); in contrast, the use of 3-octanol as 
reductant results in the formation of DHF in the presence of Cp’ReO3 (Cp’ = Cp*, 
Cpttt, CpMe4H or CpEtMe4) (vide infra) and MTO21 as catalysts. 
 
CptttReO3-catalyzed DODH of polyols using secondary alcohol reductants 

Secondary alcohols are known to act as stoichiometric reductants via 
hydrogen transfer, and their use as reductants in rhenium-catalyzed DODH reactions 
has been demonstrated in the pioneering work of Ellman,17 and later by Toste22 and 
Abu-Omar19 with different rhenium carbonyls complexes and MTO, respectively. In 
these studies, 3-octanol was reported as an efficient reductant in DODH reactions and 
as a solvent with increased solubility of erythritol as well as of intermediate butenediols 
at high temperatures. As outlined in the introduction of this chapter, Abu-Omar 
reported on the MTO-catalyzed DODH reaction of erythritol using a distillation set-
up at 170 °C to yield only 37% DHF as the major product together with minor 
amounts of butadiene (1.3%), crotonaldehyde (0.7%) and furan (0.15%).20 As earlier 
mentioned in the Chapter 2, MTO-catalyzed reactions differed in product yield as 
only 61% butadiene in a closed set-up compared to the originally reported 89%.23,37 
These three different reaction outcomes of the same DODH system are surprising and 
demonstrate the strong influence of the reactor set-up on the yield of butadiene. In our 
experiments using the CptttReO3 catalyst we consistently used the closed pressure tube 
reaction set-up.  

In a first set of experiments, the catalytic activity of a series of Cp’ReO3 (Cp’ 
= Cp*, CpMe4H, CpEtMe4) complexes was examined in the DODH reaction of 
erythritol with 3-octanol as the reductant and as solvent (Scheme 3.5). In all cases, the 
butadiene yield was over 60% with a small amount of DHF side product (6–8%) at 
complete erythritol conversion (>98%; Table 3.6). Small variations in the Cp-
substituent pattern starting from Cp* gave good butadiene yields for CpEtMe4 (62%) 
and CpMe4H (64%) with small amounts of DHF (6–8%) (entries 2 and 3). Both 
Cp*ReO3 and CptttReO3 catalysts gave comparable, but somewhat higher butadiene 
yields (67–68%) with 7% DHF (entries 1 and 4). At these reaction conditions, the 
reaction catalyzed by MTO gave 61% butadiene yield, which is the lowest yield 
obtained within this series of experiments (entry 5). In addition, some trace amounts 
of crotonaldehyde (<1%) were observed by 1H NMR analysis for all catalysts. 
Moreover, dark-brown reaction mixtures were observed with some black solid 
deposition, which was common for all the catalysts including MTO. The amount of 
solid material was not quantified due to the small scale of the reactions.  
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Scheme 3.5. CptttReO3-catalyzed DODH of tetritols (erythritol or threitol) to 
butadiene using 3-octanol as reductant.  
 
Table 3.6. Cp’ReO3-catalyzed DODH of erythritol to butadiene with 3-octanol as 
reductant and solvent.[a]  

 

 

 
 
 
 
 
 

[a] Reaction conditions: Erythritol (0.2 mmol), rhenium catalyst (0.005 mmol), 3-
octanol (0.67 mL), 1.5 h, 170 °C; Yields were determined by using 1H NMR 
spectroscopy with mesitylene as internal standard. [b] Determined by GC after 
acetylation. 

 Next, different secondary alcohol reductants and different substrate 
concentrations were investigated using the CptttReO3 catalyst (Table 3.7). Clearly, the 
presence of air is detrimental to the catalytic reaction using 3-octanol, resulting in only 
40% of butadiene at 180 °C in 2 h (compare entries 1 and 2). Decreasing the 
erythritol concentration in 3-octanol from 0.3 M to 0.05 M under N2 atm. at 180 °C 
resulted in an increased butadiene yield of 74% with only 6% DHF in 3 h (entry 3). 
Conversely, by increasing the substrate concentration to 0.6 M, erythritol conversion 
reduced to 40% in 1 h with poor product yields (butadiene/DHF = 3%/4%; entry 4). 
Changing the secondary alcohol reductant to 3-pentanol resulted in an identical 74% 
butadiene yield at the lower substrate concentration, but gave a lower DHF yield of 
3% (compare entries 3 and 5). Interestingly, changing the reductant to isopropanol 

HO OH

HO OH
 (2.5%)

 octene
3-octanone

O

170 oC, 1.5 h, N2

CptttReO3

3-octanol

H2O
(excess)

a e

HO OH

HO OH
O

HO OH
a f

Entry Catalyst Conversion 
(%)[b] 

Butadiene  
(%) 

DHF 
(%) 

1 Cp*ReO3 >98 68 7 

2 (CpMe4H)ReO3 >98 64 6 

3 (CpEtMe4)ReO3 >98 62 8 

427 CptttReO3 >98 67 7 

   527 CH3ReO3   >98 61 9 
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reduced the conversion of erythritol to 49%, and provided butadiene and DHF in very 
low yields of 4 and 1.5%, respectively (entry 6). The poor conversion in isopropanol is 
likely due to the lower boiling point of this secondary alcohol, facilitating competing 
side reactions of the erythritol substrate (e.g., transfer hydrogenation or condensation) 
at the elevated reaction temperature. 
 
Table 3.7. DODH of tetritols to butadiene in sec. alcohols at 180 °C.[a] 

 
[a] Reaction conditions: erythritol (0.2 mmol), 1 (0.005 mmol), sec. alcohol (0.67 
mL), 180 °C; Yields were determined by using 1H NMR spectroscopy using 
mesitylene as internal standard. [b] f = 1,4-anhydroerythritol. [c] Determined by GC 
after acetylation. [d] Reaction carried out at 170 °C.  

  Reacting the other tetritol isomer, threitol, under the standard conditions 
(170 °C, N2, 1.5 h) using 3-octanol as the reductant produced butadiene at a lower 
59% but within a shorter reaction time of 1.5 h (entry 7). Interestingly, the same 
reaction carried out in air resulted in 51% butadiene, which shows that the reaction of 
threitol is less sensitive to the presence of oxygen (entry 8). In both reactions a small 
amount (3–4%) of the cyclodehydrated side product anhydrothreitol (f) remained in 
the reaction mixture without further conversion to DHF (Scheme 3.5). As described in 
Table 3.3, the high activation energy barrier for olefin extrusion from a trans-
configurated cyclic rhenium-diolate prevents the formation of DHF in this case.34 This 
observation furthermore points out that DODH of the 1,2-diol fragment in threitol is 
favored over dehydrative cyclization.  

Entr
y 

Tetritol 
 

Reductant Tetritol 
conc. (M) 

Butadiene 
(a) (%)[b] 

DHF 
(e) 
(%)[b] 

Conv. 
(%)[c]  

Reaction    
conditions 

1[d],27 Erythritol 3-octanol 0.3 67 8 >98        N2, 1.5 h 

2 Erythritol 3-octanol 0.3 40 5 >98        Air, 2 h 

3 Erythritol 3-octanol 0.05 74 6 >98         N2, 3 h 

4 Erythritol 3-octanol 0.6 3 4  40        N2, 1 h 

5 Erythritol 2-pentanol 0.05  74 3 >98     N2, 3 h 

6 Erythritol 2-propanol 0.3 4 1.5  49     N2, 2 h 

 7[d] Threitol 3-octanol 0.3  59  3 (f) >98     N2, 1.5 h 

 8 Threitol 3-octanol 0.3  51  4 (f) >98     Air, 2 h 
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 Finally, the bio-based substrate scope of the secondary alcohol-mediated 
DODH reaction was extended to longer chain polyols with the prospective to 
synthesize bio-based polyenes (Scheme 3.6). (D)-Sorbitol, representing a reduced C6-
sugar, resulted in 13% of trans-1,3,5-hexatriene out of 79% conversion in 1 h under 
N2 atmosphere at 180 °C in 3-pentanol as solvent and reductant. Exposing this 
reaction mixture to air at this point and allowing the reaction to continue for another 
2 h resulted in complete conversion of sorbitol to yield 36% of trans-1,3,5-hexatriene. 
Also, (D)-xylitol, a reduced C5-sugar, yielded 31% of pentadienol products at 
complete conversion in 3 h at 180 °C under N2 atmosphere. In this case, the observed 
polyene product was (E)-5-(pentan-3-yloxy)penta-1,3-diene (31%) resulting from the 
condensation of the formal DODH product 1-pentadienol with 3-pentanol. The 1-
pentadienol product may be formed from a combined 1,2 and 3,4 diol DODH 
reaction or from the combined 1,2 and 4,5 DODH reaction to form 3-pentadienol 
followed by a rhenium-catalyzed [1,3-OH]-shift.21  
     

 

Scheme 3.6. DODH of C5- and C6-polyols to polyolefins in 3-pentanol  

Analysis of colored deposits 
As mentioned earlier, DODH of aliphatic or aromatic diols never produced 

any insoluble solid material and the olefins yields were also very high. But the 
disproportionation of diols resulted in dark-brown reaction mixtures, likely due to the 
decomposition of oxidized organic compounds. Because a black or dark-brown solid 
material deposits during the DODH and disproportionation reactions of polyols 
described in this chapter, the polyol charring components were analyzed further. The 
combination of the high reaction temperature (>170 °C) and a rhenium catalyst (with 
or without a reductant) seems to lead to these charring products, because erythritol 
remained mostly unconverted (>92%) at a lower temperature of 140 °C both in the 
absence and in the presence of a rhenium catalyst. In addition, no changes occur when 
erythritol is heated at 180 °C for 24 h. Therefore, the non-productive charring reaction 
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might occur irrespective of the employed Cp’ReO3 (Cp’ = Cp* or Cpttt) catalyst and 
either with or without a reductant. 

 In order to obtain more insight in the nature of the dark-colored deposits, 
the deposit that had formed in the reaction of Cp*ReO3-catalyzed glycerol, erythritol 
and xylitol disproportionation reactions were analyzed (Table 3.4, entries 1, 2, and 4). 
After the neat reaction at 180 °C for 4 h, a dark-brown viscous suspension was 
obtained. Extraction of the soluble products in CDCl3 followed by pyridine left some 
insoluble black solid residue (ca. 25–30 mg, >10% based on employed polyol). 
Although the CDCl3 and pyridine extracted components contain mostly unidentified 
products and no substrates, the analytical data (IR, ESI-MS, elemental analysis) of the 
deposited solid materials were found to be very similar for all substrates. The plate-like, 
dark brown/black solid did not dissolve in any of the tested solvents, i.e., pyridine, 
acetone, hexane, benzene, MeOH, H2O, THF, DMSO or CHCl3. Prior to further 
analysis the residues were washed with pyridine and/or acetone and dried under high-
vacuum overnight (Figure 3.3). FT-IR analysis of all samples obtained in this way gave 
virtually identical spectra, which show absorption bands in the regions 3383–3421, 
2928–2938, 1705–1715 and 1079–1126 cm-1 corresponding to O–H, C–H, C=O, 
and C–O functionalities, respectively. This vibrational pattern does not match typical 
IR spectra reported for humins, i.e., carbonaceous, heterogeneous, polydisperse 
materials formed from the uncontrolled dehydration of sugars and of which the 
molecular structure is largely unknown.40,41 Raman analysis was not possible due to the 
fluorescent nature of the samples. Furthermore, elemental analysis showed a C/H ratio 
of ≈ 10:1 (typical values are: C% 61.47–61.79; H% 5.94–6.98). The presence of 
decomposed catalyst in the form of perrhenate was confirmed from ESI-MS analysis 
(m/z = 250.9354 for ReO4

- in negative mode), that also showed an unidentified 
rhenium-containing species at m/z = 535.1035 in positive mode measurement (in 
CH2Cl2 with pyridine/HCOOH additives), irrespective of the Cp’ReO3 (Cp’ = Cp* or 
Cpttt) catalyst used. The dark brown/black color is likely due to rhenium particles 
rather than the colourless perrhenates under the reaction conditions, as corroborated 
by an earlier report indicating the formation of black rhenium nanoparticles from 
perrhenate at 180 °C during the course of acceptorless dehydrogenation of alcohols.38  
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Figure 3.3. The black solid deposited from erythritol under neat catalytic conditions 
at 180 °C and its FT-IR spectrum. 
 
 Based on the similarity of analytical data, we propose that the unidentified 
residues that form in the reaction of polyols consist of a mixture of polymeric polyol 
condensation products and rhenium catalyst decomposition products. The hydroxyl 
groups in the polyol substrates are known to be involved in disproportionation 
reactions, resulting in the formation of reactive keto compounds. These may undergo 
subsequent and uncontrolled aldol-type reactions to form oligomeric and polymeric 
products, which themselves may be involved in further condensation reactions. Other 
reactions that may contribute to the formation of the residue are dehydrative 
condensation reactions and reactions involving the secondary alcohol reductant and its 
corresponding oxidized carbonyl compound. Most importantly, our findings also 
point out that the development of a homogeneous catalyst system that operates at 
lower temperature may avoid such non-productive pathways. 

3.3. Conclusion  

In summary, the disproportionation of diols to olefins (>50%) were achieved without 
adding any reductant for the Cp-based trioxo rhenium catalysts Cp*ReO3 and 
CptttReO3 under air-free and neat conditions. The catalytic activity of Cp*ReO3 was 
expanded in chlorobenzene as solvent using 1,2-octanediol as model substrate. Faster 
reactivity with increasing amount of catalyst loading (1–10 mol%) and a detrimental 
catalytic effect of oxygen were demonstrated. Furthermore, a series of aliphatic, 
aromatic or cyclic diols gave the corresponding olefins with retention of configuration 
in moderate to excellent yields. Re2(CO)10 and BrRe(CO)5 were also found to be active 
in the absence of air/oxygen in a closed reaction set-up at 180 °C.  
 As no butadiene was detected from the attempted disproportionation reaction 
of erythritol, the deoxydehydration methods with different reductants (PPh3 or sec. 
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alcohol) were investigated. A significantly improved production of butadiene was 
achieved for the CptttReO3/PPh3 system in a homogeneous reaction mixture in 
pyridine (>50%) as compared to a heterogeneous mixture in PhCl (18%). 
Alternatively, up to 74% of butadiene was obtained in 3-octanol or 3-pentanol as 
solvent and reductant. Moreover, lower concentrations of erythritol increased the 
relative amount of butadiene formed, while higher concentrations reduce the yield, 
most likely due to competing polyol condensation reactions.  
 The main side products in the tetritol reactants are found to be strongly 
dependent on the used reductant rather than the catalyst: PPh3 and ammonium 
formate lead to butene-diols while secondary alcohols lead to 2,5-dihydrofuran. These 
two types of side products have never been observed together in the reaction mixture. 
The 3-octanol-mediated DODH system was applied to a series of other Cp-based 
trioxo rhenium catalysts and also to the conversion of longer chain polyols (xylitol and 
sorbitol) to polyenes. Another important consideration is to minimize the non-
productive condensation pathway to keep a good yield of the desired product, both in 
disproportionation and deoxydehydration reactions. Here, this was convincingly 
demonstrated either by changing to a homogeneous solution or by lowering the 
temperature. As the change of reaction set-up (reactive distillation or a closed batch) 
significantly changes the overall reaction outcome, chemical technology is expected to 
play an important role in further reaction development. Obviously, an improved 
catalyst is desirable in order to lower the activation energy barrier, and to efficiently 
activate the reductant.  

3.4. Experimental section 
 
All reaction mixtures were prepared inside a MBraun glove box with <0.1 ppm of H2O 
and O2 or on a Schlenk line, both under nitrogen atmosphere. Toluene, THF, and 
MeCN were obtained from a MBraun MB-SPS 800 solvent purifier. Benzene, toluene 
and chlorobenzene were degassed by bubbling nitrogen for 30–60 min or by freeze-
pump-thaw cycles. PPh3 was recrystallized in EtOH and stored inside the glovebox. 
The Cp’ReO3 catalysts were synthesized according to literature procedures for Cp’ = 
Cp*, Cpttt or CpEtMe4.27 A slightly modified procedure was applied to synthesize 
(CpMe4H)ReO3, which is presented in Chapter 6.40 NMR spectra were recorded on a 
Varion VNMRS400 (400 MHz) or an Varion MRF400 (400 MHz) spectrometer. 
ATR and KBr pellet infrared spectra were recorded on a Perkin Elmer Spectrum One 
FT-IR instrument at 25 °C. ESI-MS spectra were recorded on an LCT Premier XE 
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mass spectrometer. GC-MS spectra were recorded on a Perkin Elmer Clarus 680 Gas 
Chromatograph, equipped with a Perkin Elmer Elite 5MS column (15 m x 0.25 mm 
ID x 0.25 mm), and a PerkinElmer Clarus SQ 8 T Mass Spectrometer. GC 
measurements were performed by using a PerkinElmer Autosystem XL gas 
chromatograph equipped with a PerkinElmer Elite-17 column (length = 30 m, internal 
diameter = 0.32 mm, film thickness = 0.50 mm), and with a flame ionisation detector. 
GC method: 40 °C, 5 min; 3 °C min–1 to 55 °C; 20 °C min–1 to 250 °C; 250 °C, 10 
min. All olefinic products were known compounds and were calibrated against 
mesitylene for quantification. 
 
Typical procedure for disproportionation under homogeneous conditions 
 In a typical experiment, an ACE pressure tube was charged with 0.5 mmol 
substrate, pentadecane (internal standard, 0.25 mmol), Cp*ReO3 (1–10 mol%), a 
magnetic stirring bar and 5 mL solvent. The ACE pressure tube was then sealed with 
the appropriate stopper, equipped with a rubber O-ring. Under stirring, this mixture 
was then heated in an oil bath at the reported temperature. Heating was prolonged for 
24 h, unless otherwise mentioned, after which the pressure tube was cooled in an ice 
bath. Then, a sample was taken and filtrated over fluorosil (flushed with either acetone 
or ethyl acetate) before performing GC and GC-MS measurements.  
 
Typical procedure for disproportionation of diols and polyols in neat conditions 
 In a typical experiment, an ACE pressure tube was charged with 3.5 mmol 
substrate, Cp*ReO3 (1–10 mol%) and a magnetic stirring bar. The reaction tube was 
then sealed with the appropriate stopper, equipped with a teflon O-ring. This mixture 
was then heated in a preheated oil bath at the reported temperature. Heating was 
prolonged for 24 h, unless otherwise mentioned, after which the pressure tube was 
cooled in an ice bath. After cooling down, mesitylene (internal standard) and CDCl3 
(2.5 mL) were added under ambient conditions to extract the mixture before 
performing NMR, GC and GC-MS measurements.  
 In the case of polyol (glycerol, erythritol, xylitol or sorbitol) reaction mixtures, 
CDCl3 (2.5 mL) was used to extract the soluble products. Then, addition of pyridine 
(2 mL) and separation of the green solution left some insoluble solids, which were 
washed with acetone and/or pyridine before FT-IR, ESI-MS or elemental analysis. The 
combined CDCl3 and pyridine mixtures were found not to contain the starting 
polyols, but many unidentified peaks were observable in NMR.  
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Typical DODH procedure for polyol conversion 
  Polyol (0.5 mmol), CptttReO3 (0.01 mmol), mesitylene (0.5 mmol), and PPh3 
(0.55 or 1.1 mmol) were weighed directly into the reaction tube, and the solvent (5 
mL) was added. The reaction tube was closed and heated in a preheated oil bath at the 
reported temperature. After the reaction, the mixture was cooled in an ice bath and 
homogenized with pyridine. Samples were taken directly by syringe to analyze for 
volatiles. Then, the mixture was further diluted in pyridine to homogenize the mixture 
for diol and polyol analysis. Further, acetylation was performed with acetic anhydride 
(0.5 mL sample, 1 mL pyridine, 0.3 mL acetic anhydride) at 70 °C for 20–30 min to 
determine the amount of unreacted polyol and the butene-diol products. 
 When 3-octanol was used as the reductant, the catalyst (0.03 mmol) was 
dissolved in 3-octanol (4 mL). 0.67 mL of this stock solution was added to the 
reaction tube in which erythritol (24.3 mg, 0.2 mmol, 0.3 M) was already weighed. To 
lower the concentration to 0.05 M, either an additional amount of 3-octanol was 
added or the erythritol amount was reduced. After the reaction, the tube was cooled in 
an ice bath and 20 μL mesitylene was added. After mixing, 0.1 mL of the mixture was 
diluted in CDCl3. Yields from 1H NMR spectroscopy were calculated by averaging the 
olefin proton signals against the aromatic proton signals of mesitylene. All the olefins 
signals were checked with authentic samples or referred to the NMR data reported in 
literature.19-21 GC analysis of the acetylated samples was used to determine the 
conversion of polyols and diols as mentioned above. 
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                           4 
Characterization of a Monomeric, 
Cyclopentadienyl-based Re(V)dioxo 
Complex   
 
Abstract 
Mononuclear, coordinatively unsaturated Re(V)dioxo species of type XReO2 (X = Me, 
substituted cyclopentadienyl) have long been postulated as intermediates in rhenium-
catalyzed deoxydehydration, but their characterization was precluded by aggregation 
into dimeric or oligomeric structures. Using the bulky tri-tert-butylcyclopentadienyl 
Cpttt ligand, the rhenium(V)dioxo species CptttReO2 could now be observed – in 
equilibrium with the dimeric form [CptttRe(O)μ-O]2 – and characterized by NMR, 
IR, and UV-Vis spectroscopy. CptttReO2 is shown to be the primary product of the 
reduction of the Re(VII) complex CptttReO3 with PPh3, and is demonstrated to react 
with ethylene glycol significantly faster than its dimeric counterpart, supporting its role 
as an intermediate in rhenium-catalyzed deoxydehydration reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Based on: Raju, S.; Jastrzebski, J.T.B.H., Lutz, M.; Witteman, L.; Dethlefsen, J.R.; 
Fristrup, P.; Moret, M.-E., Klein Gebbink, R.J.M. submitted for publication. 
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4.1. Introduction 

Cellulosic biomass is emerging as a potential renewable feedstock for the chemical 
industry.1 In this context the search for an efficient route from polyhydroxyl sugars and 
their derivatives to the corresponding polyolefins motivates a renewed attention to 
reductive deoxygenation reactions.2,3 Among these, the deoxydehydration (DODH) of 
diols to olefins catalyzed by organometallic oxo-rhenium complexes appears as one of 
the most promising approaches.4–6 The first catalytic DODH was developed in 1996 
by Andrews et al. by using Cp*ReO3 as a precatalyst for the reduction of a vicinal diol 
to the corresponding olefin with the use of PPh3 as a sacrificial reductant.7 The low 
catalytic turnover numbers (TON ~ 55) were assigned to fast catalyst decomposition 
through the formation of insoluble tri- and tetra-nuclear oxo-rhenium clusters.8,9 More 
recent work has focused mainly on methyltrioxorhenium (MTO), demonstrating its 
activity in DODH reactions with various reductants.10–16 Aiming at the development 
of more readily tunable catalysts, we recently revisited the use of trioxo-rhenium 
complexes with substituted Cp ligands and identified CptttReO3 (1) (Cpttt = 1,2,4-tri-
tert-butylcyclopentadienyl) as an improved DODH catalyst (for 1,2-octanediol 
conversion to octenes TONs up to 1400 per Re can be reached).17 
 Central to further development of DODH catalysts is a good understanding 
of the reaction mechanism(s) by which the catalysts operate.  Based on stoichiometric 
work by Herrmann18,19 and Gable,20 a DODH cycle is generally thought to consist of 
three steps: (a) reduction of the Re(VII) trioxo species to a Re(V)dioxo species, (b) 
condensation with the diol to form a Re(V) diolate, and (c) extrusion of the olefin 
product to regenerate the Re(VII) trioxo species (Scheme 4.1).7,13,21 Alternatively, Abu-
Omar and coworkers proposed the olefin extrusion step to occur via a putative Re(III) 
diolate species for MTO-catalyzed DODH.21 Observation and characterization of the 
key Re(V)dioxo intermediates would be highly desirable to consolidate our 
mechanistic understanding, but is hampered by their tendency to aggregate in di- or 
multinuclear species, which is also considered as the main route towards catalyst 
decomposition.8,22 For example, even though adduct formation reactions with 
nucleophilic reagents (e.g. phosphines,21 alkynes,13,23) allowed the observation of 
monomeric Re(V)dioxo species derived from MTO, characterization of coordinatively 
unsaturated MeReO2 remains elusive.24–27 In contrast, the reduction of Cp*ReO3 with 
PPh3 results in the well-characterized dimer [CptttRe(O)μ-O]2 without any other 
additional coordinating ligand.18,28,29 Interestingly, Gable et al. observed that heating 
an NMR sample of [Cp*Re(O)μ-O]2 caused the appearance of small amounts of a new 
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species that was tentatively assigned as Cp*ReO2 but could not be further 
characterized.30 In this chapter it is shown that using the bulkier Cpttt ligand allows the 
direct observation and spectroscopic characterization of the monomeric CptttReO2 (2) 
species, which is demonstrated to engage in the diol condensation (step (b)) faster than 
its dimeric counterpart [CptttRe(O)μ-O]2 (3) supporting its involvement as a key 
intermediate in DODH reactions.   

   

  
Scheme 4.1. Proposed rhenium-catalyzed DODH mechanism. 
 

4.2. Results and Discussion 
 
First, the procedure of Herrmann et al. for the synthesis of [Cp*Re(O)μ-O]2

9 was 
slightly modified to synthesize [CptttRe(O)μ-O]2 (3) as a dark brown solid (67% 
yield): equivalent amounts of PPh3 and 1 were reacted in THF for 16 h (Scheme 4.2). 
Recrystallization in hexane / acetone (2 / 1) at −30 °C afforded crystals of sufficient 
quality for X-ray diffraction. The solid-state structure of 3 displays a Re2O4 unit 
sandwiched between two Cpttt-ligands (Figure 4.1). The Cp−Re binding mode can be 
quantitatively described by using the ring-slippage parameter Δ.32,33 The Δ value of the 
Cp ring bound to Re1 is 0.25 Å, which is generally described as a slipped η5 or η2-
olefin/η3-allyl bonding,18 whereas the Cp ring bound to Re2 is strongly slipped with Δ 
= 0.45 Å indicating η3-bonding. The long Re2−C12 (2.587(7) Å) and Re2−C52 
(2.468(7) Å) distances, and the short C12−C52 bond (1.408(9) Å) approaching 
double bond behaviour, additionally support the description of this Cp ring as η3-
bonded.34 Such Cp ring slippage is common in oxo-rhenium complexes and has been 
attributed to the trans-influence of π−donating oxo ligands.18 While the 
Cp(centroid)−Re2 distance (1.995(3) Å) is slightly longer than the other 
(Cp(centroid)−Re1 = 1.978(3) Å), the terminal Re−O distances are nearly identical 
(Re2−O12: 1.709(6) Å; Re1−O11: 1.711(6) Å). Consideration of a space filling model 
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of 3 suggests that steric repulsion between tBu groups of different Cpttt ligands is 
responsible for the observed η3-bonding, with a rather short C−C distance 
(C92……C111 = 3.725(11) Å) between methyl groups of the two Cpttt ligands (Figure 
4.2). 

 
Scheme 4.2. Synthesis of reduced Re(V)oxo complexes bearing the Cpttt-ligand. 
 
 The unsymmetrical bonding modes of the two Cp ligands contrasts with the 
η5/η5 bonding observed in the analogous complex [Cp*Re(O)μ-O]2. The Re1−Re2 
distance (3.1086(4) Å) in 3 is somewhat shorter than that in [Cp)Re(O)μ-O]2 (3.142 
Å), which had been proposed to involve some degree of metal-metal bonding.30,35 To 
clarify this issue, a natural bonding orbitals (NBO)36 analysis was performed on the 
electron density obtained for 3 at the B3LYP/6-31G(d,p);SDD(Re) level.37 It 
identified one filled lone pair NBO of d-character on each rhenium atom, as expected 
for two Re(V) centers (Figure 4.2). Second-order perturbation analysis found donation 
from the Re-based lone pair to Cp-based orbitals (back donation), but found no 
significant (< 5 kcal/mol) donor-acceptor interaction between the filled d-orbital of 
one Re atom and empty d or σ*(Re–O) orbitals of the other, indicating the absence of 
significant Re−Re bonding.  
 In agreement with the X-ray crystal structure, the ESI-mass spectrum of 3 
showed a signal at m/z = 904.3503, corresponding to the expected dimeric species (M+ 
calcd m/z = 904.3453). The IR (KBr pellet) vibrations for bridging oxygen atoms 
(Re−O−Re) were observed at 637, 652 and 670 cm–1, and the terminal oxo vibrations 
appeared at 930 and 947 cm–1. The doubling of the terminal Re=O band contrasts 
with the single band observed at 930 cm–1 for [Cp*Re(O)μ-O]2, likely reflecting the 
lower symmetry of 3.28

 

 The 1H NMR spectrum of 3 in C6D6 at room temperature displays one signal 
for Cp−H at 5.31 ppm and two for the tBu groups at 1.43 and 1.41 ppm, respectively, 
suggesting a symmetrical structure in solution at first sight. However, cooling a sample 
of 3 in THF-d8 from –20 °C to –110 °C resulted in a gradual splitting of the Cp–H 
resonance into three signals at 5.03, 5.73 and 6.27 ppm in 2:1:1 ratio (Figure 4.3). 
Thus, the two Cpttt ligands are not equivalent in solution and rotation around the Re–
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Cp axis becomes slow at low temperature for at least one of them, supporting the idea 
that the unsymmetrical structure observed for 3 in the solid state also exists in solution. 

 
Figure 1. ORTEP picture of 3, drawn at the 50% probability level. Hydrogen atoms 
are omitted and the tBu groups are shown in wireframe for clarity.  
 

 

         
 
Figure 4.2. Space filling model (left) of the molecular structure of 3 in the crystal, and 
the distances associated with steric bulk of the ligand (right). The DFT-optimized 
PNLMO (Pre-orthogonal Natural Localized Molecular orbitals) d2-orbitals of rhenium 
in dimer 3 are given in the lower part of the figure.  
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Figure 4.3. Variable temperature 1H NMR spectra of [CptttRe(O)μ-O]2 (3) in THF-
d8. The sharp peak at 5.2 ppm corresponds to a small amount of the monomer 
CptttReO2 (2) formed upon dissolution of 3. (Top to bottom spectra array: –20, –50, –
70, –80, –90, –100, –105, –110 °C). 
 
 When a clean solution of 3 in C6D6 is stored at room temperature, a new 
Cp−H signal gradually appears at 4.81 ppm in the 1H NMR spectrum together with 
corresponding tert-butyl signals at 1.22 and 1.19 ppm, reaching equilibrium after ca. 4 
h. The new signals grow with increasing temperature and a DOSY NMR experiment 
associates them to a diffusion coefficient 1.6 times larger than to that of 3, which 
corroborates their assignment to the monomeric species CptttReO2 (2). Equilibrating 
an NMR sample at 75 °C followed by rapid cooling afforded an enriched sample on 
which 1H and 13C NMR characterization data for 2 was recorded (see experimental 
section). A Van’t Hoff analysis of the equilibrium between 3 and 2 yields a reaction 
enthalpy of ΔrH = 11.6 ± 0.2 kcal/mol and a positive entropy of reaction of ΔrS = 27.7 
± 0.6 cal.mol–1K–1 consistent with a dissociation reaction (Figure 4.4). The obtained 
enthalpy of reaction is significantly lower than for the corresponding Cp* ligated 
complexes (ΔrH = 16.8 ± 0.3 kcal/mol),30 supporting the notion that the increased 
steric bulk of the Cpttt ligand favors formation of the monomer. Interestingly, DFT 
calculations at the B3LYP/6-31G(d,p);SDD(Re) level correctly predict the trend in 
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ΔrH (Cpttt : 14.8; Cp*: 19.7 kcal/mol), suggesting the potential utility of 
computational catalyst design. 

 

 
Figure 4.4. Van’t Hoff plot for the equilibrium between 3 and 2 in C6D6  (total 
rhenium concentration: 7 mM). Concentrations of 3 (5.32 ppm) and 2 (4.81 ppm) 
were measured from the NMR integrals against the internal standard (mesitylene). 
 
 Attempts to isolate 2 by extraction and/or crystallization from mixtures of 2 
and 3 or by performing rapid reduction of 1 over an insoluble PPh3 resin were 
unsuccessful. However, complex 2 could additionally be characterized by a range of 
spectroscopic techniques.  First, equilibration between 2 and 3 was followed by 
variable temperature UV-Vis spectroscopy: the absorption of 3 at 431 nm decreases 
with increasing temperature while a new band grows at 383 nm (Figure 4.5). The 
spectral changes are reversible and display a nearly isosbestic point at 407 nm. Then, 
vibrational data was obtained from enriched solid samples with 2/3 ratios of 2.9/1 and 
7.2/1 that were prepared by rapid cooling and drying of solutions equilibrated at 
higher temperatures (see experimental section). In addition to the known bands of 3 at 
930 and 950 cm–1 (slightly shifted from 947), the IR spectrum (KBr pellet) of these 
mixtures display two new bands at 914 and 940 cm–1 that are assigned to the 
antisymmetrical and symmetrical modes, respectively, arising from two coupled Re=O 
oscillators (Figure 4.5). This interpretation is additionally supported by DFT 
calculations performed at the B3LYP/6-31G(d,p)/SDD level, which predict a splitting 
of 31 cm–1 (νasym = 946 cm–1; νsym = 977 cm–1) for 2, in good agreement with the 
experimental value of 26 cm–1. The DFT-optimized structure of complex 2 displays a 
two-legged piano-stool geometry with a ring slippage value of Δ = 0.163 Å, which is 
smaller than the values found for 3 both in the crystal (Δ = 0.25 and 0.45 Å) and 
DFT-optimized (Δ = 0.427 and 0.514 Å) structures (Figure 4.7). The terminal Re–O 

ln K

1/T (K-1)
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(Re−O2: 1.726 Å; Re−O3: 1.734 Å) and Cp(centroid)–Re (2.046 Å) distances of 2 are 
comparable to those of 3 (vide supra). Finally, an ESI−mass spectrum of the mixture of 
2 and 3 showed a signal at m/z = 453.1815 corresponding to the protonated 
monomeric species 2 ((M + H)+ calcd m/z = 453.1804). 

 

  
 
Figure 4.5. Left: UV-Vis spectra of pure 3 (blue) and of equilibrated mixtures of 2 
and 3 at variable temperature in toluene. Right: solid state (KBr) FT-IR spectra of 
pure 3 and samples enriched in 2. The indicated 2/3 ratios were measured 
independently by solution 1H NMR. 
 
 The first order rate constant for the dissociation of 3 into 2 was evaluated to k 
= (1.31 ± 0.05) × 10–4 s–1 at RT from the following equation (Figure 4.6):31  
 
  (Xe/A0) ln(Xe/Xe–X) = kt    ----------(1) 
 
Where A0, Xe and X are the concentration of 3 at initial, equilibrium and at time t, 
respectively. The corresponding free enthalpy of activation (ΔG≠) (22.5 ± 1.9 kcal/mol) 
may at first sight appear surprisingly large. To get more insight, the mechanism of 
dissociation of 3 was studied by DFT. A single transition state was located using the 
QST3 method and an IRC (intrinsic reaction coordinate) calculation confirmed the 
concerted nature of this transformation. The corresponding free enthalpy of activation 
at room temperature  (ΔG≠ = 25.6 kcal/mol) is in good agreement with the 
experimentally determined value of 22.5 ± 1.9 kcal/mol. In the optimized transition 
state (Figure 4.7), one of the Re−O bonds of the diamond core is fully broken 
(Re2−O1 = 2.956 Å) while the opposite one is only slightly elongated (Re1−O2 = 
1.987 Å). As a result, the Re1 and Re2 centers display three-legged and two-legged 
‘piano stool’ geometries, respectively. The three terminal Re−O bonds approach 

2/3 = 7.2/1

2/3 = 2.9/1

3
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double bond character (Re1−O1: 1.783, Re1−O11: 1.746, Re2−O12: 1.712 Å), while 
the bridged oxygen O2 is unsymmetrically bonded between rhenium atoms  (Re1−O2 
= 1.987 and Re2−O2 = 1.853 Å). The ring slippage values (Δ = 0.22 and 0.338 Å) in 
the transition state are getting closer to the value in 2 (Δ = 0.163 Å). These 
observations support the description of the dissociation of 3 as a concerted 
asynchronous process.

  
Figure 4.6. Concentration profile and the corresponding rate constant plot from a 
solution of [CptttRe(O)μ-O]2 (3) in C6D6 at 25 °C. Concentrations were determined 
by 1H NMR integration against an internal standard (mesitylene). 

 

    
Figure 4.7. DFT optimized structure of 2 (left) and transition state (right) for the 
dissociation of 3 into 2. The DFT-optimized PNLMO d2-orbitals of rhenium in 2 are 
given in the lower part of the figure. Selected bond lengths and bond angle of 2: 
Re−O2: 1.726 Å; Re−O3: 1.734 Å;  O2−Re−O3: 116 °. 
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 Having established the nature of complex 2, a series of experiments was 
performed to determine whether it is a plausible intermediate in DODH reactions. 
First, complex 2 was shown to be the initial product of the reaction of 1 with PPh3: An 
NMR spectrum recorded after 5 min mixing time in toluene-d8 at RT showed 
complete conversion of 1 to 2 (97%). Complex 2 then slowly dimerized to 3 to reach 
equilibrium after 7 h (Figure 4.8). Moreover, the reduction of 1 by PPh3 was also 
monitored in situ by IR spectroscopy at 0 °C in toluene. Clean formation of 2 
corresponding to the conversion of 1 was observed within 8 min (i.e., by following the 
Re=O vibrations of 1 (899 and 929 cm–1) and 2 (927 and 955 cm–1) and it exhibited 
almost no further dimerization of 2 for 30 min (Figure 4.9). The stepwise formation of 
2 followed by equilibration with 3 is hence confirmed as shown in Scheme 4.2.  

 

 
Figure 4.8. Concentration profile obtained for the dimerization of 2 (generated by in 
situ reduction of 1 by PPh3) to 3 at 25 °C in toluene-d8. Concentrations were 
determined by 1H NMR integration against an internal standard (mesitylene). 
 
 Secondly, the formation and characterization of 2 (CptttReO2) allowed us to 
compare its reactivity to that of its dimeric congener 3. To an equilibrated mixture of 
3 and 2 (3/2 ratio: 1.3) in C6D6, excess ethylene glycol (ca. 15 equiv.) was added and 
the reaction was monitored by NMR spectroscopy, showing the clean formation of the 
corresponding Re(V) diolate CptttReO(C2H4O2) (4, Scheme 4.3), which was identified 
by comparison with an isolated and fully characterized sample (Figure 4.10).38 The 
reaction of monomeric 2 with ethylene glycol is significantly faster than that of the 
dimer 3, and also faster than the equilibrium reaction of 3 and 2, which is consistent 
with 2 being the active species in the DODH cycle while 3 acts as a reservoir (Figure 
4.11). 
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Figure 4.9. In situ FT-IR spectrum of the PPh3 reduction reaction of 1 to form 2 at 0 
°C  in toluene (left) and the relative concentrations profile in 30 min (right). 
 

 
Scheme 4.3. Glycol condensation reaction of 2 resulting in diolate 4.  

                  
Figure 4.10. Molecular structure of 4 in the crystal, drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and bond 
angles ( °) of 4: Re–O1: 1.9351(15); Re–O2: 1.9355(15); Re–O3: 1.6973(16); O1–
Re–O2: 80.30(7); O2–Re–O3: 108.92(7); O1–Re–O3: 107.58(7); O1–C1:1.428(4); 
O1–C1: 1.428(3); C1–C2: 1.468(4);  Cp(centroid)–Re: 1.9762(9); ring-slippage Δ = 
0.21 Å. 
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Figure 4.11. Concentration profile of the reaction of a mixture of 2 and 3 in C6D6 at 
25 °C with excess ethylene glycol to form 4. Concentrations were determined by 1H 
NMR integration against an internal standard (mesitylene). Ethylene glycol is partially 
insoluble and a saturation concentration of ca. 23 mM is maintained throughout the 
experiment (see experimental section). Filled data points at time zero indicate 
equilibrium concentrations prior to the addition of ethylene glycol. 
  

4.3. Conclusion 
 
In summary, the sterically demanding 1,2,4-tri-tert-butylcyclopentadienyl Cpttt ligand 
destabilizes the dimeric rhenium(V) dioxo complex [CptttRe(O)μ-O]2 (3) to such an 
extent that the corresponding monomer CptttReO2 (2) can be observed in appreciable 
concentration and spectroscopically characterized. This destabilization is thought to 
originate from steric repulsion between the two Cpttt ligands in 3, as suggested by their 
unsymmetrical η3/η5 bonding – observed both in the solid state and in solution – that 
contrasts with the symmetrical η5/η5 binding found for the less bulky Cp* analogue. 
Monomeric species 2 was shown to be the initial reaction product of CptttReO3 (1) 
with the prototypical reductant PPh3 and to undergo condensation with ethylene 
glycol at a faster rate than the dimer 3, supporting its involvement in the catalytic cycle 
for diol deoxydehydration (DODH) catalyzed by complex 1.  
 Thus, the bulky Cpttt ligand is thought to improve catalyst performance by 
lowering the fraction of the metal present in the inactive dimeric form under catalytic 
conditions. This may also slow down catalyst decomposition to oligomeric species that 
has been proposed to proceed via dimeric Re(V) species.8,22,24 The observation and 
characterization of the long-sought intermediate 2 paves the way for in-depth 
mechanistic understanding of this rhenium-catalyzed DODH reaction aiming at 
rational catalyst optimization.
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4.4. Experimental Section 
 
All reactions were carried out either in an nitrogen-filled MBraun glove box with <0.1 
ppm concentrations of H2O and O2 or at a Schlenk line under nitrogen atmosphere. 
CptttReO3 was prepared based on the previously reported procedure.17 All other 
chemicals and solvents including NMR solvents were degassed either by prolonged 
exposure to a vacuum or by freeze-pump-thaw cycles. Benzene and THF were distilled 
over Na/benzophenone, and THF-d8 was vacuum transferred from Na/benzophenone 
prior to storage in the glove box. Toluene and hexane solvents were obtained from an 
MBraun MB SPS-800 solvent purifier and stored over 4 Å molecular sieves. NMR 
solvents like C6D6, and toluene–d8 were degassed and stored over molecular sieves. 
Unless otherwise stated, all other commercial chemicals were used without further 
purification. NMR spectra were recorded on a Varian VNMRS400 (400 MHz). Infra-
Red spectra were recorded using a Perkin-Elmer Spectrum One FT-IR spectrometer in 
the range of 450–4000 cm–1 (KBr). UV-Vis spectra were recorded on a Perkin-Elmer 
Lambda 650 spectrometer. ESI-MS spectra were recorded using a Waters LCT 
Premier XE instrument.  
 
Synthesis of [Cp*Re(O)μ-O]2 (3) 
 To a mixture of 1 (0.4 g, 0.855 mmol) and PPh3 (0.224 g, 0.855 mmol) in a 
20 mL scintillation vial, THF (12 mL) was added with magnetic stirring. The color 
changed rapidly to yellow brown followed by dark-brown in a few minutes. After the 
reaction was stirred for 14 h, THF was evaporated in vacuo followed by repeated 
extraction of the residue with cold hexane (3 x 5 mL). The combined hexane solution 
was dried under vacuum to obtain 3 as a dark-brown solid (0.26 g, 67%). Crystals of 3 
suitable for X-ray diffraction were obtained from a 1:2 mixture of acetone and hexane 
at –35 °C.  
 1H NMR (400 MHz), C6D6 (7.16 ppm): 1.41 (s, 9H, tBu), 1.43 (s, 18H, 
tBu), 5.32 (s, 2H, CpH). 13C NMR (400 MHz), C6D6 (128.06 ppm): 30.8, 33.22, 
33.97, 35.45, 100.34, 124.30, 126.66 ppm. IR (ATR/KBr): 545, 637, 652, 670, 930, 
947, 1248, 1367, 1392, 1463, 1485, 2872, 2925, 2961, 3097 cm–1; HR-ESI-MS (in 
CH3CN with HCOOH additive): calcd. for [C34H58Re2O4]+: 904.3453; found: 
904.3503; elemental analysis calcd. (%) for C34H58Re2O4 (904. 35). 
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Synthesis of CptttReO(C2H4O2) (4) 
 To a mixture of 1 (0.5 g, 1.068 mmol), PPh3 (0.28 g, 1.068 mmol) and 
mortar-ground 3 Å molecular sieves (1 g) in THF (15 mL), ethylene glycol (0.53 g, 
8.55 mmol, 8 equiv.) was added, causing a color change from yellow to light brown. 
Para-toluenesulphonic acid monohydrate (0.163 g, 0.855 mmol) was then added, 
resulting in a color change to purple, indicative of the formation of 4. The reaction 
mixture was stirred for 16 h and filtered. The resulting purple solution was evaporated 
followed by hexane extraction of the residue and solvent removal in vacuo to yield 76% 
of 4 as a purple solid (0.4 g). Crystallization from hexane solution at –30 °C afforded 
crystals suitable for XRD. 
  1H NMR (400 MHz), C6D6 (7.16 ppm): 1.32 (s, 9H, tBu), 1.35 (s, 18H, 
tBu), 3.64 (m, 2H, CH2), 3.99 (m, 2H, CH2), 5.23 (s, 2H, CpH). 13C NMR (400 
MHz), CDCl3 (77.13 ppm): 30.89, 33.26, 33.64, 35.27, 81.35, 100.08, 120.66, 
121.68 ppm. IR (ATR/KBr): 524, 609, 637, 861, 891, 908, 940, 950, 1026, 1235, 
1249, 1363, 1392, 1461, 1491, 2856, 2913, 2956, 2967 cm–1; HR-ESI-MS (in 
CH3CN): calcd. for [C19H33ReO3 + H]+: 497.2066 found: 497.2051; elemental 
analysis calcd. (%) for C19H33ReO3 (496.2): C 46.04, H 6.71; found: C 46.16, H 
6.64. 
 
Preparation of solid samples enriched in CptttReO2 (2) for IR analysis (KBr pellet) 
 A solution of 3 (43.2 mg, 0.0478 mmol) in THF (7 mL, 6.8 mM) was heated 
and kept at 80 °C for 1 h. Then, the solution was quickly frozen by immersion in 
liquid nitrogen. Subsequently, the solvent was evaporated at room temperature to 
obtain a light brown solid mixture. The 2/3 ratio of 7.2/1 was measured by integration 
of a 1H NMR spectrum recorded in C6D6 less than 5 minutes after dissolution. 
Alternatively, a more concentrated solution of 3 (13.2 mg, 0.015 mmol) in C6D6 (0.6 
mL, 25.1 mM) was heated to 80 °C for 20 min inside the NMR spectrometer. The 
ratio measured at 80 °C for 2/3 was 2.9/1. Then the sample was taken out and quickly 
frozen by immersion in liquid nitrogen, followed by solvent evaporation after warming 
to RT for 5 min.  
 
Preparation and NMR Analysis of a solution enriched in CptttReO2 (2)  

A concentrated toluene-d8 solution of 3 (36 mM) was prepared and (after 2 h 
at RT) 1H and 13C NMR spectra (256 scans) recorded at –30 °C. Then the sample was 
heated for 25 min at 75 °C in a preheated oil bath and cooled down to low 
temperature (–50 °C) before measuring NMR spectra (at –30 °C) of this mixture (2/3 
= 1.6/1). NMR signals of 2: 1H NMR (400 MHz, –30 °C), toluene-d8 (2.08 ppm): 
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1.42 (s, 9H, tBu), 1.38 (s, 18H, tBu) and 4.69 (s, 2H, CpH). 13C NMR (400 MHz, –
30 °C), toluene-d8 (20.43 ppm):  30.96, 32.24, 32.81, 34.27, 101.97, 129.28, 132.24 
ppm; NMR signals of 3: 1H NMR (400 MHz, –30 °C), toluene-d8 (2.08 ppm): 1.18 (s, 
9H, tBu), 1.19 (s, 18H, tBu) and 4.81 (s, 2H, CpH). 13C NMR (400 MHz, –30 °C), 
toluene-d8 (20.43 ppm): 30.49, 32.94, 33.75, 35.33, 99.95, 123.41 and 127.26 ppm. 
HR-ESI-MS (in CH3CN with HCOOH additive): calcd. for [C17H29ReO2  + H]+: 
453.1804; found: 453.1815. This protonated species of 2 was also observed, but with 
small intensity, in the above-mentioned ESI-MS spectrum of 3.  
 The following NMR signals correspond to 2 in C6D6 in the RT equilibrated 
solution with 3. 1H NMR (400 MHz, 25 °C), C6D6 (7.16 ppm) for 2: δ = 1.12 (s, 
9H, tBu), 1.19 (s, 18H, tBu) and 4.81 (s, 2H, CpH). 13C NMR (400 MHz), C6D6 
(128.06 ppm): δ = 31.26, 32.42, 33.17, 34.42, 102.11, 128.6, 129.4 ppm.  
 
Procedure for UV-Vis measurements 
 In a dried three-necked Schlenk fitted on top with the UV-Vis probe under 
N2 atmosphere, a toluene solution of 3 (0.45 mL, 7.74 mM) was diluted to 15 mL 
(232 mM), and the initial spectrum corresponding to 3 was recorded at room 
temperature and then it was allowed to equilibrate overnight. After that the 
temperature was increased at regular intervals (at 45, 65, 85 °C) and the mixture was 
allowed to equilibrate at each temperature until no more changes were observed in the 
spectrum. At the end of the measurement series, the solution was equilibrated again at 
room temperature, resulting in a spectrum that showed no significant deviation from 
the initial spectrum.  
 
Procedure for 1H NMR kinetics experiments 

For all the kinetic NMR measurements involving rhenium complexes, single 
scan recordings (and in some cases with 20 s relaxation delay) of the spectra and a line 
width of 1.5 for proton signals were used in order to get reliable integral values with 
mesitylene as the internal standard. To a mixture of 3 (13.6 mg, 6 mM) and 
mesitylene (8.8 mg, 29.8 mM) 2.5 mL of C6D6 was added inside the glove box and 
then 0.5 mL of sample was measured at 25 °C after 10 min to get the concentration 
profile data over time (Figure 4.6). Automatic 1H NMR spectra were recorded at 
regular time intervals. The concentration of 2 and 3 were measured based on 
mesitylene as the internal standard. According to Eq. 1, the concentration of 3 at time 
t was calculated from its equilibrium concentration to derive the rate constant by 
plotting ln ([3]eq/([3]eq−([3]t)) vs time t. For variable temperature equilibrium constant 
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measurements, the RT equilibrated sample (>20 h) was heated directly inside the 
NMR spectrometer, in which the probe was preheated to the set temperature of each 
measurement to reach the equilibrium between 2 and 3. The concentration 
equilibrium constant was calculated as Keq (M–1)= [2]2 / [3] for a Van’t Hoff plot. 
 
Procedure for the Reduction of CptttReO3

 (1) by PPh3  
 In a glass vial, 1 (5.6 mg, 0.012 mmol) and mesitylene (19.8 mg, 0.1647 
mmol) were dissolved in toluene-d8 (1 mL). Then, PPh3 (1.8 mg, 0.0069 mmol) was 
mixed with 0.5 mL of the above-mentioned toluene solution, and the first NMR 
measurement was made after 5 min. During the reaction, the color gradually changed 
from yellow to light brown. The reaction profile followed overtime at 25 °C is shown 
in Figure 4.8.  
 
Procedure for in situ FT-IR measurements 
Instrumentation: All in situ solution infrared spectra were recorded using a Mettler-
Toledo ReactIR iC10 Fourier-transformed infrared spectrophotometer equipped with 
a K6 mirror conduit providing the nitrogen-purged path for the infrared beam to the 
attenuated total reflection-based probe fitted with a silicon crystal (SiComp) at the 
probe tip and back to the liquid nitrogen cooled HgCdTe detector. The number of 
scans per sample was at least 128 (corresponding to 30 seconds per sample). The probe 
was placed in a vertical position with the probe tip pointing downwards submerged in 
a liquid reaction mixture together with a magnetic stir bar. Reactions were carried out 
in a three-necked Schlenk flask fitted with a water cooling condenser. The temperature 
was controlled by an oil bath but always measured by an internal alcohol thermometer.  
In situ FT-IR Reaction monitoring: A flame or oven dried reaction Schlenk flask fitted 
with a water/gas outlet was flushed thoroughly by passing Argon at 0 °C. Then the 
glovebox prepared toluene solution of 1 was transferred under Argon by using a 
syringe. This precooled solution was measured as reference before the addition of a 
precooled PPh3 solution. Due to a very fast reaction at RT, we carried out the 
experiment at 0 °C. After the addition of PPh3, the spectra were recorded at one 
minute intervals. After solvent spectrum subtraction, clear disappearance of 1 (899, 
929 cm–1) and concomitant formation of 2 (927, 955 cm–1) was observed. This was 
evidenced by the simultaneous formation of OPPh3 (1081, 1038 cm–1). The reaction is 
complete within 8 minute and for the next 20 minutes the vibrational band of 2 
remained the same, which indicates no further dimerization to 3 occurs in short time 
period at 0 °C.  
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Procedure for glycol condensation reaction profile 
 To an equilibrium mixture of 2 (3.74 mM) and 3 (4.54 mM) in 0.4 mL 
C6D6 containing mesitylene (18.6 mM) as an internal standard, ethylene glycol (~ 4.6 
mg, 0.074 mmol, 15 equiv. based on rhenium) was added inside the glove box and the 
sample was well shaken. A light purple-brown color was observed and then the 
reaction was monitored directly in the NMR spectrometer (25 °C) after 25 min. Based 
on the internal standard, the actual glycol dissolved in benzene was determined to be 
0.026 M (2.15 equiv. based on rhenium) due to poor solubility of glycol and quickly 
reached a value of ca. 0.023 M that remained constant throughout the rest of the 
experiment. 1H NMR spectra were automatically recorded every 5 minutes 
(preacquisition delay (pad) with 1 sec relaxation delay) and complete conversion of 
both 2 and 3 to the purple product 4 was observed in 12 h as shown in Figure 4.11.   
 
X-ray crystal structure determinations 
Compound 3: C34H58O4Re2, Fw = 903.20, dark purple block, 0.40 x 0.38 x 0.13 

mm3, triclinic, P 1   (no. 2), a = 10.3141(12), b = 11.8978(11), c = 14.0341(12) Å, α 

= 93.955(5), β = 90.787(6), γ = 90.472(6) °, V = 1717.9(3) Å3, Z = 2, Dx = 1.746 
g/cm3, μ = 7.07 mm–1. The X-ray diffraction experiment was performed on a Bruker 
Kappa ApexII diffractometer with sealed tube and Triumph monochromator (λ = 
0.71073 Å). The crystal appeared to be non-merohedrally twinned with a twofold 
rotation about uvw = [0,0,1] as twin operation. Consequently, two orientation 
matrices were used in the Eval15 software39 for the integration of the X-ray reflections, 
resulting in a HKLF5 reflection file.40 25583 were measured up to a resolution of (sin 
θ/λ)max = 0.65 Å–1 at a temperature of 150(2) K. Absorption correction and scaling 
based on multiple measured reflections was performed with TWINABS40 (0.26–0.43 
correction range). 7587 Reflections were unique (Rint = 0.036), of which 7074 were 
observed [I>2σ(I)]. The structure was solved with automated Patterson methods using 
the program DIRDIF-08.42 
 The SHELXL-2013 software43 was used for the least-squares refinement 
against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were included in calculated positions 
and refined with a riding model. 380 Parameters were refined with no restraints. 
R1/wR2 [I > 2σ(I)]: 0.0462 / 0.1244. R1/wR2 [all refl.]: 0.0488 / 0.1268. S = 1.127. 
Batch scale factor of the twin refinement: 0.4051(13). Residual electron density 
between –3.75 and 6.20 e/Å3. The major residual electron densities are close to the 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

 
Chapter 4 

 

116 

metal sites. Geometry calculations and checking for higher symmetry were performed 
with the PLATON  program.44 
Compound 4: C19H33O3Re, Fw = 495.65, dark purple block, 0.44 x 0.35 x 0.22 mm3, 
monoclinic, P21/n (no. 14), a = 8.9274(3), b = 18.1800(7), c = 12.1650(4) Å, β = 
97.5339(14) °, V = 1957.34(12) Å3, Z = 4, Dx = 1.682 g/cm3, μ = 6.22 mm–1. 23815 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 
0.65 Å–1 at a temperature of 150(2) K. The Saint software45 was used for the 
integration of the X-ray intensities. Absorption correction and scaling based on 
multiple measured reflections was performed with SADABS41 (0.30–0.43 correction 
range). 4522 Reflections were unique (Rint = 0.011), of which 4441 were observed 
[I>2σ(I)]. The structure was solved with Patterson superposition methods using the 
program SHELXT.46 
 The SHELXL-2013 software44 was used for the least-squares refinement 
against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were located in difference Fourier maps. 
Hydrogen atoms H3 and H5 of the Cp ring were refined freely with isotropic 
displacement parameters. All other hydrogen atoms were refined with a riding model. 
225 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0138 / 0.0309. 
R1/wR2 [all refl.]: 0.0142 / 0.0310. S = 1.137. Residual electron density between –
0.78 and 1.15 e/Å3. Geometry calculations and checking for higher symmetry were 
performed with the PLATON  program.45  
 
DFT computational details  
 All DFT calculations were performed using Gaussian 09.37 Geometry 
optimizations were performed using the B3LYP functional. The SDD basis set and 
effective core potential were used for rhenium, along with a 6-31G(d,p) basis set on all 
other atoms. A frequency calculation was performed on all converged geometries to 
verify that these were minima. For the transition state calculation one imaginary 
frequency was obtained. For NBO calculations, the NBO6 program up to the NLMO 
basis set was used.36  The pre-orthogonal NLMO output file of the plot command was 
used together with Jmol and the Jmol-NBO Visualization Helper ver. 2 for making 
orbital images (Figures 4.2 and 4.7).47 
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            5 
Syntheses of Cyclopentadienyl-based 
Tricarbonyl Rhenium Complexes and 
some Unusual Reactivities of Cp-
substituents  
Abstract. 
Cyclopentadienyl-based tricarbonyl rhenium complexes (Cp’Re(CO)3) are convenient 
precursors for the corresponding cyclopentadienyl-based trioxo-rhenium complexes 
(Cp’ReO3), which are potential catalysts for the deoxydehydration (DODH) of diols 
to olefins. In order to evaluate the influence of different Cp-substituents of Cp’ReO3 
complexes in DODH, a series of alkyl-substituted Cp’Re(CO)3 complexes (1a–8a) 
were synthesized. High yields (86–98%) were obtained from the reaction of Re2(CO)10 
with the corresponding Cp’H ligands (1–8). The C–O infrared absorptions of 1a–8a 
indicate that the electron donating character of Cp increases with the number of 
substituents directly attached to the Cp-ring. Aryl-substituted analogous complexes 
10a–12a containing bulky phenyl groups were accessed via salt metathesis of 
ReBr(CO)5 with the lithium salt of the deprotonated ligand (Cp’Li), and aryl groups 
were found to decrease electron donation. Furthermore, an unusual [6+4] 
cycloaddition reactivity of (CpMe4H)Re(CO)3 8a with excess ligand resulted in the 
highly asymmetrical Cp’Re(CO)3 complex 9a. Finally, the reaction of the 
tetraphenylcyclopentadienone ligand with Re2(CO)10 was investigated, leading to the 
isolation of two unusual compounds: Re(CO)3 complexes of the Shvo-type 
hydroxytetraphenylcyclopentadienyl ligand (Ph4Cp(OH))Re(CO)3 13a and of a 
benzofuran-fused cyclopentadienyl ligand (Ph3Cp(C6H4O))Re(CO)3 14a. X-ray crystal 
structures were obtained for the new Cp’Re(CO)3 complexes 2a (CptBu2H3)Re(CO)3, 
7a (1,2,3-Me3(tetrahydroindenyl))Re(CO)3, 9a, 13a and 14a, which all have the 
typical three-legged ‘piano-stool’ conformation.  

Raju, S.; van Slagmaat, C.; Lutz, M.; Kleijn, H.; Jastrzebski, J.T.B.H.; Moret, M.-E.; 
Klein Gebbink, R.J.M. to be submitted for publication. 
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5.1. Introduction 
 

Currently, chemical industries rely on petroleum-based feedstocks for bulk chemicals 
production. Due to the volatility in prices and anticipated depletion of fossil fuels, the 
search for alternative and renewable feedstocks has received much attention.1,2 Among 
these, lignocellulosic biomass holds promise for the sustainable production of 
commodity chemicals and other building blocks for the chemical industries.3–5 
However, in contrast with petroleum-derived hydrocarbons, its components are highly 
oxygenated, mostly in the form of hydroxyl groups. Thus, obtaining convenient 
chemical building blocks requires several consecutive dehydroxylations reactions via 
reductive deoxygenation methods.6,7 Particularly attractive is the combination of 
deoxygenation8,9 and dehydration10 in single-step deoxydehydration (DODH)11–13 of 
biomass-derived sugars and polyols to the corresponding deoxygenated olefinic 
products.14–16  
 In this context, rhenium-catalyzed DODH of vicinal diols to olefins is 
attracting considerable attention, mainly focused on the use of methyltrioxorhenium 
(MTO) as the catalyst. This is likely due to its commercial availability, easy handling, 
and its versatility in catalytic applications.17 However, apart from MTO’s sensitivity to 
base or acid hydrolysis (to form poly-MTO) or easy poisoning with N-donor bases, 
many different unidentified and structurally non-elusive rhenium species were found 
under DODH conditions.11,12 Furthermore, there are longstanding issues to the 
potential expansion of the series of MTO catalysts for catalytic applications, as their 
longer chain alkyl analogues are not very stable, unlike MTO itself (e.g., EtReO3 
decomposes at ambient temperature).18,19  
 Cyclopentadienyl-based trioxo-rhenium complexes (Cp’ReO3) (Cp’ = 
substituted cyclopentadienyl, including fused-ring structures such as indenyl or 
tetrahydroindenyl) have been known for over three decades,20–22 and Cp*ReO3 (Cp* = 
1,2,3,4,5-pentamethylcyclopentadienyl) was the first demonstrated catalyst (1996) for 
the DODH of diols and polyols to olefins.16 We recently expanded the scope of 
DODH catalysts by using the bulkier CptttReO3 complex (Cpttt = 1,2,4-tri-tert-
butylcyclopentadienyl) and found it to be an efficient catalyst (TONs up to 1400 for 
the conversion of 1,2-octanediol to octenes with 73% selectivity for 1-octene).23 To 
obtain insight in the structure-activity relationships and accordingly to improve the 
catalytic properties of these Cp’ReO3 catalysts, the synthesis and study of other closely 
related complexes are required.11,24,25  
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 Both Cp*ReO3
 or CptttReO3 were synthesized via the oxidative 

decarbonylation methods starting from the corresponding Cp-based tricarbonyl 
rhenium complexes Cp’Re(CO)3.23,26,27 The synthesis of Cp’Re(CO)3 compounds is 
commonly achieved by two methods: ligand exchange of rhenium(I) carbonyl species 
such as XRe(CO)5 (X = Cl, Br) with the substituted cyclopentadienyl anion (Cp’–)28–30 
or thermal reaction (150–210 °C) of the protonated ligand Cp’H with Re2(CO)10, 
under neat conditions23,31,32 or in a high boiling solvent mixture for Cp’H with high 
melting points (e.g., solid materials containing aryl substituents).33 In addition, several 
other synthetic methods are available to obtain Cp’Re(CO)3 from Re2(CO)10: Cp 
transfer from Cp2TiCl234 or the cascade C–H activation reactions starting from 
ketimines.35 Thermolysis of tetracarbonyl(l,2,3-triphenylpropenetrienyl)rhenium with 
hexynes (PhCCR, R = Ph, H) can also lead to aryl-substituted Cp’Re(CO)3.36,37 Also, 
in situ generated Cp’SnBu3 reacts with BrRe(CO)5 or  (Et4N)2[ReBr3(CO)3] 
conveniently at ambient temperature to produce Cp’Re(CO)3.38 The latter rhenium 
precursor was also successfully employed for functionalized Cp’Re(CO)3 derivatives, 
bearing carboxylic acid or boronic acid substituents, starting with C5H4N2 as the Cp 
source.39,40  
 Here, we report on the synthesis of alkyl- and aryl-appended Cp’Re(CO)3 
compounds with varying electronic and steric properties, which are used as precursors 
for Cp’ReO3 complexes to evaluate them in DODH chemistry in the next chapter. 
Additionally, some unusual reactivity exerted by the Cp-substituents leading to novel 
cyclopentadienyl-ligated Cp’Re(CO)3 structures is reported. Firstly, we focused on the 
synthesis of a series of Cp’Re(CO)3 complexes bearing alkyl-appended Cp’-ligands (1–
8), including the previously mentioned Cp* and Cpttt-ligands (Chart 5.1). In 
comparison to the bulky CptttH (1), ligand 2–4 contain a lower number of tBu groups 
(di-tert-butylcyclopentadiene 2) or these groups are replaced with less bulky isopropyl 
groups (1,2,4-tri-isopropylcyclopentadiene 3 and 1,2,3-tri-isopropylcyclopentadiene 
4). Similarly, ligands 6–8 are related to the electron-rich Cp*H (5) ligand, either by an 
increase (ethyl-tetramethylcyclopentadiene 6, 1,2,3-trimethyl-4,5,6,7-tetrahydroindene 
7) or a decrease (1,2,3,4-tetramethylcyclopentadiene 8) in steric demand. In a later 
stage, Cp’Re(CO)3 complexes bearing aryl-appended Cp’-ligand were also considered 
(vide infra). 
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Chart 5.1. Alkyl-appended Cp’H ligands 1–8 used in this study. Different double 
bond isomers are possible for all ligands except 5. 
 
5.2. Results and Discussion 
 
Synthesis of Alkyl-appended Cp’Re(CO)3 complexes 
 Alkyl-appended Cp’H ligands were either obtained commercially (2, 5, 6 and 
8) or synthesized following literature procedures (1,41,42  3,42 442 and 743). The 
Cp’Re(CO)3 compounds 1a–8a were prepared via a slight modification of a procedure 
by Gladysz et al.,31 which had previously been applied to 1a,23 5a,31  6a32 (the synthesis 
of 8a was earlier reported using salt metathesis reactions).30,44 Up to four equivalents of 
a Cp’H ligand (2 equiv. per Re) were reacted with Re2(CO)10 in neat reaction 
conditions under an inert N2 atmosphere (Scheme 5.1). The reaction flask was heated 
to 150 °C for 30 min and then gradually to 200 °C for 5–20 h. If necessary, the 
reaction temperature was raised to 210 °C for 1–3 h to reach complete conversion of 
Re2(CO)10. After the reaction, the solidified mixture was purified by column 
chromatography over silica to obtain Cp’Re(CO)3 as a white or off-white crystalline 
material in very good yield (89–98% based on rhenium).  
 
 
 
 
 
 
 

1 2 3

6 7 85

 4
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Scheme 5.1. Synthesis of alkyl-appended cyclopentadienyl tricarbonyl rhenium 
complexes 1a–8a. 

 
The synthesis of the tri-isopropyl derivatives 3a and 4a was complicated by 

the fact that the parent tri-isopropylcyclopentadiene ligands 3 and 4 could only be 
obtained as a mixture of isomers (including the double bond isomers).42 The mixture 
was subjected to the standard metallation reaction, affording a mixture of 3a and 4a as 
a colorless liquid (94% total yield) after column chromatography, and the isomers 
could not be separated. An 1H NMR spectrum of the mixture revealed the two isomers 
(1,2,4-iPr3CpH2)Re(CO)3 (3a) and (1,2,3-iPr3CpH2)Re(CO)3 (4a) by two different 
Cp–H singlets at 4.99 and 5.22 ppm in a ratio of 73:27 (3a:4a), alongside the 
corresponding four septets in the range of 2.6–2.8 ppm for the –CHMe2 moieties. An 
enriched mixture containing 95% of 3a (and 5% of 4a) was obtained after the removal 
of 4a in the form of its corresponding oxidized (1,2,3-iPr3CpH2)ReO3 complex, for 
which the iPr substitution pattern was confirmed (see Chapter 6).  
 
 
 
 
 
 

Re2(CO)10
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Table 5.1. Selected analytical data of Cp’Re(CO)3 complexes of 1a–8a. 
      

Cp’Re 
(CO)3 

13C NMR 
Re(CO) [a] 

IR (CO)[a] 
asym, 
 sym 

                    X-ray crystal structures (Å / °) 
Cp–Re[e] Δ[f] Re–C(O) OC–Re–CO 

1a[c] 196.62 1887, 
2005 

1.9569(7) 0 1.9126(18)–
1.9140(19) 

89.18(9)–
90.84(7) 

2a 195.85 1889, 
2007 

1.9584(6) 0 1.9130(16)– 
1.9161(15) 

89.90(6)–
91.07(7) 

3a, 
4a[b] 

196.33 
196.55 

1892, 
2007 

    

5a[d] 198.28 1885, 
1996 

1.959(8) 0 1.875(10)–
1.908 (10) 

89.4(2)–
90.2(5)  

6a[b] 198.18  1889, 
1997 

    

7a 198.45 1884, 
1995 

1.9538(6) 0.023 1.9129(14)– 
1.9180(14) 

89.73(6)–
91.75(6) 

8a[b] 197.38 1887, 
2005 

    

  
[a] NMR Spectra were recorded in CDCl3. FT–IR of the solid samples are reported 
here. [b] No availability of X-ray data [c] From Ref. 23 [d] X-ray data were taken from 
the Ref. 46. [e] Distance between the ring centroid and the metal. [f] Ring slippage Δ 
is defined as the distance between the ring centroid and the perpendicular projection of 
the metal on the least-squares plane of the ring.  
 
 Selected spectroscopic and crystallographic characterization data of 1a–8a are 
collected in Table 5.1. All Cp’Re(CO)3 complexes 1a–8a exhibit a single Re–CO 13C 
NMR signal between 195 and 199 ppm and two IR absorptions corresponding to the 
asymmetric (νasym = 1880–1910 cm–1) and symmetric (νsym = 1990–2010 cm–1) CO 
normal modes typical of the three-legged piano-stool geometry. Two types of 
Cp’Re(CO)3 complexes can be distinguished on the basis of these spectroscopic data: 
those with partially substituted Cp’ ligands (1a–4a and 8a), and those with per-
alkylated ligands (5a–7a). As shown in Table 5.1, a lower frequency for νsym is 
observed for the per-alkylated systems 5a–7a (1995–1996 cm–1) than for the less-
appended Cp-analogues (2005–2007 cm–1), and the corresponding 13C NMR signal of 
the former complexes appears at a relatively low field (198 ppm), both effects being 
ascribed to π-backbonding into the antibonding CO orbitals in 5a–7a (i.e., Re
CO). A similar trend was previously reported upon increasing the number of methyl 
substituents in (CpMe1–5)Re(CO)3.30  Thus, it is clearly demonstrated that the per-
alkylated Cp-ligands are more electron-rich than the less-appended Cp-ligands 1a–4a. 
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The same effect is seen in comparing 1a and 2a: the CO frequency increases when 
decreasing the number of tBu substituents from three in 1a to two in 2a. The 
isopropyl-appended complexes 3a–4a are found between 1a and 2a in terms of 
electronic environments. Therefore, a relative order of electron donation of Cp’ in the 
Cp’Re(CO)3 complexes is 5a ≈ 6a ≈ 7a > 8a ≥ 1a ≥ 3a, 4a ≥ 2a. This order of 
electronic effect is in close agreement to what was earlier reported within a different 
selection of Cp-ligands by using carbonyl IR vibrations of Cp’RuBr(CO)2.45  

Recrystallization of Cp’Re(CO)3 (2a and 7a) in CH2Cl2/hexane (2:1) afforded 
crystals suitable for X-ray diffraction. As expected from the spectroscopic data, these 
two complexes exhibit typical three-legged ‘piano-stool’ geometries similar to those 
observed for 1a23  and 5a46  (Figure 5.1). The Cp-centroid to rhenium (Cp–Re = 
1.9538(6)–1.9584(6) Å) and Re–CO (1.9130(16)–1.9183(14) Å) distances are nearly 
the same for 1a, 2a, and 7a, but the crystal structure of 5a at T = 293(1) K contains a 
slightly wider range of Re–CO distances (1.875(10)–1.908(10) Å).46 Furthermore, the 
Cp-rings are perfectly planar with a well-centered η5-bonding to rhenium with no 
ring-slippage (Δ = 0 Å) for 1a, 2a, and 5a and a very small ring-slippage (Δ = 0.023 Å) 
for 7a (Δ is the distance between the ring centroid and the perpendicular projection of 
the metal on the least-squares plane of the ring).47 The latter is likely caused by 
lowering the symmetry due to the fused cyclohexyl-ring and the puckering of the 
saturated ring is similar to that observed in Fe and Ru complexes of 7.43,48 Indeed, the 
two rear methylene groups in 7a are found significantly above and below the Cp-ring 
plane with torsion angles of –15.07(18) and –14.21(18) °, respectively. The molecular 
structure of 2a has an approximate non-crystallographic Cs symmetry with an r.m.s 
deviation of 0.0944 Å.49 The mirror plane contains (Cp)C–Re–CO. For all these 
complexes, the OC–Re–CO bonds are close to perpendicular with angles in the range 
of 89.18(9) to 92.3(4) ° (Table 5.1). Overall, the molecular structures of the newly 
synthesized 2a and 7a closely resemble those of the previously reported ‘piano-stool’ 
complexes 1a23 and 5a.46  
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Figure 5.1. Molecular structure of 2a (left) and 7a (right) in the crystal, drawn at the 
50% probability level. Hydrogen atoms are omitted for clarity.  
 

In the course of our optimization of the synthesis of the 
tetramethylcyclopentadienyl derivative 8a, an interesting side product was isolated. 
When a mixture of 8 (3.6 equiv.) and Re2(CO)10 was heated for an extended reaction 
time of 11 h, 8a was isolated in only 60% yield and an additional product was 
obtained in low yield (7%) and identified crystallographically as the Cp’Re(CO)3

compound 9a incorporating a complex tricyclic Cp’ ligand (Scheme 5.2). Shortening 
the reaction time to 5 h resulted in the clean and nearly quantitative formation of 8a, 
suggesting that 9a is formed via a subsequent reaction of 8a rather than a parallel 
pathway. This was confirmed by treating the pure complex 8a with a slight excess of 8 

(1.1 equiv.) at 160–200 °C  for 10 h, which resulted into a low conversion of 8a 
(20%) to produce 9a (5%).  

The X-ray crystal structure of 9a exhibits a three-legged ‘piano-stool’ 
conformation comprising a per-alkylated Cp’-ligand appended with a bicyclic, partially 
unsaturated unit. Overall, a highly asymmetrical Cp-ligand was found (Figure 5.2). 
The Cp-ring is perfectly planar in a well-centered η5-bonding with no ring-slippage, 
and the corresponding Re−C(Cp) distances are between 2.3061(17) and 2.3186(17) Å. 
Re−C(O) and (Re)C−O distances are in the range of 1.910(2)–1.9139(19) Å and 
1.152(2)–1.158(2) Å, respectively, and the OC–Re–CO angles are in the range of 
89.53(8)–90.44(9) °. These data closely match with the other known ‘piano-stool’ 
complexes 1a23 and 5a.46  
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Scheme 5.2. Synthesis and reactivity of 8a with the free ligand 8. 

 

    
Figure 5.2. Molecular structure of 9a in the crystal, drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity.
 

Having demonstrated that the reaction of 8a with excess 8 can yield 
compound 9a, we propose the mechanism depicted in Scheme 5.3 for its formation. 
Initial thermal dissociation of CO from 8a leads to the fulvene-bound rhenium-
hydride complex A via β-hydride elimination from one of the Cp–CH3 groups. A 
change in hapticity from η6 to η4 then generates the reactive 16e species B that 
undergoes a [6+4] cycloaddition with the free ligand 8 to form the 16e species C. C–H 
bond oxidative addition then restores the aromaticity of the Cp-ring to yield the 
Re(III)dihydride species D. Finally, reductive elimination of H2 followed by CO 
association results in the final product 9a.  
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Scheme 5.3. Proposed mechanism for the formation of 9a via [6+4] cycloaddition of 
fulvene species B with 1,2,3,4-tetramethylcyclopentadiene 8.  

 
This mechanism finds support in the literature. Fulvene-based (η6-C5Me4-

CH2)Re(CO)2X  (X = Cl, I, Br) species analogous to the proposed intermediate A are 
known and were reported to undergo addition reactions with nucleophiles (e.g., halide, 
phosphine or amine).50–52 The [6+4] cycloaddition reactions of fulvene with dienes are 
well known53 and metal-mediated pathways have been studied in detail for (η6-1,3,5-
cycloheptatriene)tricarbonylchromium(0).53,54 The formation of Re(III)dihydride 
intermediate D corresponds with the previously reported and well-characterized 
complex Cp*Re(CO)2(H)2 and its conversion to Cp*Re(CO)3.55,56 

Furthermore, understanding the mechanism of this reaction would give 
insight in developing direct, target-oriented synthesis procedures for planar chiral Cp-
based metal complexes.57,58 The planar chirality of 9a can be exploited for asymmetric 
catalytic transformations, like earlier reported enantioselective phenyl transfer to 
aldehydes using a planar chiral Cp’Re(CO)3 complex.59  

 
Synthesis of aryl-appended Cp’Re(CO)3 Complexes 

 Aryl-appended cyclopentadiene ligands have long been known to afford 
robust metal complexes.60  They can be very well employed for steric protection of a 
metal center due to the ability of the aryl substituents to rotate out of the plane of the 
Cp-ring and also provide tunable electronic environments for the metal center. As no 
Cp’ReO3 complex with aryl-substituents on the Cp-ring has ever made or reported in 
literature, it was attempted in this study to synthesize such complexes via oxidative 
decarbonylation of the corresponding Cp’Re(CO)3 complexes (see Chapter 6). 
Therefore, per-arylated pentaphenylcyclopentadiene 10, and its smaller analogues 
tetraphenylcyclopentadiene 11 and tetraphenylcyclopentadienone 13 were considered 
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as Cp’ ligands. Additionally, the related indenyl ligand 1,2,3-triphenylindene 12 was 
also considered (Chart 5.2).  

 

 
Chart 5.2. Aryl-appended Cp’H ligands 10–13 and the corresponding Cp’Re(CO)3 
complexes (Cp’ = cyclopentadienyl or indenyl). 

 
 Originally, Berke and coworkers reported the complexes (CpPh5)Re(CO)3 

(10a, 72%) and (CpPh4H)Re(CO)3 (11a, 68%) formed by the thermolysis of 
tetracarbonyl(triphenylpropenetriyl)rhenium in the presence of alkynes (i.e., PhCCR, 
R = H or Ph) in hexanes at reflux temperature.36,37 However, due to the commercial 
availability of ligand 10 and 11 as solid materials, salt metathesis reactions were 
followed with a slight modification of the published procedure by George and 
coworkers (Scheme 5.4).29 Preligand 12 was prepared according to a literature 
procedure.62 As shown in Scheme 5.4, deprotonation of the aryl-substituted 
cyclopentadiene or indene (10–12) using n-BuLi at –78 °C in THF for 4–5 h, was 
followed by the addition of Re(CO)5Br at RT. Then the reaction mixture was refluxed 
for 2 days, to afford complexes 10a (30%), 11a (93%), and 12a (82%).  
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Scheme 5.4. Synthesis of aryl-substituted Cp’Re(CO)3 complexes 10a, 11a, and 12a. 

  
 The analytical data of 10a and 11a are in agreement with the previously 

reported literature values.37 12a was identified from the disappearance of the (1,2,3-
Ph3)Ind–H signal in 1H NMR at 5.10 ppm and shifting of aromatic protons to a 
slightly higher field region (6.96–7.36 ppm compared to 7.03–7.43 ppm in 12). 
Accordingly, a total of 14 13C NMR signals were found including a singlet at 194.14 
ppm for the Re–CO moiety, which appeared in a similar range for 10a (195.72 ppm) 
and 11a (195.63 ppm). Furthermore, IR-vibrations were observed at 1906 and 2011 
cm–1 for (ReC–O)asym and (ReC–O)sym, respectively, for both 11a and 12a. 
Pentaphenyl-appended 10a has vibrations at slightly higher energy, which are caused 
by a slight decrease in electron donation compared to 11a and 12a. Due to the 
electron withdrawing nature of the aryl substituents in 10a–12a, these vibrations are at 
a relatively higher frequency than for the alkyl-Cp-analogues 1a–8a (vide supra). A 
similar trend was observed for the 13C NMR signal (194–196 ppm) of the (Re–CO) 
moiety in 10a–12a (Table 5.2).  

 Crystals suitable for X-ray diffraction were obtained from a solution of 11a in 
CH2Cl2/hexane (2:1) at –30 °C and from a CDCl3 solution of 12a at room 
temperature. The molecular structures of these complexes display a ‘piano-stool’ 
conformation similar to the alkyl-appended Cp’Re(CO)3 complexes and the phenyl 
groups are oriented in a propeller-like geometry (Figure 5.3).60 The Cp-centroid to 
rhenium (Cp–Re) distances of 11a and 12a are 1.9694(11) and 1.9707(10) Å, which 
is somewhat longer than in the alkyl-appended complexes (ca. 1.95 Å, Table 5.1). 
Similar Cp–Re distances of 1.955, 1.968 and 1.983 Å were reported for the highly 
electron-poor complexes (Cp(C6F5)2H3)Re(CO)3, (Cp(C6F5)3H2)Re(CO)3 and 
(Cp(C6F5)4H)Re(CO)3, respectively.63,64  Ring-slippage is somewhat larger in 12a (Δ = 
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0.069 Å) compared to 11a (Δ = 0.019 Å). Re−C(O) and (Re)C−O distances are in the 
range of 1.908(2)–1.913(3) Å and 1.149(3)–1.155(3) Å for 11a, and 1.896(3)–
1.927(3) Å and 1.143(4)–1.151(3) Å for 12a, respectively. The OC–Re–CO angles 
are in the range of 87.87(12)–92.92(13) °. 
 
Table 5.2. Selected analytical data of aryl-substituted Cp’Re(CO)3.[a] 

 
[a] NMR Spectra were recorded in CDCl3. FT-IR of solid samples were measured 
under air. [b] Distance between the ring centroid and the metal. [c] Ring slippage Δ is 
defined as the distance between the ring centroid and the perpendicular projection of 
the metal on the least-squares plane of the ring. [d] X-ray data was not available. [e] X-
ray data of second independent molecule of 13a are given in brackets. 

 
 
 
 

Cp’Re 
(CO)3 

 

13C MR 
(Re-CO) 

IR (CO) 
asym, 
sym 

                              X-ray crystal structure (Å / °) 
Cp–Re[b]   Δ[c] Re–C(O)  OC–Re–

CO 
10a[d] 195.72 1911, 

2012 
    

11a 195.63 1906, 
2012 

1.9694(11) 0.019 1.908(2)– 
1.913(3) 

87.99(12)–
90.15(10) 

12a 194.14 
 

1906, 
2011 

1.9707(10) 0.069 1.896(3)–
1.927(3) 

87.87(12)–
92.92 (13) 

13a[e] 195.67 1910, 
2011 

1.9588(7) 
(1.9619(7)) 

0.039 
(0.025) 

1.9152(18)–
1.9180(18) 
(1.9081(18)– 
1.9187(17)) 

89.67(8)–
92.15(8) 
(87.72(8)–
91.35(7)) 

14a 194.69 1908, 
2013 

1.9666(9) 0.035 1.9016(19)–
1.914(2) 

89.66(9)– 
90.48(8) 
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Figure 5.3. Molecular structure of 11a (left) and 12a (right) in the crystal, drawn at 
the 50% probability level. Hydrogen atoms are omitted for clarity.  

 Tetraphenylcyclopentadienone (13) is a peculiar aryl-substituted preligand, as 
it contains no acidic Cp–H moiety. The reactivity of 13 was studied by using an 
equivalent amount of Re2(CO)10 under reflux conditions over 5 days in a 
mesitylene/xylene (1:1) solvent mixture (Scheme 5.5). This is a slightly modified 
literature procedure as reported for the synthesis of pentabenzylcyclopentadienyl 
tricarbonyl rhenium.33 After the reaction, the purple colored suspension was 
centrifuged and decanted to remove an insoluble off-white solid. IR analysis of this 
solid strongly suggested the formation of a mixture of rhenium carbonyl species based 
on the observation of many different strong Re(C–O) vibrations at 1860, 1894, 1913, 
1936, 1988, 2014 and 2055 cm–1. The solid did not dissolve in any of the used 
solvents such as CH2Cl2, CHCl3, acetone, pyridine, and DMSO, and was not further 
analyzed. The high boiling solvent mixture (mesitylene/xylene) was distilled off from 
the purple solution and the residue subjected to column chromatography. This allowed 
for the recovery of some unreacted purple 13 (17%) and the isolation of two new 
products, i.e. (hydroxy)tetraphenylcyclopentadienyl tricarbonyl rhenium 13a (32%) 
and benzofuran-fused triphenylcyclopentadienyl tricarbonyl rhenium 14a (13%) 
(Scheme 5.5). Recrystallization from CH2Cl2/hexane at –30 °C afforded crystals of 
sufficient quality for X-ray crystallography, which provided a convenient way to 
identify compounds 13a and 14a (Figure 5.4). The presence of a hydroxyl moiety in 
13a was further supported from both 1H NMR signals at 4.65 ppm and (Cp)O–H IR 
vibrations at 3525 cm–1.  
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Scheme 5.5. Synthesis of 13a and 14a from tetraphenylcyclopentadienone 8. 
 

 
Figure 5.4. Molecular structure of 13a (left) and 14a (right) in the crystal, drawn at 
the 50% probability level. Phenyl-bound hydrogen atoms and the CH2Cl2 in the 
crystal structure of 14a are omitted for clarity.  
 
  The X-ray crystal structure shows two independent molecules of 13a in the 
asymmetric unit, which contain very small differences in bond distances (e.g., Cp-
centroid to Re distances are 1.9588(7) and 1.9619(7) Å) and bond angles (e.g., OC–
Re–CO was 89.67(8)–92.15(8) ° and 87.72(8)–91.35(7) °). The ring-slippage value is 
also slightly different (Δ = 0.025 and 0.039 Å) between these two conformers of 13a. 
Similar as in 13a, the Cp-ring in 14a is η5-bonded with a small ring-slippage (Δ = 
0.035 Å), but 14a contains slightly longer Cp–Re (1.9666(9) Å) and shorter Re–C(O) 
distances than 13a (Table 5.2), indicating that the Cp’ ligand in 14a is less  electron 
donating than that in 13a. This can be ascribed to partial delocalization of the electron 
density of the Cp-moiety into the fused benzofuran ring, similar to what was observed 
in 12a due to the indene ring. The comparatively weak donor strength of the Cp’ 
ligand in 14a was further corroborated by a (Re–CO) 13C NMR signal at relatively low 
field (194.69 ppm) and from the corresponding (ReC–O)sym IR vibrations at 2013 cm–

1 (Table 5.2).  
The precise mechanism leading to the formation of 13a and 14a is not fully 

understood; it likely proceeds via thermal dissociation of Re2(CO)10 followed by 
complexation with 13 to form the π-complex E, which is an unstable Re(0) species 
containing 17 valence electrons (Scheme 5.6).65,66 Intermediate E can likely undergo an 

13a 14a
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COOC CO

Ph

Ph
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Ph

Ph O
Ph
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COOC CO
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intramolecular C–H bond activation to yield the Re(II)hydride species F. Further, a 
concerted pathway might occur for the hydrogen abstraction by another molecule of E 
leading to 13a and simultaneous Cp–O insertion into Re–C(Ph) in F would lead to G, 
which then can result in 14a as the final product via a formal reductive elimination.  

To our knowledge, there is no literature precedent for an oxygen containing 
5-membered heterocycle (furan) fused with a Cp-ring in general for any of the Cp-
ligated metal complexes, but an example of oxygen containing fused 6-membered 
Cp’Re(CO)3 was prepared.35 Thiophene- and pyrrole-fused cyclopentadienyl 
complexes with early transition metals (i.e., Sc, Ti, Zr) have been reported. For these 
complexes the corresponding heterocyclic cyclopentadienes were introduced by using 
the conventional deprotonation followed by metallation procedures.67–70  
 

 
Scheme 5.6. Proposed pathway for the formation of 13a and 14a via the π-complex E. 
 
 Complex 13a contains an interesting (hydroxy)tetraphenyl cyclopentadienyl 
ligand analogous to those in ‘Shvo-type’ ruthenium and iron complexes, which are 
versatile catalysts for numerous reactions, most notoriously transfer hydrogenations.71 

Recent work by Berke and coworkers demonstrated the viability of the bifunctional 
‘Shvo-type’ rhenium catalyst (Cp–OH)Re(NO)(PR3)H to perform the transfer 
hydrogenation of imines and ketones with 2-propanol.72  In light of the above 
discussion, the complex 13a was tested in transfer hydrogenation for the conversion of 
acetophenone to 1-phenylethanol in 2-propanol at 120 °C for 14 h. A similar reaction 
mixture was also allowed to react under H2 atmosphere (40 bar) both at RT and 150 
oC (12–24 h), hoping for the production of a catalytically active rhenium–hydride 
species in situ. Unfortunately, no reaction was found in any case. So, 13a might be of 
interest to preform rhenium-hydride species such as (CpPh4OH)(CO)2ReIIIH2 or 
(CpPh4OH)(L)ReI(NO)H (L = PR3 or CO) to be investigated as transfer 
hydrogenation catalysts.  
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5.3. Conclusion 
 
A series of multiply substituted cyclopentadienyl-based tricarbonyl rhenium complexes 
were synthesized as potential precursors for the synthesis of the corresponding trioxo-
rhenium complexes as DODH catalysts. To evaluate the structure–activity 
relationships of the Cp’ReO3 complexes, the Cp-ligands 1–8 including Cp* and Cpttt 
were used to make the corresponding Cp’Re(CO)3 complexes 1a–8a by using 
Re2(CO)10. Additionally, several Cp’Re(CO)3 complexes incorporating bulky aryl 
substituents (10a–12a) were synthesized via cyclopentadienyl anion substitution with 
Re(CO)5Br. X-ray crystal structures of some of the new complexes (CptBu2)Re(CO)3 
2a, (1,2,3-Me3(tetrahydroindenyl))Re(CO)3 7a, and (1,2,3-Ph3(indenyl)Re(CO)3 12a 
were found to exhibit the typical three-legged ‘piano-stool’ conformations. 
Furthermore, an unusual [6+4] cycloaddition reactivity of (CpMe4)Re(CO)3 8a with 
the excess ligand resulted in a highly asymmetrical Cp-ligated 9a. When the 
tetraphenylcyclopentadienone ligand was used in conjunction with Re2(CO)10, a 
formal intermolecular hydrogen transfer resulted in the serendipitous formation of the 
Shvo-type complex (Ph4Cp(OH))Re(CO)3 (13a) and the benzofuran-fused 
(Ph3Cp(C6H4O))Re(CO)3 (14a) product. These complexes are promising to explore in 
asymmetric catalysis or transfer hydrogenation reactions.  
 From the ReC–O IR-vibrations of alkyl (Me, iPr or tBu) appended 
Cp’Re(CO)3 complexes an increase in electron donating properties of the Cp’-ligand 
was found when more substituents are directly attached to the Cp-ring, while the 
opposite was observed for the phenyl-appended complexes, i.e., a decrease in electron 
donating properties with an increased number of substituents. The variation in the 
electronics and bulkiness of the Cp’Re(CO)3 complexes reported in this chapter are 
anticipated to translate over to the catalytic properties of the corresponding Cp’ReO3 
complexes, which in turn may provide valuable insight towards the rational 
development of Cp-based trioxo-rhenium catalysts.  
 

5.4. Experimental Section 
 
General 
 All chemicals including rhenium compounds were degassed either by 
exposure to a vacuum or freeze-pump-thaw cycles. All reactions were performed under 
inert N2 atmosphere by using standard Schlenk techniques. Benzene, xylene, 
mesitylene and THF were distilled with Na/benzophenone. Hexane was obtained from 
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a MBraun MB SPS-800 solvent purifier and stored over 4 Å molecular sieves. Unless 
otherwise stated, all other commercial chemicals were used without further 
purification. The compounds di-tert-butylcyclopentadiene 2, 
pentamethylcyclopentadiene 5, ethyltetramethylcyclopentadiene 6, 
tetramethylcyclopentadiene 8 and Re(CO)5Br were received from Aldrich, and 
Re2(CO)10 was received from Acros. NMR spectra were recorded on a Varian 
VNMRS400 (400 MHz) at 298 K. Infra-Red spectra were recorded using a Perkin-
Elmer Spectrum One FT-IR spectrometer in the range of 650–4000 cm–1. ESI-MS 
spectra were recorded using a Waters LCT Premier XE instrument.  
 
Synthesis of (CptBu2H3)Re(CO)3 2a 
  In a dried Schlenk flask, Re2(CO)10 (1.3629 g, 2.081 mmol) was degassed in a 
vacuum for 30 min and di-tert-butylcyclopentadiene (883 mg, 4.952 mmol, 4 equiv.) 
was added. The reaction system was connected with a gas bubbler to allow the formed 
CO to release. The reaction mixture was heated at 150 °C for 30 min, and 
subsequently the temperature was increased to 200 °C and maintained for 19 h, during 
which the reaction mixture turned into a dark brown suspension. After cooling to 
ambient temperature, a sample was analyzed by TLC, which showed the presence of 
some unreacted Re2(CO)10 and formation of the desired product. The reaction mixture 
was then dissolved in hexane and separated over a silica column with hexane as eluent. 
The column fractions containing product only were combined and dried in vacuo to 
yield the product as a white crystalline solid (1.662 g, 3.713 mmol, 89%).  
 1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.21 (s, 18H, tBu), 5.16 
(d, 2H, Cp–H, 4JH,H = 2 Hz), 5.33 (t, 1H, Cp–H, 4JH,H = 2 Hz) ppm. 1H NMR (400 
MHz), 25 °C, C6D6 (7.16 ppm): 0.985 (s, 18H, tBu), 4.62 (d, 2H, Cp–H, 4JH,H = 2 
Hz), 5.07 (t, 1H, Cp–H, 4JH,H = 2 Hz) ppm. 13C NMR (400 MHz), 25 °C, CDCl3 
(77.16 ppm): 31.20, 32.17, 76.84, 80.63, 81.92, 120.02, 195.85 ppm. FT-IR: 669, 
843, 890, 920, 1031, 1059, 1113, 1166, 1201, 1252, 1295, 1364, 1396, 1446, 1465, 
1485, 1889, 2007, 2419, 2872, 2908, 2970, 3115, 3895 cm–1. ESI-MS (in CH2Cl2): 
m/z = 483.0769 ((C16H21ReO3 + Cl)+, calcd. m/z = 483.0728). This cationic Re(III) 
species containing Re–Cl is formed inside the spectrometer as the result of facile 
oxidation of 2a. Elemental analysis calcd (%) for C16H21ReO3 (448.10): C 42.94, H 
4.73; found: C 42.95, H 4.29. 
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Synthesis of mixture of 1,2,4-(CpiPr3H2)Re(CO)3 3a and 1,2,3-
(CpiPr3H2)Re(CO)3 4a 
 In a dried Schlenk flask, Re2(CO)10 (1.6418 g, 2.452 mmol) was degassed in 
vacuo for 30 min and then the mixture of 1,2,4-tri-isopropylcyclopentadiene and 
1,2,3-tri-isopropylcyclopentadiene (2.830 g, 14.71 mmol, 3.3 equiv. based on Re) was 
added. The reaction mixture was immersed into a preheated oil bath at 150 °C, and 
heated for 2 h. Subsequently, the temperature was increased to 200 °C and maintained 
for 20 h and eventually to 210 °C for another 2.5 h. After cooling to ambient 
temperature, a dark brown liquid reaction mixture was obtained. A sample was 
analyzed by TLC, which showed full conversion of Re2(CO)10 and the formation of 
new products. The crude reaction mixture was then concentrated in vacuo and 
separated over a silica column with petroleum ether as the eluent. A colourless, viscous 
liquid product was obtained (2.1183 g, 4.590 mmol, 94%). 1H NMR and 13C NMR 
analysis revealed a mixture the product isomers 3a and 4a in a ratio of 0.73:0.27, 
respectively.  
 1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.11 (s, 6H, Me, 3a), 
1.17–1.13 (four overlapping doublets but no splitting was observed, 12H, Me, 4a/3a), 
1.37 (s, 6H, Me, 3a), 2.61 (sept, 1H, CHMe2, 3a, 3JH,H = 6.8 Hz), 2.66 (sept, 2H, 
CHMe2, 3a, 3JH,H = 6.8 Hz), 2.79 (two overlapping septets, 3H, CHMe2, 4a, 3JH,H = 
6.8 Hz), 4.99 (s, 2H, Cp–H, 4a), 5.22 (s, 2H, Cp–H, 3a) ppm. 1H NMR (400 
MHz), 25 °C, C6D6 (7.16 ppm): 0.88 (s, 6H, Me, 4a), 0.89 (s, 6H, Me, 3a), 0.91 (s, 
6H, Me, 3a), 0.97 (s, 6H, Me, 4a), 1.01 (s, 6H, Me, 3a), 1.13 (s, 6H, Me, 4a), 2.24 
(sept, 1H, CHMe2, 3a, 3JH,H = 6.8 Hz), 2.31 (sept, 2H, CHMe2, 3a, 3JH,H = 6.8 Hz), 
2.40 (sept, 1H, CHMe2, 4a, 3JH,H = 6.8 Hz), 2.44 (sept, 2H, CHMe2, 4a, 3JH,H = 6.8 
Hz), 4.47 (s, 2H, Cp–H, 4a), 4.91 (s, 2H, Cp–H, 3a). 13C NMR (400 MHz), 25 °C, 
CDCl3 (77.16 ppm): 24.35, 24.71, 25.38, 25.60, 25.69, 25.85, 25.92, 26.05, 26.29, 
26.83, 53.57, 79.78, 81.13, 110.02, 110.99, 113.30, 118.05, 196.33, 196.55 ppm. IR 
(ATR/FTIR): 511, 596, 722, 823, 887, 1011, 1025, 1205, 1271, 1367, 1385, 1461, 
1892, 2007, 2968 cm–1. ESI-MS (in CH3CN with pyridine and HCOOH as 
additives): m/z = 463.1319 ([M + H]+, calcd. 463.1284). Elemental analysis calcd (%) 
for C17H23ReO3 (462.12): C 44.24, H 5.02; found: C 44.36, H 4.99.  
 
Synthesis of (1,2,3-Me3(tetrahydroindenyl))Re(CO)3 7a  
 In a dried Schlenk flask, Re2(CO)10 (0.944 g, 1.447 mmol) was degassed in 
vacuo for 30 min and 1,2,3-trimethyl-4,5,6,7-tetrahydroindene (0.767 g, 4.730 mmol, 
1.75 equiv. based on Re) were added. The reaction mixture was immersed into a 
preheated oil bath at 150 °C and heated for 30 min. Subsequently, the temperature 
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was increased to 200 °C and maintained for 17 h and then to 210 °C for another 3 h. 
After cooling to ambient temperature, a dark brown solidified reaction mixture was 
obtained. A sample was analyzed by TLC, which showed full conversion of Re2(CO)10 

and the formation of a new product. The crude reaction mixture was then dissolved in 
hexane, and separated over a silica column with petroleum ether as the eluent to obtain 
98% 7a. The collected product fraction was recrystallized from hexane at –30 °C to 
yield a white, crystalline product. (1.076 g, 2.501 mmol, 86%) 
 1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.67 (m, br, 2H, CH2 exo), 
1.78 (m, br, 2H, CH2 endo), 2.13 (s, 6H, Me), 2.18 (s, 3H, Me), 2.58 (m, br, 2H, Cp–
CH2 exo), 2.68 (m, br, 2H, Cp–CH2 endo) ppm. 1H NMR (400 MHz), 25 °C, C6D6 
(7.16 ppm): 1.29 (m, br, 2H, CH2 exo), 1.48 (m, br, 2H, CH2 endo), 1.71 (s, 6H, Me), 
1.75 (s, 3H, Me), 2.01 (m, br, 2H, Cp–CH2 exo), 2.36 (m, br, 2H, Cp–CH2 endo) ppm. 
13C NMR (400 MHz), 25 °C, CDCl3 (77.16 ppm): 10.55, 10.58, 22.29, 23.05, 
77.361, 95.42, 100.15, 102.00, 198.45 ppm. IR (KBr): n = 752, 817, 853, 909, 953, 
1034, 1069, 1106, 1147, 1181, 1244, 1258, 1330, 1345, 1378, 1384, 1442, 1884, 
1995, 2408, 2508, 2857, 2923, 2943, 3788, 3879 cm–1. ESI-MS (in THF): m/z = 
431.0665 ([M - H]+, calcd. 431.0657). This dehydrogenated cationic Re(I) species 
indicates the possible Cp-ligand modification into fulvene analogue.  
 
Synthesis of (CpMe4H)Re(CO)3 8a 
 In a dried Schlenk flask, Re2(CO)10 (1.5 g, 2.3 mmol) was charged and 
degassed in vacuo for 30 min and an excess of tetramethylcyclopentadiene (1.27 mL, 
8.43 mmol, 1.83 equiv.) was added. The resulting mixture was heated at 150 °C for 40 
min. At regular time intervals, the reaction temperature was increased to reach 210 °C 
in 5 h (i.e., the temperature was subsequently raised to 165, 180, 200 and 210 °C after 
1 h). The reaction mixture was kept at 210 °C to allow for the complete conversion of 
the Re2(CO)10. After cooling down to ambient temperature, a sample of the solidified 
reaction mixture was taken for TLC analysis with hexane, which showed complete 
conversion of Re2(CO)10 and a new product. The crude reaction mixture was dissolved 
in CH2Cl2 and subjected to silica column chromatography: hexane was used as first 
eluent to collect an organic fraction containing mainly the unreacted ligand (2.34 
mmol), followed by CH2Cl2/hexane (1:3) to obtain 8a as an off-white solid in nearly 
quantitative yield (>98%). The analytical data matched with the literature values of 8a 
that was prepared by the reaction of Re(CO)5Cl and NaCp or TlCp.30,44  
 1H NMR (400 MHz), CDCl3 (7.26 ppm): 2.155 (s, 6H, Me), 2.158 (s, 6H, 
Me), 4.99 (s, 1H, CpH). 13C NMR (400 MHz), CDCl3 (77.16 ppm): 10.8, 12.42, 
80.69, 99.87, 101.12 and 197.37 ppm. IR (ATR/FT-IR): 692, 823, 1033, 1382, 
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1447, 1887, 2005, 2924, 2960 cm–1. ESI-MS (in CH2Cl2): m/z = 426.9627 
([C13H13O3Re + Cl]+, calcd. 427.0111). This cationic Re(III) species containing Re–Cl 
is formed inside the spectrometer as the result of facile oxidation of 8a. 
 
Synthesis of (C19H25)Re(CO)3 9a 
 In a dried Schlenk flask, Re2(CO)10 (1.5 g, 2.3 mmol) was charged and 
degassed in vacuo for 30 min and an excess of tetramethylcyclopentadiene (1.27 mL, 
8.43 mmol, 1.83 equiv.) was added. Then the mixture was heated for 11 h (150, 165, 
190, 200 and 210 °C for each 1, 1, 6, 1.5 and 1.5 h, respectively). After cooling down 
to ambient temperature, the reaction mixture was repeatedly extracted in hexane (3 × 5 
mL) from an insoluble white solid. Then the concentrated hexane fractions were 
purified by column chromatography to obtain 8a (2.77 mmol, 60%). The insoluble 
white solid 9a was obtained in 7% (0.16 g, 0.314 mmol) after drying. Recrystallization 
in CH2Cl2/hexane (2:1, 0.7 mL) at –30 °C gave crystals of 9a suitable for X-ray 
analysis. 
  1H NMR (400 MHz), CDCl3 (7.26 ppm): 1.13 (s, 3H, Me), 1.44 (s, 3H, 
Me), 1.49 (d, 3H, Me, 4JH,H = 0.8 Hz), 1.57 (d, 3H, Me, 4JH,H = 1.2 Hz), 1.60 (dd, 
1H, J2 =10.4 Hz, CH2, J4 =1.6 Hz,), 1.965 (d, 1H, CH2, J2 =10.4 Hz), 2.06 (s, 3H, 
Me), 2.13 (s, 3H, Me), 2.275 (dd, 1H, J2 =15.6 Hz, J4 =1.6 Hz, CH2), 2.29 (s, 3H, 
Me) and 2.49 (d, 1H, J2 =15.6 Hz, CH2). 13C NMR (400 MHz), CDCl3 (77.16 
ppm): δ = 9.21, 10.58, 10.85, 11.01, 12.63, 20.83, 23.74, 31.55, 45.29, 47.22, 58.5, 
95.40, 95.80, 99.25, 101.83, 110.87, 133.75, 141.88, 198.65 ppm. IR (ATR/FT-IR): 
472, 511, 594, 803, 1260, 1381, 1442, 1677, 1889, 1994, 2864, 2922, 2961 cm–1. 
ESI-MS (in CH2Cl2): m/z = 547.0965 ([C21H25O3Re + Cl]+, calcd. 547.105). This 
cationic Re(III) species containing Re–Cl is formed inside the spectrometer as the 
result of facile oxidation of 9a. 
 
Synthesis of (1,2,3-Ph3(indenyl))Re(CO)3 12a  
 1,2,3-triphenylindene 12 (2 g, 5.81 mmol) was degassed for 30 min in a dried 
Schlenk flask and THF (50 mL) solvent was added. The homogeneous solution was 
cooled down to –78 °C prior to the dropwise addition of n-BuLi (1.6 M in haxanes, 4 
mL). The deprotonation reaction was allowed for 3.5 h at –78 °C before warming up 
to ambient temperature and then Re(CO)5Br (2.36 g, 5.81 mmol) was added. The 
reaction mixture was heated to reflux for 2 days, after which THF was evaporated and 
the product mixture was extracted in CH2Cl2. After solvent evaporation the NMR 
spectrum showed a small amount of unreacted 12 (16%), which was removed on a 
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silica column by using CH2Cl2/hexane (1:1) eluent, which gave 12a in 82% yield 
(2.92 g) as light yellowish off-white solid.  
 1H NMR (400 MHz), (CDCl3, 7.26 ppm): 6.95–7.64 (m, 19H, Ph). 13C 
NMR (400 MHz), CDCl3 (77.16 ppm): 94.36, 106.45, 116.83, 123.04, 126.75, 
127.89, 128. 03, 128. 21, 128.73, 130. 41, 131.96, 132.00, 132.81, 194.14 ppm. IR 
(ATR/FT-IR): 698, 742, 756, 798, 1028, 1073, 1393, 1443, 1503, 1906, 1928, 2011 
cm–1. ESI-MS (in CH3CN): calcd. for [C30H19ReO3]+: 614.0893; found: 614.0889. 
  
Synthesis of (CpPh4(OH))Re(CO)3 13a and (CpPh3(C6H4O))Re(CO)3 14a 
 In a dried Schlenk flask, Re2(CO)10 (3.26 g, 5 mmol) and 
tetraphenylcyclopentadienone 13 (1 mL, 2 mmol) were charged and degassed in vacuo 
for 30 min. Then the distilled solvents mesitylene (50 mL) and xylene (50 mL) were 
added and the mixture was gently refluxed (170 °C) for 5 days. The reaction progress 
was monitored from the CO gas release in the overpressure valve containing silicon oil. 
After CO release had ceased, TLC showed an incomplete conversion of 13 and two 
other new products. The purple suspension was centrifuged and decanted to remove 
the off-white solid. The purple solution was stripped off the solvents in a vacuum 
distillation. Then silica column chromatography was performed in CH2Cl2/hexane 
(1:1), which recovered 17% (0.652 g) of 13 together with 13a (2.09 g, 32%) and 14a 
(0.8296 g, 13%). Recrystallization was carried out in CH2Cl2/hexane (2:1) at –30 °C 
for both 13a and 14a. Complex 14 was co-crystallized with CH2Cl2, which was 
removed completely by the solvent evaporation of a hexane solution of 14. The off-
white solid did not dissolve in CDCl3, acetone, DMSO, benzene or pyridine. And IR 
showed multiple carbonyl vibrations indicating a mixture of rhenium carbonyls. IR 
(ATR/FT–IR): 683, 695, 746, 799, 832, 1921, 1105, 1233, 1375, 1437, 1504, 1860, 
1894, 1913, 1936, 1988, 2014, 2055 cm–1. Elemental analysis found. (%): C 37.62, 
H 2.09, O 25.99. 
13a: 1H NMR (400 MHz), CDCl3 (7.26 ppm): 4.65 (s, 1H, CpOH), 6.90–7.32 (m, 
20H, Ph). 13C NMR (400 MHz), CDCl3 (77.16 ppm): 89.46, 102.36, 127.92, 
127.96, 128.40, 128.88, 129.86, 130.52, 132.27, 132.60, 135.13, 195.67 ppm. IR 
(ATR/FT-IR): 698, 708, 744, 755, 795, 921, 1027, 1072, 1100, 1125, 1159, 1184, 
1273, 1290, 1432, 1505, 1601, 1910, 2011, 3525 cm–1. ESI–MS (in CH3CN): calcd. 
for [C32H20ReO4]–: 655.0921; found: 655.0913. Elemental analysis calcd. (%) for 
C32H21ReO4 (656.10): C 58.61, H 3.23, found: C 58.79, H 3.35. 
 14a: 1H NMR (400 MHz), CDCl3 (7.26 ppm): 7.16–7.67 (m, 19H, Ph). 13C NMR 
(400 MHz), CDCl3 (77.16 ppm): 83.61, 90.01, 93.63, 106.31, 113.11, 121.28, 
123.16, 124.21, 127.49, 128.02, 128.40, 128.45, 128.50, 128.56, 128.59, 130.13, 
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130.26, 130.70, 130.92, 131.36, 133.11, 140.27, 161.93, 194.69 ppm. IR (ATR/FT–
IR): 692, 714, 736, 751, 844, 1185, 1399, 1908, 2013 cm–1. ESI–MS (in CH3CN): 
calcd. for [C32H19ReO4]+: 654.0841; found: 654.0728. Elemental analysis calcd. (%) 
for C32H19ReO4 (654.08): C 58.76, H 2.93; found: C 58.89, H 2.95  
 
 X-ray crystal structure determinations  
Compound 2a. C16H21O3Re, Fw = 447.53, colourless plate, 0.40 × 0.22 × 0.07 mm3, 
orthorhombic, Pbca (no. 61), a = 11.6695(3), b = 15.9645(4), c = 17.3621(5) Å, V = 
3234.52(15) Å3, Z = 8, Dx = 1.838 g/cm3, μ = 7.52 mm–1. 57658 Reflections were 
measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin θ/λ)max = 0.70 Å–1. Intensity data were integrated with the Eval15 software.76 
Analytical absorption correction and scaling was performed with SADABS81 
(correction range 0.15-0.62). 4716 Reflections were unique (Rint = 0.019), of which 
4355 were observed [I>2σ(I)]. The structure was solved using the program 
SHELXT.77a Least-squares refinement was performed with SHELXL-201377b against 
F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were located in difference Fourier maps. 
Hydrogens H2, H4, and H5 of the Cp-ring were refined freely with isotropic 
displacement parameters. The methyl hydrogens were refined with a riding model. 200 
Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0111 / 0.0251. 
R1/wR2 [all refl.]: 0.0128 / 0.0255. S = 1.055. Extinction parameter EXTI = 
0.000354(16). Residual electron density between –0.42 and 0.40 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON 

program.47 
 

Compound 7a. C15H17O3Re, Fw = 431.48, colourless plate, 0.58 × 0.27 × 0.10 mm3, 

triclinic, P 1   (no. 2), a = 6.90487(4), b = 7.8670(2), c = 14.2039(3) Å, α = 

75.313(2), β = 83.540(2), γ = 72.486 °, V = 711.20(3) Å3, Z = 2, Dx = 2.015 g/cm3, μ 
= 8.54 mm–1. 14136 Reflections were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a 
temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.70 Å–1. Intensity data 
were integrated with the Eval15 software.76 Analytical absorption correction and 
scaling was performed with SADABS81 (correction range 0.13–0.65). 4124 Reflections 
were unique (Rint = 0.013), of which 4080 were observed [I>2σ(I)]. The structure was 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

Chapter 5 

142 

solved using the program SHELXT.77a Least-squares refinement was performed with 
SHELXL-201377b against F2 of all reflections. Non-hydrogen atoms were refined freely 
with anisotropic displacement parameters. All hydrogen atoms were located in 
difference Fourier maps and refined with a riding model. 176 Parameters were refined 
with no restraints. R1/wR2 [I > 2σ(I)]: 0.0089 / 0.0220. R1/wR2 [all refl.]: 0.0092 / 
0.0221. S = 1.174. Extinction parameter EXTI = 0.0045(2). Residual electron density 
between –0.52 and 0.49 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.47  
 

Compound 9a. C21H25O3Re, Fw = 511.61, colourless block, 0.45 × 0.41 × 0.17 mm3, 
monoclinic, Pn (no. 7), a = 9.4758(7), b = 7.1045(5), c = 14.3536(10) Å, β = 
103.3716(9) °, V = 940.10(12) Å3, Z = 2, Dx = 1.807 g/cm3, μ = 6.48 mm–1. 14639 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
resolution of (sin θ/λ)max = 0.64 Å–1. Intensity data were integrated with the Saint 
software.73 Analytical absorption correction and scaling was performed with SADABS81 
(correction range 0.19–0.47). 4301 Reflections were unique (Rint = 0.013), of which 
4289 were observed [I>2σ(I)]. The structure was solved with direct methods using the 
program SIR2011.78 Least-squares refinement was performed with SHELXL-9775 
against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were introduced in calculated positions 
and refined with a riding model. 235 Parameters were refined with 2 restraints 
(floating origin). R1/wR2 [I > 2σ(I)]: 0.0087 / 0.0218. R1/wR2 [all refl.]: 0.0088 / 
0.0218. S = 1.143. Extinction parameter EXTI = 0.00282(15). Flack parameter79 x = 
0.045(4). Residual electron density between –0.49 and 0.62 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON 
program.47 
 
Compound 11a. C32H21O3Re, Fw = 639.69, colourless plate, 0.42 × 0.27 × 0.06 
mm3, monoclinic, P21/c (no. 14), a = 10.6960(3), b = 8.3778(3), c = 27.2134(9) Å, β 
= 90.046(3) °, V = 2438.58(14) Å3, Z = 4, Dx = 1.742 g/cm3, μ = 5.02 mm–1. 40663 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
resolution of (sin θ/λ)max = 0.64 Å–1. Intensity data were integrated with the Eval15 
software.76 Analytical absorption correction and scaling was performed with SADABS81 
(correction range 0.26–0.77). 5585 Reflections were unique (Rint = 0.029), of which 
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5500 were observed [I>2σ(I)]. The structure was solved with Patterson methods using 
the program DIRDIF-08.74 Least-squares refinement was performed with SHELXL-
9775 against F2 of all reflections. The structure was refined as pseudo-orthorhombic 
twin with a twofold rotation about hkl=(0,0,1) as twin operation. The twin fraction 
refined to BASF = 0.3203(4). Non-hydrogen atoms were refined freely with 
anisotropic displacement parameters. All hydrogen atoms were located in difference 
Fourier maps. Hydrogen H5 of the Cp-ring was refined freely with an isotropic 
displacement parameter. The phenyl hydrogens were refined with a riding model. 330 
Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0131 / 0.0331. 
R1/wR2 [all refl.]: 0.0135 / 0.0333. S = 1.074. Residual electron density between –
0.67 and 0.51 e/Å3. Geometry calculations and checking for higher symmetry was 
performed with the PLATON program.47 
 

Compound 12a. C30H19O3Re, Fw = 613.65, pale yellow block, 0.54 × 0.52 × 0.33 
mm3, orthorhombic, P212121 (no. 19), a = 8.4824(3), b = 11.6544(2), c = 26.8796(12) 
Å, V = 2343.97(14) Å3, Z = 4, Dx = 1.739 g/cm3, μ = 5.21 mm–1. 40664 Reflections 
were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 
Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
resolution of (sin θ/λ)max = 0.64 Å–1. Intensity data were integrated with the Eval15 
software.76 Multiscan absorption correction and scaling was performed with 
SADABS81 (correction range 0.28–0.43). 5372 Reflections were unique (Rint = 0.021), 
of which 5348 were observed [I>2σ(I)]. The structure was solved with direct methods 
using the program SHELXS-97.75 Least-squares refinement was performed with 
SHELXL-9775 against F2 of all reflections. Non-hydrogen atoms were refined freely 
with anisotropic displacement parameters. All hydrogen atoms were located in 
difference Fourier maps and refined with a riding model. 308 Parameters were refined 
with no restraints. R1/wR2 [I > 2σ(I)]: 0.0135 / 0.0343. R1/wR2 [all refl.]: 0.0136 / 
0.0343. S = 1.130. Flack parameter79 x = –0.004(5). Residual electron density between 
–0.81 and 0.94 e/Å3. Geometry calculations and checking for higher symmetry was 
performed with the PLATON program.47 
 

Compound 13a. C32H21O4Re, Fw = 655.69, colourless needle, 0.54 × 0.26 × 0.09 
mm3, monoclinic, P21/c (no. 14), a = 24.2037(6), b = 9.7144(3), c = 24.4980(7) Å, β 
= 118.953(1) °, V = 5040.2(2) Å3, Z = 8, Dx = 1.728 g/cm3, μ = 4.86 mm–1. 190906 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
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resolution of (sin θ/λ)max = 0.81 Å–1. Intensity data were integrated with the Eval15 
software.76 Analytical absorption correction and scaling was performed with SADABS81 
(correction range 0.21–0.66). 22188 Reflections were unique (Rint = 0.022), of which 
19198 were observed [I>2σ(I)]. The structure was solved with Patterson methods 
using the program DIRDIF-08.74 Least-squares refinement was performed with 
SHELXL-9775 against F2 of all reflections. Non-hydrogen atoms were refined freely 
with anisotropic displacement parameters. All hydrogen atoms were located in 
difference Fourier maps. Hydrogens H1and H2 of the hydroxy groups were refined 
freely with isotropic displacement parameters. The phenyl hydrogens were refined with 
a riding model. 675 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 
0.0202 / 0.0407. R1/wR2 [all refl.]: 0.0271 / 0.0419. S = 1.066. Residual electron 
density between –1.07 and 2.33 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.47 
 

Compound 14a. C32H19O4Re · CH2Cl2, Fw = 738.60, colourless plate, 0.40 × 0.36 × 

0.09 mm3, triclinic, P 1   (no. 2), a = 9.6823(3), b = 9.7837(3), c = 16.5718(6) Å, α = 

88.296(2), β = 74.297(2), γ = 68.637(2) °, V = 1403.25(8) Å3, Z = 2, Dx = 1.748 
g/cm3, μ = 4.56 mm–1. 24805 Reflections were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a 
temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.64 Å–1. The crystal was 
cracked into three fragments. Consequently, three orientation matrices were used for 
the integration of the intensity data with the Eval15 software.76 Multiscan absorption 
correction and scaling was performed with TWINABS81 (correction range 0.30–0.43) 
resulting in a HKLF5 file.80 6438 Reflections were unique (Rint = 0.018), of which 
6172 were observed [I>2σ(I)]. The structure was solved using the program 
SHELXT.77a Least-squares refinement was performed with SHELXL-9775 against F2 of 
all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. All hydrogen atoms were located in difference Fourier maps and refined 
with a riding model. 363 Parameters were refined with no restraints. R1/wR2 [I > 
2σ(I)]: 0.0142 / 0.0339. R1/wR2 [all refl.]: 0.0152 / 0.0342. S = 1.050. Batch scale 
factors for the second and third crystal fragment BASF = 0.197(4), 0.062(3). Residual 
electron density between –1.26 and 0.81 e/Å3. Geometry calculations and checking for 
higher symmetry was performed with the PLATON program.47  
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                  6 
Syntheses of Cyclopentadienyl-based 
Trioxo-rhenium Complexes and Their 
Use as Deoxydehydration Catalysts 
Abstract  
The cyclopentadienyl-based trioxo-rhenium complexes CptttReO3 (Cpttt = 1,2,4-tri-
tert-butylcyclopentadienyl) 1b and Cp*ReO3 (Cp* = pentamethylcyclopentadienyl) 
5b) are known to be active catalysts for the deoxydehydration (DODH) of vicinal diols 
to olefins. In this chapter, we report on the preparation of a series of complexes of 
general formula Cp’ReO3 (Cp’ = Cptt (1,3-di-tert-butylcyclopentadienyl) (2b, 18%), 
CpiPr3H2 (4b, 4%), 1,2,3-Me3(tetrahydroindenyl) (7b, 36%) and CpMe4H (8b, 
33%)) in which the electronic and steric properties of the Cp’ ligand are varied. These 
complexes were synthesized via oxidative decarbonylation from the corresponding 
Cp’Re(CO)3 complexes with either H2O2 or tBuOOH.  
 An in situ NMR investigation revealed that complexes 2b, 4b, and 7b are 
unstable under the oxidizing reaction conditions. This information was used to 
determine the optimal reaction time to isolate the complexes 2b, 4b, and 7b. These 
‘piano-stool’ configurated Cp’ReO3 complexes were characterized spectroscopically and 
by single crystal X-ray diffraction. The new complexes 2b, 4b, 7b, and 8b were found 
to be generally less thermally stable than CptttReO3 (1b) or Cp*ReO3 (5b). It appeared 
that 2b and 7b were better catalysts for the DODH of 1,2-octanediol to octene with 
PPh3 as oxygen-atom acceptor. Remarkably, the less substituted Cp’ReO3 complexes 
(1b, 2b, 4b) afforded significantly less 2-octene (presumably from isomerization of the 
primary 1-octene product) in comparison to those containing per-alkylated Cp-
moieties (5b, 7b).  
 
                  
Raju, S.; van Slagmaat, C.; Lutz, M.; Jastrzebski, J.T.B.H.; Moret, M.-E.; Klein 
Gebbink, R.J.M. to be submitted for publication. 
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6.1. Introduction 
 
Sustainable industrial production of chemicals will benefit from new synthetic routes 
starting from renewable feedstocks such as biomass-derived polysaccharides and sugar 
and polyol derivartives. Unlike the currently used fossil hydrocarbons, these new 
starting materials are over-functionalized with oxygen atoms.1–4 Hence, there is a 
renewed interest in catalytic deoxygenation methods, and especially in 
deoxydehydration (DODH) reactions that convert vicinal diols to olefins.5–7 The best 
catalysts for these reactions are currently rhenium-based; in particular, 
methyltrioxorhenium (MTO) has been shown to be a versatile DODH catalyst in 
combination with a range of external reductants.8–11 The simple methyl substitution 
that keeps the high Lewis acidity of the rhenium center is thought to facilitate the 
coordination of substrate molecules. However, derivatives of MTO containing longer 
chain alkyl groups are unstable even at low temperatures, preventing systematic 
variations for further catalyst development.12–14  

On the other hand, the cyclopentadienyl-based trioxo-rhenium catalyst 
Cp*ReO3 (Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) is long known to catalyze 
DODH reactions of vicinal diols including bio-derived polyols.15 However, this system 
suffers from some major drawbacks such as low (<55) catalytic turnover number 
(TON), the requirement of a strong and expensive stoichiometric reductant (PPh3), 
and rapid catalyst decomposition to multinuclear clusteric oxo-rhenium species.15,16 
These issues were partly overcome by introducing a bulky 1,2,4-tri-tert-
butylcyclopentadienyl (Cpttt) ligand: CptttReO3 displays better TONs (up to 1400) and 
is able to perform DODH with other reductants such as sec. alcohols and hydrogen 
(Chapters 2 and 3).17 Hence, systematic variations of multiply-substituted Cp-based 
trioxo-rhenium catalysts are desirable for further optimization. 

At the beginning of this work, only a limited number of other Cp-based 
trioxo-rhenium complexes were known in the literature: CpReO3,18–20 (CpMe)ReO3,19 
and (CpEtMe4)ReO3.21

 This is likely due to the synthetic difficulties encountered 
when preparing these high-valent Re(VII) trioxo complexes. Two methods were 
reported for the preparation of Cp’ReO3 complexes depending on the redox potential 
of the Cp’ ligands (Cp’ = substituted cylopentadienyl; substituted indenyl are also 
abbreviated as Cp’ for simplicity).22 For electron-poor ligands, the method of choice is 
the transmetallation reaction of XReO3 (X– = ReO4

–
, Cl–, CF3COO–) with Cp’2Zn or 

Bu3Cp’Sn to obtain Cp’ReO3 (Cp’ = Cp18–20 or CpMe19). In contrast, highly 
substituted, electron-rich Cp’ReO3 (Cp’ = Cp*,23–25 CpEtMe4,21 or Cpttt17) complexes 
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can be obtained by oxidative decarbonylation of Cp’Re(CO)3 with H2O2 as oxidant.26 
In addition, oxidative decarbonylation for the formation of Cp*ReO3 was 
demonstrated with other oxidants such as O2,27,28 O3,29 Mn2O7,30 tBuOOH,31 and 
dimethyldioxirane.32 These electron-rich Cp’ReO3 complexes display improved 
thermal stability compared to electron-poor Cp’ReO3 complexes. The decomposition 
temperature was determined by thermogravimetric analysis: Cp, 134.2 °C; CpMe, 
144.7 °C; Cp*, 207.8 °C; CpEtMe4, 166.0 °C.13,22,31,33 

In this chapter, a series of alkyl-substituted Cp’ReO3 complexes (1b–8b, 
Chart 6.1) are prepared by oxidative decarbonylation of the corresponding tricarbonyl 
complexes (1a–8a). tBuOOH is identified as the oxidant of choice for sensitive 
complexes that decompose under oxidative conditions, and we report an NMR 
method to determine the optimal conditions and reaction time in these cases. Under 
the same conditions, the desired Cp’ReO3 complexes were not observed for aryl-
substituted Cp’H ligands Ph5CpH (1,2,3,4,5-pentaphenylcyclopentadiene, 9), 
Ph4CpH2 (1,2,3,4-tetraphenylcyclopentadiene, 10), or Ph3IndH (1,2,3-
triphenylindene, 11). The catalytic activity of complexes 1b–8b in the DODH of 1,2-
octanediol to 1-octene with PPh3 as reductant is compared to investigate structure-
activity relationships. 

 

 
Chart 6.1. Cp’ReO3 complexes 1b–8b. 
 
6.2. Results and Discussion 
 
Synthesis of trioxo-rhenium complexes  

 As described in Chapter 5, the alkyl-substituted Cp’Re(CO)3 complexes 1a–
8a can be prepared under neat reaction conditions by reacting the corresponding Cp’H 
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ligands with Re2(CO)10, while the aryl-substituted ones complxes 9a–11a are obtained 
by the reaction of LiCp’ with BrRe(CO)5. The known rhenium trioxo complexes 1b, 
5b, and 6b were synthesized by decarbonylative oxidation of the corresponding 
rhenium tricarbonyl complexes (1a, 5a and 6a) according to literature procedures 
(Scheme 6.1).17,23 A biphasic oxidation reaction was performed by using an excess (20–
30 equiv.) of H2O2 (35% in water) with a catalytic amount of conc. H2SO4 in benzene 
at 80 °C for 15 h. After the reaction, the mixture was extracted with benzene, and the 
organic phase was washed with water, 5% aqueous NaHCO3, and brine. Then, solvent 
evaporation in vacuo afforded bright yellow crystals of 1b, 5b and 6b. 

 
Scheme 6.1. Synthesis of multiply alkyl-appended Cp’ReO3 complexes by oxidative 
decarbonylation of Cp’Re(CO)3 complexes by using H2O2 solution. 
 

 In contrast, when 2a, 7a and 8a were subjected to these reaction conditions, 
a yellow-brown oily mixture was obtained. According to thin layer chromatography 
(TLC) and NMR, it was found not to contain the starting Cp’Re(CO)3 complexes 
(2a, 7a, 8a) or the expected Cp’ReO3 complexes (1b, 7b, 8b). The synthesis attempts 
for the phenyl-substituted complexes 9b, 10b and 11b using H2O2 biphasic conditions 
were also not successful. The starting complex 8a was further tested under varying 
biphasic reaction conditions. Excluding catalytic H2SO4 under prolonged reflux 
reactions also resulted in an intractable mixture of products. However, the appearance 
of the yellow color typical of Cp-ligated trioxo-rhenium complexes at early reaction 
times prompted us to stop the reaction after a short reaction time (1 h), which allowed 
for the isolation of 8b as a yellow solid in 33% (Scheme 6.1).  

Attempts to synthesize 2b under similar biphasic conditions with H2O2 as the 
oxidant were unsuccessful. Thus, we turned to the methodology developed by Kochi 
for Cp*ReO3 (31–36%), which involves homogeneous oxidation of Cp*Re(CO)3 by 
tBuOOH over short reaction times (5–10 min) at 80 oC.31 After addition of tBuOOH 
(6 M in decane), a solution of 2a in benzene remained colorless for 45 min at room 
temperature. It was then placed in an oil bath at 85 °C, resulting in a color change to 
yellow over 10–15 min followed by dark-brown after 20 min, at which point the 
reaction was stopped by cooling the mixture in an ice bath. The dark-brown oily 
mixture obtained after solvent evaporation did not contain the desired trioxo-rhenium 
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species. However, the initial appearance of a light yellow color suggested that the 
desired product might be formed transiently.  
 The homogeneous character of the latter reactions rendered them amenable to 
in situ monitoring by NMR, which allowed 1) to determine whether the desired 
products are formed at all, and 2) to determine optimal conditions (reaction time and 
temperature) for a series of substituted Cp-ligands. Thus, complexes 1a–8a were 
subjected to the following experiment: To a solution of the Cp’Re(CO)3 complex in 
C6D6 (ca. 40 mM) a stoichiometric amount of tBuOOH (6 equiv.) was added. There 
was no visible reaction at RT, and the reaction mixtures were heated gradually from 
RT inside the NMR spectrometer until the conversion of tricarbonyl rhenium 
complex started (Scheme 6.2). The reaction was monitored at that temperature until 
no more conversion of the starting Cp’Re(CO)3 complex was observed.  
 

 
  

 
 
 

 
Scheme 6.2. Oxidative decarbonylation of Cp’Re(CO)3 complexes to Cp’ReO3 
complexes using tBuOOH as the oxidant.  

 In most cases, the formation of Cp’ReO3 started at 50 oC, as evidenced by the 
appearance of new Cp–H signals at lower field than those of the corresponding 
Cp’Re(CO)3 complex with some exceptions: the formation of 1b occurred only at 70 
°C, and the 1,2,4-tri-isopropylcyclopentadienyl complex 3b (vide infra) was not 
detected at all. Similar experiments were also conducted with aryl-substituted 10a in 
benzene at 50–80 °C or with excess of tBuOOH (12 equiv.), but no conversion was 
observed. Increasing the reaction temperature up to 100 °C in toluene-d8 also did not 
afford the desired 10b, albeit a small amount of 10a was converted (ca. 20–30%, not 
quantified exactly). 9a and 11a were not tested under the in situ NMR oxidation 
conditions.   
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Figure 6.1. Depletion of Cp’Re(CO)3 under oxidation conditions at 50 °C in C6D6. 
The CptttRe(CO)3 (1a) reaction was followed at 70 °C and its conversion reached a 
constant value (ca. 57%) in 4 h. 
 

 
Figure 6.2. Formation of Cp’ReO3 under oxidation conditions at 50 °C in C6D6. 
CptttReO3 (1b) formation was followed at 70 °C and it reached a constant value (ca. 
28%) in 4 h. 

 
Figure 6.3. Sum of unidentified rhenium components (100 – (Cp'Re(CO)3 + 
Cp'ReO3) %) under in situ 1H NMR oxidation reaction conditions at 50 °C in C6D6. 
The reaction starting from CptttRe(CO)3 (1a) was followed at 70 °C.  
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 The obtained reaction profiles of the formation of Cp’ReO3 complexes (1b–
2b, and 5b–8b) from the corresponding Cp’Re(CO)3 complexes are depicted in 
Figures 6.1–6.3. There was an induction period for all the complexes, except the for 
the formation of 7b. After this time, a sudden increase of the reaction rate was 
observed to reach nearly the optimal yield for Cp’ReO3 in a very short time (see Figure 
6.2). This varying induction period (10–45 min) under exactly the same reaction 
conditions is somewhat surprising and is probably indicative of a radical chain reaction 
starting from tBuO  radicals. In all cases, there is a substantial amount of unidentified 
missing rhenium components, suggesting parallel decomposition pathways. Many 
different additional 1H NMR signals ranging from 1 to 10 ppm are found in the 
spectra, and these were tentatively assigned to oxidation products originating from the 
Cp’-ligand. 
  Remarkably, the previously reported trioxo-rhenium complexes 1b, 5b, and 
6b were observed to be stable under these oxidation reaction conditions: their 
concentration reaches a plateau and does not decay under prolonged heating. 
Moderate product yields of 52% and 50% were obtained (by NMR experiments) for 
5b and 6b corresponding to the conversion of 5a and 6a in 74% and 80%, 
respectively (Figure 6.1 and 6.2). The formation of 1b was achieved in a maximum of 
28% yield out of 57% conversion at 70 °C in 4 h. In these three cases, the missing 
rhenium components were close to only 30%.  
 In contrast, the yield of complexes 2b, 7b and 8b reached a maximum yield 
of 28, 30, and 53%, respectively, followed by a relatively slow decay under prolonged 
heating (Figure 6.2). In the meantime, the conversion of Cp’Re(CO)3 complexes 
reached its final value after 3 h. For these complexes the summed missing unidentified 
rhenium components accounts for >60% (Figure 6.3). 
 The inseparable mixture of isomers of (CpiPr3H2)Re(CO)3 (3a:4a ratio = 
73:27%) was oxidized under the same reaction conditions. The reaction profile over 
time showed that conversion of both isomers occurred simultaneously, but only one of 
the corresponding trioxo-rhenium complexes (4b, 10%) was observed. After 85 min, 
only 3a remained in the mixture (3a:4a= 30:0%, based on the initial amount) and a 
trace amount of 4b (1.5%) was also observed (Figure 6.4). To confirm the origin of 
4b, an enriched sample (3a:4a = 95:5%) was obtained by column chromatography 
after heating (40 min) the mixture of 3a:4a = 73:27% under the oxidation conditions. 
Subjecting the new sample (3a:4a = 95:5%) to the same oxidation conditions showed a 
large consumption of 3a in 90 min (3a:4a = 28:0%), but no appreciable formation of 
any trioxo-rhenium complex. This indicates that the trioxo complex 4b originates 
from the minor isomer 4a. As 4b has been identified crystallographically as containing 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

Chapter 6

156 

the 1,2,3-tri-isopropylcyclopentadienyl ligand (vide infra), we infer that the minor 
isomer 4a contains the same ligand.  
 

 
Figure 6.4. Oxidation of the isomer mixture of (CpiPr3H2)Re(CO)3 (3a:4a ratio = 
73:27%) at 50 °C in C6D6. The filled data point indicates the reaction corresponding 
to 3a:4a ratio = 95:5%. Only the conversion of 4a occurred and no oxo-rhenium 
product was observed.  
   

The oxidation reaction profiles indicate that per-alkylated (5b, 6b) or very 
bulky (1b) Cp’ReO3 complexes are less susceptible to decomposition under oxidative 
conditions, in accord with their convenient synthesis in a biphasic medium in good 
yields. Conversely, the less-substituted Cp-analogues (1b and 8b) were prone to 
decomposition and pass a maximum yield upon prolonged heating. Although the 
tetrahydroindenyl complex 7b contains a per-alkylated Cp moiety, it still decomposed 
under oxidative conditions, which may be due to weaker C–H bonds in the fused 
cyclohexyl ring.  

The reaction mechanism of the oxidative decarbonylation is not clearly 
understood. Kochi and coworkers proposed that an initial oxidative elimination of CO 
might lead to an unsaturated Cp*Re(CO)2 species, followed by quick CO exchange 
with oxo ligands.31,32 However, Herrmann and coworkers isolated some bimetallic 
species containing oxo-bridges and carbonyl ligands from oxidation reactions of 
Cp*Re(CO)3,23,34 which indicates a more complex reactivity behavior.  
 On the basis of the above-mentioned in situ results, the alkyl-substituted 
Cp’ReO3 1b, 4b and 7b were isolated on a preparative scale. These reactions were 
performed under N2 atmosphere using a preheated oil bath at 50 °C and applied the 
optimal reaction time as determined by NMR was applied (see experimental section). 
After the reaction, the mixture was cooled in an ice bath followed by washings with 
water. This allows the removal of the main decomposition product HReO4 – 
evidenced by an acidic (pH ~1) aqueous phase – and any water-soluble oxidized 
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organics. Furthermore, either repeated crystallization by adding hexane or pentane, or 
column chromatography followed by crystallization afforded pure Cp’ReO3 (1b, 4b, 
7b) as yellow crystals, The overall isolated yields are 2b (18%), 4b (4%) and 7b (36%) 
(see experimental section for more details).  
 
Characterization of trioxo-rhenium complexes 
 All newly synthesized Cp’ReO3 complexes (2b, 4b, 7b and 8b) were 
characterized by NMR spectroscopy. All 1H NMR signals, particularly the distinct 
Cp–H resonances, are shifted to a low field region compared to the signals in the 
corresponding Cp’Re(CO)3 complexes. Furthermore, ESI-MS analysis showed 
protonated molecular species either with or without the coordination of additives like 
pyridine. The solid-state FT-IR spectra of the Cp’ReO3 complexes display the typical 
Re–O bands in the range of 800–950 cm–1 and no ReC–O (1880–2010 cm–1) bands.  
 
Table 6.1. Selected analytical IR and X-ray structural data of Cp’ReO3. 
  

Cp’ReO3 IR (cm–

1)[a] Re–O 
                    X-ray crystal structure (Å / o) 
Cp–Re[e] Δ[f] Re–O O–Re–O 

1b[b] 877, 917 2.0830(8) 0.032 
 

1.7239(15)– 
1.7267(14) 

103.86(8)–
105.39(8) 

2b 882, 916 2.068(3) 0.040 1.725(5)–
1.735(4) 

103.82(19)–
105.1(3) 

4b 884, 919 2.0637(8) 0.059 1.7209(15)–
1.7281(14) 

104.41(7)–
105.82(9) 

5b[c] 869, 907 2.023(4) 
(2.032(4)) 

0.028 
(0.046) 

1.73(1)–1.744(1)  103.7(6)–
110(1)  

6b[d] 875, 915 2.076(4) 0.051  1.664(4)–
1.716(4) 

 104.7(2)–
106.7(2) 

7b 875, 909 2.062(4) 0.032 1.724(4)– 
1.733(2) 

105.35(17)–
105.89(15) 

8b 877, 910 2.0628(15) 0.054  1.729(3)– 
1.733(2) 

105.01(16)– 
105.74(11) 

 
[a] IR data recorded by measuring directly the solid samples (no KBr or solvent). [b] 

Ref. 17 [c] Ref. 35. [d] Ref. 21. [e] Distance between the ring centroid and the metal. 
[f] Ring slippage Δ is defined as the distance between the ring centroid and the 
perpendicular projection of the metal on the least-squares plane of the ring. 
  
 The antisymmetrical and symmetrical Re–O stretching vibrations of the 
(ReO3) moiety in 1b–8b are typically observed in the range of 869–884 and 907–917 
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cm–1, respectively.39 The (Re–O)asym band of the less-substituted 2b (882 cm–1) and 4b 
(884 cm–1) are found at slightly higher energy than that of 1b (877cm–1); this band for 
these three complexes appearing at higher energy than for the per-alkylated complexes 
5b–7b (869–875 cm–1) (Table 6.1). This suggests that the Re=O multiple bond is 
weakened by strongly donating Cp-ligands. The complex 8b lies in between these two 
types: an identical (Re–O)asym vibration at 877 cm–1 for both 1b and 8b indicates that 
they are comparable in terms of electronics. However, the lower symmetry experienced 
by the bulkier 1b is reflected from the higher-energy (Re–O)sym vibrations at 917 cm–1 
compared to the highly symmetrical 8b ((Re–O)sym = 910 cm–1). The spectral 
differences between the 6b21 and 5b35 have been interpreted in a similar way by 
lowering symmetry.  

         

                 
Figure 6.5. Molecular structures of 2b (top left), 4b (top right), 7b (bottom left), and 
8b (bottom right) in the crystal, drawn at the 50% probability level. Hydrogen atoms 
are omitted for clarity. Complexes 2b and 8b are located on a crystallographic mirror 
plane. 
 
 The X-ray crystal structures of 2b, 4b, 7b and 8b all display a three-legged 
‘piano-stool’ geometry similar to the literature reported complexes 1b, 5b, and 6b 
(Figure 6.5). The earlier reported highly symmetrical complex 5b (Cp*ReO3) 
exhibited both crystal twinning and disorder,35 precluding accurate metric 
determination (Table 6.1). All the Re–O bond distances are in the range of 
1.7209(15)–1.735(4) Å, except slight deviations previously reported for 5b (1.73(1)–
1.744(2) Å) and 6b (1.664(4)–1.716(4) Å). Also the bond angles in 5b (O–Re–O = 
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103.7(6)–110(1) °) are larger than in the other Cp’ReO3 complexes (O–Re–O = 
103.8(2)–105.0(2) °. 
 The Cp-centroid distance to rhenium (Cp–Re) in all the Cp’ReO3 complexes 
(2b–8b) was found in the range of 2.062(4)–2.0830(8) Å, which is significantly longer 
than the corresponding Cp’Re(CO)3 analogues (1.9538(6)–1.959(8) Å). This is due to 
the replacement of π-electron accepting CO ligands by π-electron donating oxo 
ligands. 
 In all cases, the η5-Cp bonded Cp-ring is perfectly planar with a slight ring-
slippage of Δ = 0.032–0.059 Å (Δ is the distance between the ring centroid and the 
perpendicular projection of the metal on the least-squares plane of the ring).36 This 
commonly occurring slight ring-slippage in Cp’ReO3 was attributed to the trans-
influence of the π-electron donating oxo ligands.26,37 The molecules of 2b and 8b are 
located on exact, crystallographic mirror planes, which pass through a C–Re–O plane. 
In 4b, the Re−C(CpiPr) bond lengths (2.4039(17)–2.4244(17) Å) of the substituted 
Cp-carbons are significantly longer than those of the unsubstituted Cp-carbons 
(Re−C(CpH): 2.3592(17)–2.3679(18) Å). This might be due to the highly 
asymmetric steric bulk. In the case of 7b, the typical puckered conformation of the 
fused cyclohexyl group is observed alongside torsion angles of –16.7(5) and –13.6(7) Å 
for the flipped methylene units were observed (Figure 6.5).  
 In general, the spectroscopic and structural properties of the half-sandwiched 
‘piano-stool’ complexes are comparable to previously known Cp’ReO3 complexes (1b, 
5–6b). In contrast, the stability of CpRe’O3 complexes appears to be sensitive to the 
subtle changes in the Cp-substituents, which is investigated further in the next section.  
 
Stability of trioxo-rhenium species 

A striking property of the less Cp-appended trioxo-rhenium complexes (2b, 
4b, 7b and 8b) is their relative instability in comparison to the Cp* or Cpttt analogues 
under oxidation reaction conditions. To assess whether this arises from intrinsic 
thermal lability, the thermal stability of trioxo-rhenium compouds was examined in 
some detail. First, all pure Cp’ReO3 complexes (2b, 4b, 7b and 8b) could be stored as 
yellow solids below 0 °C without decomposition for months even under air 
atmosphere. However, at room temperature, these solids gradually turned first to dark-
brown then to dark-green oily mixtures in 1–2 days.  

The chemical nature of the decomposition products is not generally known. 
Some insight was gained from the decomposition of 2b: a concentrated solution of 2b 
(20 mg, 48 mM) was monitored in CDCl3 at RT. The color changed from yellow to 
dark-brown to purple-red and a precipitate appeared over the course of one day. The 
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insoluble green solid was removed from the purple-red solution by filtration. After 
solvent evaporation in vacuo, a purple-red solid (2c) was obtained (12.2 mg), which 
was crystalized in CHCl3/ether (2:1). Spectroscopic data for 2c is consistent with the 
tetranuclear structure depicted in Figure 6.6, which is analogous to the previously 
reported, brown colored Cp*2Re2O3(ReO4)2.38  

 

 
Figure 6.6. Proposed structure of 2c formed by the decomposition of 2b.  

 
The 1H NMR spectrum of 2c in CDCl3 displays two sets of signals belonging 

to two distinct Cptt-ligands in a 1:1 ratio. Further, the Re−O vibrations appear at 702, 
731, 811, 874, 901, 915, 931 cm–1 in the IR spectrum, similar to the vibrations shown 
by Cp*2Re2O3(ReO4)2 at 688, 700, 729, 827, 855, 899, 934, and 973 cm–1. An ESI-
MS analysis of 2c showed signals corresponding to a cationic species formed by loss of 
a neutral ReO3 fragment from 2c (M – ReO3)+ at m/z = 1025.1582 (calcd. m/z = 
1025.1577). However, the elemental analysis data of a sample of 2c did not match 
with the proposed structure, which is likely due to organic impurities resulting in 
higher C and H percentages. The proposed structure contains two formally reduced 
Re(V) centers, suggesting that its formation would require a reductant; interestingly, 
the Cp* analogue Cp*2Re2O3(ReO4)2 was indeed formed in the presence of PPh3. The 
fact that 2c is formed from CpttReO3 (2b) in the absence of an external reductant 
suggests that it may originate from a disproportionation reaction in which the Cptt 
ligand is oxidized and released, in agreement with the presence of “naked” trioxo-
rhenium units in the structure.  

The thermal stability of complexes 2b, 4b, and 7b was also studied in 
solution. Solutions of each Cp’ReO3 complex in C6D6 (ca. 40 mM) were heated to 50 
°C and the decomposition reactions were monitored by 1H NMR. The complexes 2b 
and 4b started to decompose within 15–30 min, but per-alkylated 7b was stable in 
C6D6 even at 70 °C (30 min). Hence, complexes 2b and 4b are intrinsically unstable 
under the conditions of their preparation, which can be tentatively ascribed to the 
reduced steric protection of the Re center in comparison with the Cpttt (1b) and Cp* 
(5b) analogues. In contrast, per-alkylated 7b is thermally stable under the same 
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conditions, suggesting that its decomposition arises from reaction with the oxidant. 
Indeed, rapid decomposition of 7b was observed at 50 oC in the presence of tBuOOH. 
This is likely due to the presence of weaker (secondary) C–H bonds in 7b than in the 
Cp* analogue 5b, which would be more susceptible to H-atom abstraction by radicals 
derived from tBuOOH during reaction. 

 
Catalytic Studies 

All Cp’ReO3 complexes (1b–8b) were found to be catalytically active in the 
DODH of 1,2-octanediol to 1-octene. PPh3 (1.1 equiv.) was used as the stoichiometric 
reductant in chlorobenzene at 180 oC or 135 °C to completely convert 1,2-octanediol 
in 12–15 h (Scheme 6.3).17 Complexes 1b–4b showed high selectivity to 1-octene (94-
96%) at 135 °C, whereas a small amount of the isomerization product 2-octene (5–
6%, cis-2-octene/trans-2-octene ≈ 1:1) was observed at 180 °C (Table 6.2). Notably, 
the per-alkylated complexes 5b–7b afforded a significant amount of 2-octene products 
(19–29%, cis-2-octene/trans-2-octene ≈ 1) at 180 °C and at 61–66% 1-octene 
formation. At 135 °C, 7b very selectively gave 1-octene (96%), but 5b produced 
substantial amounts of trans-2-octene (14%) together with 1-octene (84%).  
 

 
Scheme 6.3. Cp’ReO3-catalyzed DODH of 1,2-octanediol to 1-octene in PhCl. 

 
Therefore, a high reaction temperature promotes the formation 2-octene in all 

cases as reported previously for 1b, but the reason why per-alkylated (i.e., highly 
electron donating) Cp-substituted catalysts (5b–7b) significantly facilitate the 
formation of the formal isomerization product is unclear. Because, a control 
experiment starting from 1-octene in the presence of 5b did not show any 
isomerization product, a rhenium species formed during the course of the reaction 
might be responsible for the resulting 2-octene products.  
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Table 6.2. Cp’ReO3-catalyzed DODH of 1,2-octanediol in chlorobenzene.[a] 

 
Catalyst         Yield (%)[b] at 180 °C   Yield (%)[b] at 135 °C 

1-oct C-2-
oct 

T-2-
oct 

t (h) 1-oct C-2-
oct 

T-2-
oct 

t (h) 

1b[c] 89 3 3 12 94 1 1 15 

2b 91 2 3 15 96 0 0 15 

4b 95 2 2 15 94 0 0 15 

5b 66 14 15 15 84 1 14 10 

6b[d] 61 9 10 12 - - - - 

7b 66 10 12 15 96 0 0 15 

8b[d] 70 2 4 12 - - - - 

 
Reaction Conditions: [a] 1,2-octanediol (0.5 mmol), Cp’ReO3 catalyst (0.01 mmol, 2 
mol% loading), mesitylene (0.5 mmol, internal standard), PPh3 (0.55 mmol), PhCl (5 
mL, 100 mM based on diol), N2 atmosphere. [b] Determined by GC. Complete 
conversion to 1,2-octanediol. 1-oct / C-2-oct / T-2-oct = 1-octene / cis-2-octene / 
trans-2-octene. [c] Literature reported data in Ref. 20. [d] Catalytic experiments were 
not performed at 135 °C.  
 

Reaction profiles were recorded at 135 oC for the best performing catalysts 2b 
and 7b and for the benchmark catalysts 1b and 5b (Figure 6.7). In general, an 
apparent zero-order reaction was observed consistent with the rate-limiting extrusion 
of olefin from the Re-diolate.40 Moreover, Abu-Omar and coworkers also recently 
observed a zero-order rate for the MTO-catalyzed DODH reaction.10 The induction 
period was observed for 1b and 5b, suggesting the trioxo-rhenium complex might be 
the precatalyst and not part of the real DODH cycle. A similar observation was earlier 
made for MTO-catalyzed DODH reaction and the authors proposed a putative 
‘Re(III)diolate’ intermediate being the rate-limiting species,10 which can also be 
envisioned here for the Cp-based catalytic systems.  

Except for 5b, which produced a significant amount of 2-octene product, 
other catalysts were highly selective to yield 1-octene, although 1b is a relatively slower 
DODH catalyst. Indeed, the formation of trans-2-octene for 5b mainly took place at 
the start of the reaction, which is coupled with an apparent induction period. This 
indicates an initially formed rhenium species would facilitate this reaction pathway. 
The amount of trans-2-octene remained the same after some time while 1-octene 
formation gradually increased between 2–4 h (Figure 6.7). 1b only gave 1-octene in 
74% with traces of 2-octene isomers out of 77% diol conversion after 10 h. 
Interestingly, the catalysts 2b and 7b were found to act as much faster DODH 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

Chapter 6

163 

catalysts to obtain >96% of 1-octene within 6 h and 8 h, respectively. No observable 2-
octene isomers were formed in these reactions (Table 6.2).  

 
Figure 6.7. DODH reaction profile for 1,2-octanediol conversion to 1-octene at 135 
°C. In the case of CptttReO3, 23% of 1,2-octanediol remained after 10 h. For 5b 15% 
trans-2-octene was remained as a side-product after 10 h, which is denoted as 5b (t2O) 
in the figure.  
 

The differences in product selectivity between the different catalysts strongly 
suggests that the ligands are still bound in the active species, i.e., the Cp’ReO3 species 
do not simply decompose to a common catalyst. This might appear surprising in view 
of the fact that the isolated high-valent Re(VII) Cp’ReO3 complexes (2b, 4b, 7b, and 
8b) are unstable at high temperatures. This apparent discrepancy can be resolved by 
considering the fact that both the reduction of the Cp’ReO3 species to Cp’ReO2 and 
the subsequent condensation reaction with the diol substrate are rapid at room 
temperature already. And so, Cp’ReO3 cannot be the resting state in the DODH 
reaction, which takes several hours at 135 oC. However, under the catalytic reaction 
conditions with excess reductant, formation of other reduced multinuclear oxo-
rhenium or any other mixed valent Re-diolate species can be considered as the resting 
state. Further experimental evidences are required to delineate these speculative 
DODH reaction intermediates.  
 

6.3. Conclusion 
 
Multiply appended Cp-based trioxo-rhenium complexes (Cp’ReO3) were synthesized 
by oxidative decarbonylation of the corresponding Cp-based tricarbonyl rhenium 
complexes, either by using aqueous H2O2 or tBuOOH as the oxidant. In situ NMR 
experiments for the reaction with tBuOOH were carried out at 50 °C to observe a 
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maximum build up (up to 55%) followed by decomposition of the Cp’ReO3 
complexes at an extended reaction time. The per-alkylated Cp*ReO3 and 
(CpEtMe4)ReO3 complexes were exceptionally stable under these conditions showing 
no decomposition. Using the optimized oxidation reaction conditions (ca. 30 min), 
the successful synthesis of (CptBu2H3)ReO3 (2b, 18%), (CpiPr3H2)ReO3 (4b, 4%), 
(1,2,3-Me3(tetrahydroindenyl))ReO3 (7b, 36%) and (CpMe4H)ReO3 (8b, 33%) were 
achieved. Spectroscopic characterization, together with X-ray crystal structure 
determination showed the typical ‘piano-stool’ half-sandwich structure of these 
complexes. Preliminary studies showed that the pure Cp’ReO3 complexes 2b, 4b, 7b, 
and 8b are thermally labile and are prone to decomposition to multinuclear oxo-
rhenium clusters.  
 All complexes were found active in catalytic deoxydehydration (DODH) of 
1,2-octanediol to provide very good to excellent octene yields. Surprisingly, a slight 
modification (7b and 8b) in electron donating property of Cp* or the steric bulkiness 
(2b and 4b) of Cpttt (1,2,4-tri-tert-butylcyclopentadienyl) ligands decreased thermal 
stability and resulted in improved catalytic properties in comparison with the 
previously reported Cp*ReO3 complex, leading to catalytic properties similar to that of 
the CptttReO3 complex. Per-alkylated Cp-ligated catalysts (5b, 7b) afford significantly 
more 2-octene isomers than their less substituted counterparts at a higher reaction 
temperature. At a lower temperature, 1b–3b, as well as 7b provided excellent yields 
without formation of 2-octene. Following the catalytic reactions in time has provided 
further insight, including the presence of induction times for some and zero-order 
kinetics for other catalysts. At the same time this raises the question on the actual 
catalytic role of the starting trioxo-rhenium complexes. Future work can be directed 
towards the application of the new Cp’ReO3 catalysts for biomass-derived polyols 
conversion, to a further detailed study of the mechanism by which these DODH 
reactions take place, as well as to the development of new Cp-based trioxo-rhenium 
catalysts. 

 

6.4. Experimental Section 
 
General 
 All chemicals including rhenium complexes were degassed either by exposure 
in vacuo or freeze-pump-thaw cycles. Benzene and THF were distilled from 
Na/benzophenone. Toluene, THF and acetonitrile solvents were obtained from a 
MBraun MB SPS-800 and stored over 4 Å molecular sieves. Unless otherwise stated, 
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all other commercial chemicals were used without further purification. NMR spectra 
were recorded on a Varian VNMRS400 (400 MHz) at 298 K. Infra-Red spectra were 
recorded using a Perkin-Elmer Spectrum One FT-IR spectrometer in the range of 
650–4000 cm–1. ESI-MS spectra were recorded using a Waters LCT Premier XE 
instrument. GC-MS spectra were recorded on a Perkin Elmer Clarus 680 Gas 
Chromatograph, equipped with a Perkin Elmer Elite 5MS column (15m x 0.25 mm 
ID x 0.25mm), and a Perkin Elmer Clarus SQ 8 T Mass Spectrometer. GC 
measurements were performed by using a PerkinElmer Autosystem XL gas 
chromatograph equipped with a PerkinElmer Elite-17 column (length=30 m, internal 
diameter=0.32 mm, film thickness=0.50 mm), and with a flame ionization detector. 
GC method: 40 °C, 5 min; 3 °C min–1 to 55 °C; 20 °C min–1 to 250 °C; 250 °C, 10 
min.  
 
Synthesis of CpttReO3 2b 
 CpttRe(CO)3 (1.556 g, 3.476 mmol) was placed in a dried Schlenk flask and 
degassed in vacuo for 30 minutes. Then it was dissolved in benzene (65 mL), followed 
by the addition of tBuOOH (6.0 M in decane, 2.9 mL, 6 equiv.) under a nitrogen 
atmosphere and vigorous stirring. The reaction mixture was immersed into a preheated 
oil bath at 50 °C, and allowed to react for 25 minutes, during which a colour change 
from colourless to yellow-orange and the formation of gas (carbon monoxide) were 
observed. Subsequently, the reaction mixture was immediately cooled in an ice bath. A 
sample of the crude reaction mixture was analyzed by TLC and 1H NMR, which 
showed the formation of the desired product, and approximately a 1:1 ratio of the 
carbonyl- and oxo-complexes. In open air, the reaction mixture was successively 
washed with water (2 × 30 mL) and brine solution (1 × 30 mL), dried over MgSO4, 
and concentrated in vacuo (10 mL). Upon addition of cold hexane (40 mL) the 
product was precipitated and isolated by centrifugation and decantation of the hexane. 
To avoid a high concentrated solution of 2b, it was always left over with ca. 10 mL 
solution to which cold hexane added to precipitate the product and this procedure was 
repeated for 2 more times to collect most of the product. A bright yellow crystalline 
solid was obtained by combination of the product fractions (262 mg, 0.637 mmol, 
18%). Crystals suitable for X-ray diffraction were grown from a CH2Cl2/hexane 2:1 
mixture at –30 °C. The unreacted CpttRe(CO)3 (272 mg, 0.608 mmol, 18%) and the 
brown oily mixture (662 mg, unidentified mixtures). In addition, the water used for 
the work-up was shown to be strongly acidic (pH ≤ 1), which indicates the presence of 
perrhenic acid.  
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1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.43 (s, 18H, tBu), 6.48 (t, 
1H, Cp–H, 4JH,H = 2.4 Hz), 6.54 (d, 2H, Cp–H, 4JH,H = 2.4 Hz) ppm. 1H NMR (400 
MHz), 25 °C, C6D6 (7.16 ppm): 1.16 (s, 18H, tBu), 5.89 (d, 1H, Cp–H, 4JH,H = 2.8 
Hz), 6.18 (t, 2H, Cp–H, 4JH,H = 2.8 Hz) ppm. 13C NMR (400 MHz), 25 °C, CDCl3 
(77.16 ppm): 30.05, 33.53, 106.71, 107.72, 140.65 ppm. 13C NMR (400 MHz), 25 
°C, C6D6 (127.06 ppm): 29.71, 33.12, 106.76, 107.04, 139.76 ppm. FT-IR: 661, 674, 
851, 882, 898, 916, 1030, 1063, 1174, 1206, 1252, 1368, 1397, 1455, 1471, 1489, 
2872, 2908, 2965, 3084, 3127 cm–1. ESI-MS (in CH2Cl2 with pyridine): m/z = 
492.1554 {[CpttReO3 + py + H]+, calcd. 492.1549}. Elemental analysis calcd (%) for 
C13H21ReO3 (412.10): C 37.94, H 5.14; found: C 38.42, H 5.18. 
 
Synthesis of (CpiPr3H2)ReO3 4b 
 The liquid isomer mixture of (CpiPr3H2)Re(CO)3 (1.682 g, 3.644 mmol) was 
introduced into a dried Schlenk flask and degassed in vacuo for 30 minutes. Then it 
was dissolved in benzene (80 mL), followed by the addition of 6 equivalents of 
tBuOOH (6.0 M in decane, 3.8 mL, 22.8 mmol, 6.2 equiv.) under a nitrogen 
atmosphere and vigorous stirring. The reaction mixture was immersed into a preheated 
oil bath at 50 °C, and allowed to react for 15 minutes, during which a colour change 
from very light brown to bright yellow was observed. Subsequently, the reaction 
mixture was immediately cooled down in an ice bath. A sample of the crude reaction 
mixture was used for TLC, which showed the formation of a newly formed species, 
and the expected incomplete conversion of (CpiPr3H2)Re(CO)3. In open air, the 
reaction mixture was washed with water (2 × 80 mL) and brine (1 × 80 mL). The 
separated organic layer was then dried over MgSO4, and concentrated in vacuo. From 
the resulting liquid mixture (0.7241 g), the desired product was isolated over a silica 
column. The unreacted tricarbonyl rhenium complexes and organic side products were 
eluted first with petroleum ether as eluent. After that, the yellow product fraction was 
eluted with dichloromethane and petroleum ether (1:1). A yellow viscous liquid was 
obtained (0.5618 g), which contained only one trioxo-rhenium complex mixed with 
the high boiling organics. The product could not be precipitated at room temperature 
but yellow, needle-shaped crystals were grown (65.3 mg, 4.2%) by adding hexane (5 
mL) and storing the resulting solution at –30 °C for 3 days. The obtained crystals were 
suitable for X-ray crystal structure determination. Furthermore, 10% of the unreacted 
(CpiPr3H2)Re(CO)3 was collected from the column separation (159.4 mg, 0.345 
mmol). In addition, the water used for the work-up was strongly acidic (pH ≤ 1), 
which indicates the presence of formed perrhenic acid.  
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  1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): δ = 1.29 (s, 6H, Me, J= ), 
1.40 (s, 6H, Me), 1.46 (s, 6H, Me), 3.06 (two overlapping septets, 3H, CHMe2), 6.39 
(s, 2H, Cp–H) ppm. 1H NMR (400 MHz), 25 °C, C6D6 (7.16 ppm): 0.81, (s, 6H, 
Me), 1.19 (s, 6H, Me), 1.21 (s, 6H,Me), 2.73 (sept, 1H, CHMe2), 2.79 (sept, 2H, 
CHMe2), 5.83 (s, 2H, Cp–H) ppm. 13C NMR (400 MHz), 25 °C, CDCl3 (77.16 
ppm): 20.82, 22.62, 24.35, 26.73, 26.83, 103.15, 123.37, 141.15. FT-IR: 478, 548, 
607, 684, 714, 841, 861, 884, 919, 1017, 1056, 1099, 1206, 1284, 1306, 1368, 
1384, 1457, 2969, 3114. ESI-MS (in CH3CN with pyridine and HCOOH as 
additives): m/z = 506.1701 {[M + py + H]+, calcd. 506.1706}. Elemental analysis calcd 
(%) for C14H23ReO3 (426.12): C 39.52, H 5.45; found: C 39.34, H 5.33. 
 
Synthesis of (1,2,3-Me3(tetrahydroindenyl))ReO3 7b 
 (1,2,3-Me3(tetrahydroindenyl))Re(CO)3 7a (125.0 mg, 0.304 mmol) was 
placed in a dried Schlenk flask and degassed in vacuo for 30 minutes. Then it was 
dissolved in benzene (6.25 mL), followed by the addition of tBuOOH (6.0 M in 
decane, 0.3 mL, 6 equiv. based on rhenium) under a nitrogen atmosphere and 
vigorous stirring. The reaction mixture was immersed into a preheated oil bath at 50 
°C, and allowed to react for 20 min, during which a colour change from colourless to 
bright yellow was observed. Subsequently, the reaction mixture was immediately 
cooled in an ice bath. A small sample of the crude reaction mixture was analyzed by 
TLC, which showed the formation of a newly formed species, and the expected 
incomplete conversion of 7a. In open air, the reaction mixture was washed with 
demineralized water (2 × 7 mL), and brine solution (1 × 7 mL). The isolated organic 
layer was then dried over MgSO4, and concentrated in vacuo. A first product fraction 
was isolated by precipitating (1,2,3-Me3(tetrahydroindenyl)ReO3 in hexane at –30 °C 
(yield = 21.1 mg), followed by centrifugation and decantation. The remaining liquid, 
which still contained more product, was separated over a silica column. The unreacted 
tricarbonyl rhenium complexes and organic side products were eluted first with 
petroleum ether as eluent. After that, the yellow product fraction was eluted with 
dichloromethane and petroleum ether (1:1) as eluent (yield = 23.4 mg). Combination 
of the two product fractions yielded a total of yield 36% (44.5 mg, 0.113 mmol). 
Crystals suitable for X-ray diffraction were grown from a CH2Cl2/hexane (2:1) mixture 
at −30 °C. The mass balance of the reaction was verified by collecting the unreacted 7a 
(70.8 mg, 0.172 mmol, 57%). In addition, the water used for the work-up was shown 
to be strong acidic (pH ≤ 1), which indicates the presence of formed perrhenic acid. 

 1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.75 (m, br, 2H, CH2 exo), 
1.83 (m, br, 2H, CH2 endo), 2.10 (s, 6H, Me), 2.21 (s, 3H, Me), 2.61 (m, br, 2H, Cp-
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CH2 exo), 2.73 (m, br, 2H, Cp-CH2 endo) ppm. 1H NMR (400 MHz), 25 °C, C6D6 
(7.16 ppm): 1.22 (m, br, 2H, CH2 exo), 1.56 (m, br, 2H, CH2 endo), 1.57 (s, 6H, Me), 
1.71 (s, 3H, Me), 1.90 (m, br, 2H, Cp-CH2 exo), 2.46 (m, br, 2H, Cp-CH2 endo) ppm. 
13C- NMR (400 MHz), 25 °C, C6D6 (117.06 ppm): 9.60, 9.63, 21.51, 21.55, 110.40, 
116.37, 121.38, 122.08 ppm. IR: 790, 813, 875, 909, 1028, 1143, 1192, 1242, 1332, 
1366, 1378, 1422, 1714, 2865, 2936, 3401 cm–1. ESI-MS (in CH3CN with pyridine): 
m/z = 460.0936 {[M + Na + CH3CN]+, calcd. 460.0899}; 476.1229 {[M + pyridine + 
H]+, calcd. 476.1236} (see Chapter 2). 

 
Synthesis of (Me4CpH)ReO3 8b 
 (Me4CpH)Re(CO)3 8a (0.7 g, 1.8 mmol) was degassed in a dried Schlenk 
flask by stirring for 30 min in vacuo, followed by the addition of benzene (35 mL) and 
H2O2 (35% in water, 3.5 mL, 20 equiv.). The resulting mixture was refluxed (75 °C) 
for 1 h, after which the yellow organic layer was separated from the water layer, which 
was extracted with benzene (2 × 5 mL) in open air. Then, the organic layer was washed 
with water (2 × 50 mL), 5% NaHCO3 solution (1 × 50 mL), and brine (2 × 50 mL), 
before it was dried over MgSO4. After the removal of benzene in vacuo, 8b was 
obtained as a yellow solid in 33% yield (0.209 g) and traces oily impurities were seen 
at the sides of the flask. An analytically pure sample was obtained by recrystallization in 
a 2:1 mixture of dichloromethane/hexane (1/0.5 mL) at –30 °C. 1H NMR (400 
MHz), CDCl3 (7.26 ppm): 2.08 (s, 6H, Me), 2.32 (s, 6H, Me), 5.95 (s, 1H, CpH). 
13C NMR (400 MHz), CDCl3 (77.16 ppm): 10.52, 12.05, 104.64, 122.52, 124.88 
ppm. ESI-MS (in CH3CN): calcd. for [C9H13ReO3 + H]+: 357.0501; found: 
357.0434. Elemental analysis calcd. (%) for C9H13ReO3 (355.45): C 30.42, H 3.69; 
found: C 29.86, H 3.93. 
 
General procedure for tricarbonyl rhenium oxidation profile  
determination  
 Unless otherwise described, all reaction mixtures were prepared in a teflon-
capped Young-type NMR tube, which was placed in a Schlenk flask under a nitrogen 
atmosphere. The actual reactions were performed inside a Varian 400 MHz 
spectrometer with variable-temperature programming. The intended Cp’Re(CO)3 (10 
mg) and 1,4-di-tert-butylbenzene internal standard (1 equiv.) were degassed in vacuo 
for 30 minutes, and then dissolved in degassed C6D6 (0.5 mL). tBuOOH (6.0 M in 
decane, 6 equiv.) was added by using a calibrated micro-liter syringe. Immediately, the 
NMR tube was closed inside the Schlenk flask under a counterflow of nitrogen, and 
the resulting mixture was shaken thoroughly. The initial quantities of the reaction 
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mixture were determined by recording a 1H NMR spectrum at 25 °C . For a second 
initial quantity check, whenever necessary, the temperature was increased to 40 °C for 
approximately 15 minutes, in order to shift the broad peroxide peak sufficiently below 
7 ppm, so that overlap with the peak of 1,4-di-tert-butylbenzene was avoided. After 
that, the temperature was increased to 50 °C, except for CptttRe(CO)3 that required 70 
°C for the reaction to occur. A pre-acquisition delay 1H NMR recording with intervals 
of 5 minutes was programmed to follow the change in quantities of starting material 
and products during the reaction. Immediately after the reaction, a sample of the crude 
reaction mixture was dissolved in hexane and analyzed by GC-MS. The concentrations 
were calculated based on the integrals of Cp–H signals and in some cases methyl 
signals in the 1H NMR spectra. 
 
Procedure for the decomposition study of 2b to 2c 
 In a Schlenk flask, CpttReO3 (20 mg, 0.0486 mmol) was dissolved in CDCl3 
(1.0 mL) under a nitrogen atmosphere, and left at room temperature. Within 1 day, 
the mixture had turned completely dark, bearing a red-brown solution and the 
insoluble dark green solid. Intermediate 1H NMR analyses showed the formation of 
many decomposition products in the solid, and a new complex species in the liquid. 
The red-brown solution was filtered, and evaporated in vacuo to yield a dark red solid 
(12.2 mg). This solid was then recrystallized from a mixture of chloroform and diethyl 
ether (2:1) at –30 °C, and dark red block-shaped crystals of 2c were obtained.  

1H NMR (400 MHz), 25 °C, CDCl3 (7.26 ppm): 1.19 (s, 18H, tBu, 4JH,H = 
2.4 Hz), 1.49 (s, 18H, tBu), 5.67 (t, 1H, Cp–H, 4JH,H = 2.4 Hz), 6.05 (d, 2H, Cp–H, 
4JH,H = 2.4 Hz), 6.13 (d, 2H, Cp–H, 4JH,H = 2.4 Hz), 6.52 (t, 1H, Cp–H, 4JH,H = 2.4 
Hz) ppm. 13C NMR (400 MHz), 25 °C, CDCl3 (77.16 ppm): 30.30, 30.78, 33.95, 
34.79, 77.37, 96.46, 96.92, 107.87, 108.25, 134.18, 137.13 ppm. FT-IR: 702, 731, 
811, 874, 901, 915, 931, 1070, 1167, 1251, 1363, 1464, 1702, 2961, 3096 cm–1. 
ESI-MS (in CH2Cl2): m/z = 1025.1582 {[(CpttReO)2O(ReO4)]+, calcd. 1025.1577}; 
1421.2621 {[(CpttReO2)3ReO3]+, calcd. 1421.26} Elemental analysis calcd (%) for 
C26H42Re4O11 (1278.10): C 24.48, H 3.32; found: C 27.11, H 3.76.  
 
General procedure for catalytic deoxydehydration 
 Unless otherwise described, all reaction mixtures were prepared inside the 
glovebox under nitrogen atmosphere. 1,2-octanediol (286 mg, 1.96 mmol), PPh3 (580 
mg, 2.21 mmol) and mesitylene (Internal standard, 225 mg, 1.87 mmol) were 
dissolved in chlorobenzene (20 mL). Aliquots (5 mL) of this stock solution were added 
to each Cp’ReO3 catalyst (0.01 mmol) in a 15 mL thick-walled glass pressure tube 
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(Ace) fitted with a Teflon screw-cap. Then the closed reaction flask was immersed into 
a preheated oil bath at 135 °C. At regular intervals, to plot the reaction profile, the 
reaction tube was cooled down in an ice bath and then warmed to room RT before 
taking aliquots of the reaction mixture inside the glovebox. But, the reaction was 
stopped only once after 15 h when the final catalytic data were needed. The samples 
were diluted (ca. 10 times) with acetone (for olefins) or ethylacetate (for diols) in open 
air for GC analysis. All olefinic products were known complexes and were calibrated 
against mesitylene for quantification.  
 
X-ray crystal structure determinations  
Compound 2b. C13H21O3Re, Fw = 411.50, yellow plate, 0.45 × 0.28 × 0.07 mm3, 
monoclinic, P21/m (no. 11), a = 6.3051(3), b = 19.3260(14), c = 6.3244(5) Å, β = 
118.867(3) °, V = 674.88(8) Å3, Z = 2, Dx = 2.025 g/cm3, μ = 9.00 mm–1. 10858 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
resolution of (sin θ/λ)max = 0.66 Å–1. The crystal appeared to be non-merohedrally 
twinned with a twofold rotation about hkl=(0,0,1) as twin operation. Consequently, 
two orientation matrices were used for the integration of the intensity data with the 
Eval15 software.41 An analytical absorption correction was performed with PLATON36 
(correction range 0.08-0.69) resulting in a HKLF5 file[42]. 1992 Reflections were 
unique (Rint = 0.054), of which 1983 were observed [I>2σ(I)]. The structure was 
solved with automated Patterson methods using the program DIRDIF-08.43 Least-
squares refinement was performed with SHELXL-201344 against F2 of all reflections. 
Non-hydrogen atoms were refined freely with anisotropic displacement parameters. All 
hydrogen atoms were included in calculated positions and refined with a riding model. 
86 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0260 / 0.0648. 
R1/wR2 [all refl.]: 0.0261 / 0.0649. S = 1.179. Batch scale factors for the second twin 
component BASF = 0.2995(16). Residual electron density between –1.49 and 2.73 
e/Å3. Geometry calculations and checking for higher symmetry was performed with 
the PLATON program.36 
 

Compound 4b. C14H23O3Re, Fw = 425.52, yellow block, 0.26 × 0.11 × 0.08 mm3, 
monoclinic, P21/n (no. 14), a = 8.5282(2), b = 12.0181(3), c = 14.2586(3) Å, β = 
93.993(1) °, V = 1457.85(6) Å3, Z = 4, Dx = 1.939 g/cm3, μ = 8.33 mm–1. 35418 
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a 
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resolution of (sin θ/λ)max = 0.65 Å–1. Intensity data were integrated with the Eval15 
software.41 Analytical absorption correction and scaling was performed with SADABS45 
(correction range 0.35-0.64). 3343 Reflections were unique (Rint = 0.015), of which 
3257 were observed [I>2σ(I)]. The structure was solved with SHELXT.46 Least-
squares refinement was performed with SHELXL-201444 against F2 of all reflections. 
Non-hydrogen atoms were refined freely with anisotropic displacement parameters. All 
hydrogen atoms were located in difference Fourier maps. Hydrogen atoms H4 and H5 
of the Cp ring were refined freely with isotropic displacement parameters. All other 
hydrogens were refined with a riding model. 178 Parameters were refined with no 
restraints. R1/wR2 [I > 2σ(I)]: 0.0110 / 0.0263. R1/wR2 [all refl.]: 0.0115 / 0.0264. S 
= 1.090. Extinction parameter EXTI = 0.00048(4). Residual electron density 
between -0.90 and 1.39 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.36 
 

Compound 7b. C12H17O3Re, Fw = 395.45, yellow-green block, 0.23 × 0.13 × 0.11 
mm3, orthorhombic, Pna21 (no. 33), a = 10.9327(4), b = 8.1327(2), c = 13.2961(4) Å, 
V = 1182.18(6) Å3, Z = 4, Dx = 2.222 g/cm3, μ = 10.27 mm–1. 13606 Reflections were 
measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin θ/λ)max = 0.65 Å–1. The crystal was cracked into several crystal fragments. Only the 
intensity data of the major fragment were integrated with the Eval15 software.41 
Analytical absorption correction and scaling was performed with SADABS45 
(correction range 0.21-0.57). 2709 Reflections were unique (Rint = 0.016), of which 
2544 were observed [I>2σ(I)]. The structure was solved with direct methods using 
SIR-97.47 Least-squares refinement was performed with SHELXL-201444 against F2 of 
all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. All hydrogen atoms were located in difference Fourier maps and refined 
with a riding model. 178 Parameters were refined with 1 restraint (floating origin). 
R1/wR2 [I > 2σ(I)]: 0.0098 / 0.0227. R1/wR2 [all refl.]: 0.0112 / 0.0230. S = 1.065. 
Flack parameter48 x = 0.291(11). Residual electron density between –0.49 and 0.25 
e/Å3. Geometry calculations and checking for higher symmetry was performed with 
the PLATON program.36 
 

Compound 8b. C9H13O3Re, Fw = 355.39, yellow plate, 0.08 × 0.05 × 0.03 mm3, 
orthorhombic, Pnma (no. 62), a = 5.9964(3), b = 13.1856(7), c = 12.0268(7) Å, V = 
950.91(9) Å3, Z = 4, Dx = 2.482 g/cm3, μ = 12.75 mm–1. 13014 Reflections were 
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measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin θ/λ)max = 0.70 Å–1. Intensity data were integrated with the Saint software.[49] 
Multiscan absorption correction and scaling was performed with SADABS[45] 
(correction range 0.32–0.43). 1452 Reflections were unique (Rint = 0.033), of which 
1280 were observed [I>2σ(I)]. The structure was solved with direct methods using 
SHELXS-97.50 Least-squares refinement was performed with SHELXL-9750 against F2 
of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were located in difference Fourier maps. 
Hydrogen atom H1 of the Cp ring was refined freely with an isotropic displacement 
parameter. All other hydrogens were refined with a riding model. 69 Parameters were 
refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0189 / 0.0416. R1/wR2 [all refl.]: 
0.0251 / 0.0434. S = 1.067. Residual electron density between –1.07 and 2.13 e/Å3. 
Geometry calculations and checking for higher symmetry was performed with the 
PLATON program.36 
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Summary 
The valorization of renewable feedstocks to produce energy, fuels and chemicals is 
currently attracting a lot of attention. In particular, it would be desirable to replace the 
current petroleum-based production of commodity chemicals, pharmaceuticals, and 
polymers, many of which are part of our daily life, by more sustainable production 
routes. The major drawbacks of the non-renewable petroleum feedstocks are their 
increasing price, scaring long-term availability, and environmental impact. The most 
prominent renewable and easily accessible alternative feedstock is biomass, a large 
fraction of which consists of agricultural waste material derived from plants and trees. 
These are mainly composed of lignocellulosic materials, which comprize long chain 
polymeric compounds such as cellulose (C6-sugars), hemicellulose (C5-sugars), and 
lignin (aromatic alcohols). By cutting down these bio-polymers into smaller units such 
as sugars, polyols, and aromatic compounds, useful chemical building blocks can be 
obtained, which have potential as intermediates for further chemical production. In 
contrast with petroleum oil – which mostly consists of under-functionalized 
hydrocarbons – biomass-derived intermediates are highly functionalized in the form of 
hydroxyl groups. The C/O ratio in these intermediates is close to one, requiring 
defunctionalization or deoxygenation of these building blocks in order to arrive at 
value-added chemicals such as olefins and related compounds. 

Acid- or base-catalyzed transformations such as dehydration can be used as 
the deoxygenation method, yet in many cases these suffer from low reaction 
selectivities and from polymerization of the formed olefins. On the other hand, 
transition metal-mediated catalytic reactions are often very efficient and yield products 
more selectively, avoiding the formation of significant amounts of chemical waste. In 
order to promote catalytic reactions aimed at reducing the oxygen content of highly 
oxygen-rich compounds, in which metal-oxygen bond-forming and bond-breaking 
steps occur, transition metals displaying a medium oxophilicity are required. Hence, 
metals found in the middle of the transition series such as Mo, W, or Re are favored, 
whereas the early and late transition metals are too strongly or too weakly oxophilic, 
respectively. With a vast literature precedence being available on catalytic oxygen-atom 
transfer reactions involving Re, a new type of reductive deoxygenation reaction, 
deoxydehydration (DODH), has recently emerged in which vicinal diols are converted 
to olefins. In essence, a DODH reaction involves a double dehydroxylation, which is a 
combination of a deoxygenation and a dehydration reaction and, therefore, requires a 
sacrificial reductant in combination with the Re-catalyst. The aim of this thesis are the 
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development and use of homogeneous rhenium catalysts for the conversion of bio-
based polyols to olefins through DODH reactions.  
 In Chapter 1, the versatile reactivity of rhenium-based catalysts for 
dehydration and DODH reactions is comprehensively reviewed. Methyltrioxorhenium 
(MTO) and Re2O7 are highlighted as superior catalysts to dehydrate bio-based 
aliphatic or benzylic alcohols to the corresponding olefins in excellent yields and 
selectivities compared to the conventional acid-catalyzed dehydration reactions. Then, 
the application of MTO in DODH of diols and bio-based polyols to the 
corresponding olefinic products using different sacrificial reductants is detailed. 
Among other issues, this overview shows that a consensus has yet to be reached about 
the mechanism(s) of MTO-catalyzed DODH reaction, several conflicting proposals 
being put forward on the basis of experimental and/or computational data. This is in 
part due to the lack of experimental data on the reduced Re-species that are pivotal for 
catalytic turn-over. This chapter also describes Cp*ReO3 as a DODH catalyst of 
potential interest, even though it decomposes in the presence of a strong reductant like 
PPh3. Overall, this chapter shows the need for the development of improved DODH 
catalysts and for an enhanced mechanistic understanding of DODH reactions in 
general. 
 Chapter 2 revisits Cp-based trioxo-rhenium catalysts by introducing the 
bulkier 1,2,4-tri-tert-butylcyclopentadienyl (Cpttt) ligand. CptttReO3 was synthesized 
by converting Re2(CO)10 into CptttRe(CO)3 by a thermal reaction, followed by a 
biphasic oxidative decarbonylation using aq. H2O2. In combination with PPh3 as the 
reductant, CptttReO3 (2 mol%) was found to be the best catalyst amongst a series of 
Cp’ReO3 (Cp’ = substituted Cp) complexes for the conversion of the model substrate 
1,2-octanediol to 1-octene at 180 °C (95% yield; Scheme 7.1). Moreover, lowering the 
catalyst amount to 0.05 mol% resulted in a record high TON (1400 per Re), 
indicating substantially improved catalyst stability. At higher temperatures and in 
apolar solvents very good octene yields (>85%) were also obtained, albeit with 
concomitant formation of 2-octene (6–14%), while lower temperatures (<130 °C) 
suppressed the formation of 2-octene but afforded lower substrate conversion. Cheaper 
and more accessible reductants such as H2, 3-pentanol or the diol itself were also found 
to be suitable for DODH catalyzed by CptttReO3. Using optimized reaction conditions 
(PPh3, 135 °C, chlorobenzene solvent), a range of vicinal diols (linear, cyclic aliphatic, 
aromatic) were transformed into the corresponding olefins in good to excellent 
selectivity and yield with this catalyst.  
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Scheme 7.1. CptttReO3-catalyzed DODH of 1,2-octanediol to octene isomers.  
 
 The formation of butadiene from the bio-based tetritol erythritol through a 
double DODH reaction was investigated in Chapter 3. Inspired by the CptttReO3-
catalyzed 1,2-octanediol disproportionation to 1-octene (50% yield), a number of 
commercially available rhenium compounds (Re(I)-carbonyl or Re(VII)-oxo) were 
tested in neat reactions to obtain octene isomers (6–54% yield). The maximal olefin 
yields in such diol disproportionation reactions are 50% or 67%, depending on the 
occurrence of 2e (hydroxylketone) or 4e (diketone) oxidation of the diol motif, 
respectively (Scheme 7.2). The reactivity of Cp*ReO3 and CptttReO3 were comparable 
and resulted in high selectivity to 1-octene. Initially focusing on Cp*ReO3 as the 
catalyst, the reaction parameters and substrate scope of the disproportionation reaction 
was further studied. Most strikingly, the formation of 2,5-dihydrofuran (no butadiene) 
from erythritol was better when the CptttReO3 catalyst was used in disproportionation 
reaction.  
 

        
Scheme 7.2. Cp*ReO3-catalyzed disproportionation of vicinal diols to olefins.  
 
 Next, the CptttReO3/PPh3 DODH system developed in Chapter 2,  which 
showed a 91% conversion of glycerol to allyl alcohol, was further developed. At 180 °C 
in chlorobenzene, complete consumption of erythritol afforded a butadiene yield of 
only 18%, together with butene-diol side products. Changing the solvent to pyridine 
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gave a homogeneous reaction mixture, which resulted in an increase of the butadiene 
yield up to 55% (Scheme 7.3). Changing the reductant to ammonium formate gave a 
maximum of 23% of butadiene next to 39% of trans-1,4-butenediol. A further change 
to secondary alcohols, functioning as both reductant and solvent, improved the 
DODH reactivity of CptttReO3 to yield 67% of butadiene in 3-octanol. Lowering the 
substrate concentration further increases the butadiene yield from 67% (0.3 M) to 
75% (0.05 M). In all these reactions, an insoluble black solid formed; spectroscopic 
analysis is consistent with it being a mixture of polyol condensation products (which 
may contain Re-residues) and may originate from a non-productive reaction pathway 
involving competing (hemi)acetalization and/or aldol-type condensation of carbonyl 
compounds resulting from the disproportionation of the polyol substrates. 
 

 
Scheme 7.3. CptttReO3-catalyzed DODH of erythritol to butadiene. 
  
 The structural characterization of key intermediates in DODH and the 
beneficial effect of bulky Cp-substituents in overall DODH activity are investigated in 
Chapter 4 (Scheme 7.4). Reduction of CptttReO3 with PPh3 gave the dimeric 
Re(V)dioxo species [CptttRe(O)μ-O]2. Its structural characterization by low 
temperature 1H NMR and X-ray diffraction techniques revealed an unsymmetrical 
structure in which the two Cp-rings adopt η5 and η3 bonding modes, respectively, as a 
result of steric repulsion between the tBu substituents. Steric encumbrance also 
facilitates the dissociative cleavage of the dimer into monomeric CptttReO2 units. 
Under ambient conditions these two species are in equilibrium and by increasing the 
temperature the amount of monomer increases. The corresponding thermodynamic 
parameters (ΔrH = 11.6 ± 0.2 kcal.mol–1, ΔrS = 27.7 ± 0.6 cal.mol–1K–1) are consistent 
with a fragmentation reaction. Furthermore, DFT calculations predict an 
asynchronous concerted dissociation pathway with a calculated free enthalpy of 
activation (ΔG≠ = 25.6 kcal·mol–1) in good agreement with the experimental value 
(ΔG≠ = 22.5 ± 1.9 kcal·mol–1). The higher stability of the monomeric species is 
proposed to hamper catalyst deactivation via dimerization and subsequent formation 
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of catalytically inert multinuclear oxo-rhenium clusters. Moreover, employing the 
bulkier Cpttt ligand allowed for the unprecedented characterization of the 
coordinatively unsaturated CptttReO2 species using a combination of spectroscopic 
techniques (NMR, UV-Vis, IR, ESI-MS). Its direct formation through the reduction 
of CptttReO3 was demonstrated via in situ IR and 1H NMR experiments. Finally, 
formation of the corresponding glycolate complex in the reaction with ethylene glycol 
was found to proceed faster with the CptttReO2 monomer than with its dimer, lending 
credit to the formulation of CptttReO2 as a key intermediate in catalytic DODH 
reactions.  
 

  
Scheme 7.4. CptttReO3-catalyzed DODH reaction pathways involving Re(V) 
species. 
 
 Chapter 5 and 6 of this thesis are devoted to the further development of 
Cp’ReO3 DODH catalysts through the synthesis and investigation of trioxo-rhenium 
complexes supported by substituted Cp ligands. As the Cp’ReO3 complexes are 
commonly prepared in a two-step procedure involving oxidative decarbonylation of 
Cp’Re(CO)3, Chapter 5 describes the reactions of alkyl- (Me, iPr, tBu) and aryl (Ph)-
substituted Cp-ligands with Re2(CO)10 or Re(CO)5Cl, to obtain the corresponding 
tripodal “piano-stool” Cp’Re(CO)3 complexes (Scheme 7.5). By modifying the 
substituents in comparison to Cp* or Cpttt ligands (either by removing or adding 
substituents on the Cp-ring), the C–O infrared vibrations indicate that the electron 
donating character of Cp increases with the number of alkyl substituents, whereas aryl-
substituents were found to decrease electron donation. 
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Scheme 7.5. Cp’Re(CO)3-mediated unusual Cp-ligand modification.  
  
 The (CpMe4H)Re(CO)3 complex was found to react with an excess of the 
free 1,2,3,4-tetramethylcyclopentadiene ligand at 200 °C, serendipitously leading to a 
highly asymmetrical Cp’Re(CO)3 complex via a [6+4]-cycloaddition reaction. Also, the 
reaction of Re2(CO)10 with the tetraphenylcyclopentadienone ligand lead to the 
isolation of two unusual compounds, i.e. the Shvo-type 
hydroxytetraphenylcyclopentadienyl complex (Ph4Cp(OH))Re(CO)3 and the 
benzofuran-fused cyclopentadienyl complex (Ph3Cp(C6H4O))Re(CO)3. Mechanisms 
proposed for the formation of these complexes are of interest for the targeted synthesis 
of planar chiral Re-complexes containing new Cp-ligands.  
 Chapter 6 describes the synthesis of Cp’ReO3 complexes starting from the 
carbonyl complexes described in Chapter 5 and investigates their catalytic properties in 
DODH chemistry. The standard oxidative decarbonylation using H2O2 under 
biphasic conditions was only successful in the case of (CpMe4H)ReO3, but it turned 
out not to be suitable to the other Cp’Re(CO)3 (Cp’ = alkyl, aryl) complexes. 
Therefore, a systematic in situ 1H NMR study was performed using tBuOOH as the 
oxidant in C6D6. This lead to the optimal reaction conditions of moderate reaction 
temperatures (50–70 °C) and short reaction times (20–30 min) which allow for the 
isolation of various Cp’ReO3 complexes albeit in low to moderate yields (4–36%; 
Scheme 7.6). The NMR study also revealed the decomposition of most of the formed 
Cp’ReO3 under the reaction conditions. The persubstituted Cp* and CpEtMe4 
complexes and the bulkier Cpttt complex, however, reached a plateau in trioxo complex 
formation without further decomposition. The variation in Cp-ligand substitution 
does not only affect the thermal stability of the Cp’ReO3 complexes, but also 
influences the performance of the complexes in catalytic DODH reactions. After 
complete conversion of 1,2-octanediol at 180 °C within 15 h, a very high yield of 1-
octene (89–95%) was observed for the less Cp-substituted Cp’ReO3 complexes. In 
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contrast, the peralkylated Cp-complexes afforded significantly larger amounts of 2-
octene side-products (19–29%). Overall, the thermally less stable complexes, which are 
relatively less electron donating with some vacant space around Cp, showed faster 
DODH reactivity than the analogous more stable catalysts, showcasing potential 
routes towards improved catalysts development. 
     

    
 
Scheme 7.6. Cp’ReO3-catalyzed DODH of 1,2-octanediol to 1-octene at 135 °C. 
 
 In conclusion, this thesis describes the development of homogeneous Cp-
based trioxo-rhenium complexes (Cp’ReO3) as deoxydehydration (DODH) catalysts 
for the conversion of diols and biomass-derived polyols to the corresponding olefins. 
The bulkier tri-tert-butylcyclopentadienyl ligated complex CptttReO3 displayed the 
highest performance amongst the tested complexes in the catalytic conversion of a wide 
variety of diols and polyols. The bulky tBu substituent also lead to a remarkable 
stabilization of the pivotal CptttReO2 intermediate, which allowed for a thorough 
characterization of this elusive rhenium-dioxo species and supported its crucial role in 
catalysis. Further synthetic studies have provided access to a series of Cp’ReO3 
complexes with significant structural variations, which has allowed for a study into the 
relation of the Cp-ligand structure and the catalytic performance of the complexes. 
Certainly, the results presented here provide a solid platform to further develop 
deoxygenation methods in biomass valorization, in particular for the formation of 
olefins, and present a number of leads for rational catalyst development and 
mechanistic understanding of catalytic deoxydehydration reactions aiming at enhanced 
catalyst performance.  
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Samenvatting 
 
De valorisatie van duurzame grondstoffen voor de productie van energie, brandstoffen 
en chemicaliën trekt tegenwoordig veel aandacht. In het bijzonder is het gewenst de 
huidige op aardolie gebaseerde productieprocessen van chemische grondstoffen, 
farmaceutica en polymeren, waarvan er vele onderdeel zijn van ons dagelijks leven, te 
vervangen door meer duurzame productieprocessen. De belangrijkste nadelen van niet-
duurzame olie-gebaseerde grondstoffen zijn hun toenemende prijs, teruglopende lange-
termijn beschikbaarheid en schadelijke invloed op het milieu. De belangrijkste en 
meest beschikbare alternatieve grondstof is biomassa, welke voor een groot deel bestaat 
uit landbouwafval afkomstig van planten en bomen. Dit afval bestaat voornamelijk uit 
lignocellulose, wat is opgebouwd uit lange polymeerketens zoals cellulose (C6-suikers), 
hemicellulose (C5-suikers) en lignine. Door deze biopolymeren in kleinere stukken 
zoals suikers, polyolen en aromatische verbindingen te knippen, kunnen waardevolle 
chemische verbindingen verkregen worden. Deze verbindingen hebben potentie als 
tussenproducten voor verdere chemische verwerking. In tegenstelling tot aardolie, dat 
voornamelijk bestaat uit ongefunctionaliseerde koolwaterstoffen, zijn derivaten 
verkregen door depolymerisatie van biomassa overgefunctionaliseerd met hydroxyl-
groepen. Omdat de molaire verhouding C/O van deze verbindingen bijna 1/1 is, is een 
additionele reactie waarbij zo veel mogelijk hydroxyl groepen verwijderd worden 
noodzakelijk, om tot chemicaliën met een toegevoegde waarde (zoals alkenen en 
gerelateerde verbindingen) te komen.   
 Zuur- of base-gekatalyseerde dehydratiereacties kunnen gebruikt worden als 
deoxygenerings-methode, maar in veel gevallen hebben deze een lage selectiviteit en 
worden uit de gevormde alkenen direct polymeren gevormd. Door overgangsmetalen 
gekatalyseerde reacties zijn daarentegen vaak zeer efficiënt en selectiever, waardoor de 
vorming van grote hoeveelheden chemisch afval vermeden wordt. Omdat bij de 
katalyse van reacties gericht op deoxygenering metaal-zuurstof bindingen zowel 
gevormd als gebroken worden, is een overgangsmetaal van matige oxofiliciteit nodig. 
Daarom zijn metalen uit het midden van de overgangsmetaalreeks, zoals Mo, W en Re 
het meest geschikt. Vroege- of late overgangsmetalen zijn respectievelijk te veel en te 
weinig oxofiel. Alhoewel er uitvoerig in de literatuur is gerapporteerd met betrekking 
tot Re-gekatalyseerde zuurstof-overdracht, is recentelijk een nieuw type deoxygenering 
onderzocht, waarin vicinale diolen worden omgezet in alkenen: de deoxydehydratatie 
reactie (DODH). DODH is in essentie een dubbele dehydroxylering; deze bestaat uit 
een dehydratie en een deoxygenering en heeft daarom naast de Re-katalysator een 
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stoichiometrische hoeveelheid van een reductor nodig. Het doel van het in dit 
proefschrift beschreven onderzoek is de ontwikkeling van homogene Re-katalysatoren 
voor de conversie van uit biomassa verkregen polyolen naar alkenen via DODH 
reacties.  
 In hoofdstuk 1 wordt een uitgebreid overzicht gegeven van de veelzijdige 
reactiviteit van op rhenium-gebaseerde katalysatoren voor dehydraties en DODH 
reacties. Methyltrioxorhenium (MTO) en Re2O7 worden aangemerkt als superieure 
katalysatoren voor de dehydratie van uit biomassa verkregen alifatische en benzylische 
alcoholen naar de corresponderende alkenen, met uitstekende opbrengsten en 
selectiviteiten ten opzichte van traditionele zuur-gekatalyseerde dehydratie reacties. 
Tevens wordt de toepassing van MTO in de DODH van diolen en uit biomassa 
verkregen polyolen, in aanwezigheid van verschillende reductoren in stoichiometrische 
hoeveelheid, tot de corresponderende alkenen beschreven. Naast andere zaken laat dit 
overzicht zien dat er nog geen consensus bestaat over het mechanisme van de MTO-
gekatalyseerde DODH reactie, en dat er verschillende onverenigbare mechanistische 
voorstellen zijn gedaan op basis van experimentele en/of computationele gegevens. 
Gedeeltelijk komt dit door het gebrek aan experimentele gegevens over de 
gereduceerde Re-verbindingen die een essentiële rol spelen in de katalytische cyclus. In 
dit hoofdstuk wordt ook Cp*ReO3 beschreven als een potentiële katalysator voor 
DODH reacties, ondanks dat dit ontleedt in aanwezigheid van een sterke reductor 
zoals PPh3. Samenvattend laat dit hoofdstuk zien dat er behoefte is aan verbeterde 
DODH katalysatoren en ook dat een beter mechanistisch inzicht in DODH reacties 
nodig is. 
 In hoofdstuk 2 worden op Cp-gebaseerde trioxorhenium katalysatoren 
beschreven die een sterisch sterk hinderend ligand, 1,2,4-tri-tert-butylcyclopentadienyl 
(Cpttt), bevatten. CptttReO3 werd gesynthetiseerd door de thermische omzetting van 
Re2(CO)10 naar CptttRe(CO)3, gevolgd door een oxidatieve decarbonylering met 
waterig H2O2 in een tweefasen-systeem. In combinatie met PPh3 als reductor was 
CptttReO3 de beste katalysator in een serie Cp'ReO3 complexen (Cp' = gesubstitueerd 
Cp) voor de conversie van het modelsubstraat 1,2-octaandiol tot 1-octeen bij 180 °C 
(95% opbrengst; Schema 7.1). Daarnaast leidde het verlagen van de hoeveelheid 
katalysator tot 0.05 mol% tot een TON met een recordhoogte (1400 per Re), hetgeen 
indicatief is voor een significant verbeterde stabiliteit van de katalysator. Bij hogere 
temperaturen en in apolaire oplosmiddelen werden ook zeer goede opbrengsten aan 1-
octeen behaald (>85%), maar daarnaast werd ook meer 2-octeen gevormd (6–14%). 
Bij lagere temperaturen (<130 °C) werd de vorming van 2-octeen onderdrukt, maar dit 
leverde ook een lagere conversie van het substraat op. Goedkopere en meer 
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toegankelijke reductoren zoals H2, 3-pentanol en het diol zelf bleken ook actief in de 
DODH reactie met CptttReO3 als katalysator. Met deze katalysator werden onder 
geoptimaliseerde condities (PPh3, 135 °C in chloorbenzeen) een aantal vicinale diolen 
(lineair, cyclisch, alifatisch, aromatisch) omgezet in de corresponderende alkenen met 
goede tot uitstekende opbrengsten en selectiviteiten. 
 

 
Schema 7.1. CptttReO3-gekatalyseerde DODH omzetting van 1,2-octaandiol tot 
octeen-isomeren.  
 
 De focus van hoofdstuk 3 is de vorming van butadieen uit het op biomassa-
gebaseerde tetrol, erythritol, door middel van een dubbele DODH reactie. 
Geïnspireerd op de CptttReO3-gekatalyseerde disproportionering van 1,2-octaandiol 
tot 1-octeen (50% opbrengst) werden een aantal commercieel verkrijgbare rhenium 
verbindingen onderzocht. Met Re(I)-carbonyl en Re(VII)-oxo verbindingen werden in 
reacties zonder oplosmiddel opbrengsten van 6–54% octeen-isomeren verkregen. De 
maximaal te behalen opbrengst in dergelijke diol-disproportioneringen is 50% of 67%, 
afhankelijk van of een 2-electron (hydroxyketon) of 4-electron (diketon) oxidatie van 
het diol plaats vindt (Schema 7.2). De reactiviteit van Cp*ReO3 en CptttReO3 is 
vergelijkbaar en beide zijn zeer selectief voor 1-octeen. De reactiecondities en substraat 
afhankelijkheid van deze disproportionering werden verder geoptimaliseerd, in eerste 
instantie met de focus op Cp*ReO3 als de katalysator. Opvallend is dat de vorming van 
2,5-dihydrofuran (geen butadieen) uit erythritol beter was wanneer CptttReO3 als 
katalysator werd gebruikt. 
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Schema 7.2. Cp*ReO3-gekatalyseerde disproportionering van vicinale diolen tot 
alkenen.  
 
 Eveneens werd het CptttReO3/PPh3 DODH systeem uit hoofdstuk 2, dat een 
conversie van 91% gaf van glycerol naar allyl alcohol, verder onderzocht. Bij 180 °C in 
chloorbenzeen gaf de volledige omzetting van erythritol slechts 18% butadieen, naast 
verschillende butaandiol bijproducten. Bij het gebruik van pyridine als oplosmiddel 
ontstond een homogeen reactiemengsel en verhoogde de opbrengst aan butadieen tot 
maximaal 55% (Schema 7.3). Bij het gebruik van ammoniumformiaat als reductor 
werd een maximale opbrengst van 23% butadieen naast 39% trans-1,4-butaandiol 
verkregen. Door het oplosmiddel te vervangen door het secundaire alcohol 3-octanol, 
dat tevens dienst doet als reductor, werd de DODH-reactiviteit van CptttReO3 
verbeterd tot 67% opbrengst aan butadieen. Verlaging van de substraatconcentratie 
verhoogt de opbrengst aan butadieen van 67% bij 0.3 M naar 75% bij 0.05 M. In al 
deze reacties werd een onoplosbare zwarte neerslag gevormd; spectroscopische analyse 
geeft aan dat dit een mix van polyol condensatieproducten betreft, mogelijk met Re-
resten. Mogelijk ontstaat dit mengsel door een non-productieve nevenreactie bestaande 
uit de concurrerende (hemi)acetalisering en/of aldol-type condensatie van 
carbonylverbindingen ontstaan uit de disproportionering van polyolsubstraten. 
 

 
Schema 7.3. CptttReO3-gekatalyseerde DODH reactie van erythritol naar butadieen. 
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 In hoofdstuk 4 worden de structurele karakterisering van de belangrijkste 
tussenproducten in de DODH-reactie alsmede het gunstige effect van sterisch 
hinderende Cp-substituenten in de totaalreactie beschreven (Schema 7.4). Reductie 
van CptttReO3 met PPh3 geeft de dimere Re(V)  verbinding [CptttRe(O)μ-O]2. 
Karakterisering van de structuur van deze verbinding door middel van lage 
temperatuur 1H NMR en röntgendiffractie laat zien dat het hier een asymmetrische 
verbinding betreft, waar de beide Cp-ringen, door sterische repulsie van de tBu-
substituenten, als η5- respectievelijk η3-gebonden zijn aan Re. Sterische hindering 
vergemakkelijkt eveneens de dissociatie van het dimeer in twee monomere  CptttReO2 
eenheden. Onder gewone omstandigheden bestaan beide verbindingen in evenwicht 
naast elkaar. Bij het verhogen van de temperatuur neemt de hoeveelheid monomeer 
toe. De corresponderende thermodynamische parameters (ΔrH = 11.6 ± 0.2 kcal.mol–1, 
ΔrS = 27.7 ± 0.6 cal.mol–1K–1) zijn in overeenstemming met een dissociatiereactie. 
DFT berekeningen voorspellen een asynchroon ‘concerted’ dissociatief reactiepad met 
een berekende vrije activeringsenthalpie ΔG≠ = 25.6 kcal·mol–1, hetgeen in goede 
overeenstemming is met de experimentele waarde (ΔG≠ = 22.5 ± 1.9  kcal·mol–1). De 
hogere stabiliteit van het monomeer vertraagt de deactivering van de katalysator via 
dimerisatie en de daarop volgende vorming van katalytisch niet-aktieve multinucleaire 
oxo-rhenium clusters. Door deze verhoogde stabiliteit wordt de niet eerder 
gerapporteerde karakterisering van de coordinatief onverzadigde verbinding CptttReO2 
mogelijk, waarbij een combinatie van spectroscopische technieken (NMR, UV-Vis, IR, 
ESI-MS) werd gebruikt. Met in situ IR en 1H NMR experimenten werd ook de directe 
vorming van deze verbinding bij de reductie van CptttReO3 aangetoond. Tenslotte 
werd aangetoond dat het corresponderende ethyleenglycolaat-complex sneller uit het 
monomere CptttReO2 en ethyleenglycol gevormd wordt dan uit het dimeer. Dit wijst 
erop dat CptttReO2 een belangrijk intermediair is in de katalytische cyclus van DODH 
reacties. 
 
 



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

Samenvatting 

188 

 
Schema 7.4. CptttReO3-gekatalyseerde DODH mechanisme waarbij Re(V) 
intermediairen een rol spelen. 
 
 In hoofdstuk 5 en 6 wordt de verdere ontwikkeling van Cp'ReO3 DODH-
katalysatoren via de synthese en studie van trioxorheniumcomplexen met 
gesubstitueerde Cp-liganden beschreven. Omdat de synthese van Cp'ReO3 gewoonlijk 
plaats vindt door middel van een tweestapsynthese waarin de oxidatieve 
decarbonylering van Cp'Re(CO)3 gebruikt wordt, beschrijft hoofdstuk 5 de reacties 
van alkyl- (Me, iPr, tBu) en aryl- (Ph) gesubstitueerde Cp-liganden met Re2(CO)10 of 
Re(CO)5Cl tot het corresponderende Cp'Re(CO)3 complex (Schema 7.5). Deze 
complexen hebben een tripodale ‘piano-stool’ structuur. Door substituenten van de 
Cp* of Cpttt-liganden te verwijderen of toe te voegen werd uit de gemeten C–O IR 
vibraties gevonden dat het elektronen-donerende karakter van de Cp-liganden 
toeneemt met het aantal alkylsubstituenten, terwijl aryl-substituenten de 
elektronendonatie verminderen. 

     
Schema 7.5. Vorming van Cp’Re(CO)3 en onverwachte vervolgreacties.  
 
 Het bleek dat het initieel gevormde complex (CpMe4H)Re(CO)3 bij 200 °C 
via een [6+4]-cycloadditie verder reageert met een overmaat van het vrije ligand 
1,2,3,4-tetramethylcyclopentadieen tot een geheel onverwacht asymmetrische complex 

Re
O O

O

Re
O O O

Cpttt

Re
O O

Cpttt

Cpttt

H2O

HO OH

Re
O

Cpttt O

O
Re

O

Cpttt

PPh3 OPPh3

H = 11.6 kcal/mol

NMR, IR, UV-Vis

OC
Re
CO CO

Re
COOC CO

Ph

Ph
OHPh

Ph

Ph O
Ph

Ph
Re

COOC CO

OC
Re
CO CO

CpMe4H2150–210 oC

mesitylene, 
   xylene

Re2(CO)10

Re2(CO)10 reflux
Ph Ph

Ph Ph

O

– CO / H2
0.5

2



208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju208413-L-bw-Raju

Samenvatting 

189 

Cp'Re(CO)3. De reactie van Re2(CO)10 met tetraphenylcyclopentadienon leidde ook 
tot de isolatie van twee onverwachte verbindingen, namelijk het Shvo-type 
hydroxytetraphenylcyclopentadienyl complex (Ph4Cp(OH))Re(CO)3 en het 
benzofuran-gefuseerde complex (Ph3Cp(C6H4O))Re(CO)3. Voorgestelde 
mechanismen voor de vorming van deze complexen zijn belangrijk voor de gerichte 
synthese van planair chirale Re-complexen met nieuwe Cp-liganden.  
 Hoofdstuk 6 beschrijft de synthese van Cp'ReO3 complexen uit de 
carbonylcomplexen die beschreven zijn in hoofdstuk 5, en beschrijft ook hun 
katalytische eigenschappen in DODH-reacties. De standaard oxidatieve 
decarbonylering met H2O2 in een tweefasen-systeem was alleen bij (CpMe4H)Re(CO)3 
succesvol; voor de andere Cp'Re(CO)3 complexen was deze methode niet geschikt. 
Daarom werd een systematische 1H NMR studie in C6D6 uitgevoerd met tBuOOH als 
de oxidator. De hiermee gevonden optimale reactiecondities om verschillende 
Cp'ReO3 complexen te verkrijgen (zij het in lage tot matige opbrengst; 4–36%, 
Schema 7.6) omhelzen een lagere temperatuur (50–70 °C) en een kortere reactietijd 
(20–30 min). Deze NMR-studie liet ook zien dat het grootste deel van de gevormde 
Cp'ReO3 complexen onder deze reactiecondities ontleedt. De penta-gesubstitueerde 
complexen van Cp* en CpEtMe4 en het nog grotere Cpttt bereiken daarentegen een 
plateau van stabiliteit in de vorming van het trioxo-complex zonder verdere ontleding. 
Variatie in het substitutiepatroon heeft niet alleen invloed op de thermische stabiliteit 
van Cp'ReO3 complexen, maar ook op de actviteit van deze complexen als katalysator 
in DODH-reacties. Voor de Cp-gesubstitueerde Cp'ReO3 complexen met minder dan 
5 alkylsubstituenten werd binnen 15 uur bij 180 °C de complete omzetting van 1,2-
octaandiol waargenomen, met een zeer hoge opbrengst 1-octeen (89–95%). De 
pergealkyleerde Cp-complexen gaven daarentegen significant meer 2-octeen als 
bijproduct (19–29%). In het algemeen laten de thermisch minder stabiele complexen 
(die minder elektronen-donerend zijn en weinig vrije ruimte rond het Cp-ligand 
hebben) een betere DODH-reactiviteit zien dan de analoge stabielere complexen, 
hetgeen van belang is voor de ontwikkeling van verbeterde DODH-katalysatoren. 
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Schema 7.6. Cp’ReO3-gekatalyseerde DODH van 1,2-octanediol tot 1-octene bij 
135 °C. 
 
 Resumerend beschrijft dit proefschrift de ontwikkeling van op Cp-gebaseerde 
trioxorhenium complexen (Cp'ReO3) als homogene katalysatoren voor de 
deoxydehydratatie (DODH) van diolen en uit biomassa verkregen polyolen naar de 
corresponderende alkenen. Het ruimtelijk omvangrijkere complex CptttReO3, dat het 
ligand tri-tert-butylcyclopentadienyl bevat, heeft van de geteste complexen de hoogste 
activiteit in de katalytische omzetting van een breed scala aan diolen en polyolen naar 
de corresponderende alkenen. De grote tBu-substituenten leidde ook tot een 
opvallende stabilisatie van het essentiële intermediair CptttReO2, wat een eenduidige 
karakterisatie van deze dioxorhenium verbinding mogelijk maakte en zijn essentiële rol 
in het katalytisch proces ondersteunt. Verdere synthetische studies hebben een aantal 
nieuwe Cp'ReO3 complexen met significante structurele variaties opgeleverd zodat de 
relatie tussen de structuur van het gesubstitueerde Cp-ligand en de katalytische 
eigenschappen van het complex onderzocht konden worden. Het is duidelijk dat de 
hier gepresenteerde resultaten een basis vormen voor de verdere ontwikkeling van 
deoxygeneringsmethoden voor het omzetten van biomassa, in het bijzonder voor de 
omzetting naar alkenen. Daarnaast worden een aantal aanknopingspunten gegeven 
voor de verdere gerichte ontwikkeling van katalysatoren en een beter begrip van de 
mechanismen operatief in de deoxydehydratatie reactie te verkrijgen, dit met het doel 
te komen tot nog efficiëntere katalytische processen.  
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