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Preface

Currently, there are major concerns in both the scientific world and in so-
ciety about the sustainability of our modern way of life. The diminishing 
supply of fossil feedstocks, combined with a strong increase in both the global 
population and their prosperity, makes our current way of life unsustainable. 
If we want to maintain our prosperity and enable others to share in it, it is in-
evitable that we find a sustainable alternative for fossil feedstocks. For energy 
supply, many resources are available, among which solar, wind, and hydro-
power. For transportation fuels alternatives are also available, such as hydro-
gen-driven and electric transportation. For the chemical industry, however, 
there is only one alternative available that can sustainably provide sufficient 
carbon-based material to cope with the future needs of society: biomass.1,2

Biomass is a generic term for all biological material that originates from 
once living plants or animals. As such, it comprises a wide variety of different 
compounds and materials. The major part of biomass consists of lignocel-
lulosic biomass. Lignocellulosic biomass is built up from three major compo-
nents: cellulose, hemicellulose and lignin. Cellulose is a polymer of hexoses 
(C6 sugars), consisting of 300 – 15000 monomer units, and, dependent on the 
source, typically makes up for 35 – 50% of lignocellulosic biomass. Hemi-
cellulose is a shorter-chained polymer (70 – 200 monomers) of pentoses (C5 
sugars) and makes up for 25 – 30%. Lignin is a highly aromatic polymer, 
built up from coniferyl, coumaryl, and sinapyl alcohol units, and makes up 
for 15 – 30% of lignocellulosic biomass.3 

The major chemical difference between chemicals derived from lignocel-
lulosic biomass and those derived from fossil feedstocks lies in their oxygen-
to-carbon (O : C) ratio. Where fossil feedstocks are very oxygen-poor and un-
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derfunctionalized, lignocellulosic biomass-based compounds have an O : C 
ratio close to one and are highly functionalized with hydroxyl groups. There-
fore a completely different type of chemistry is required to acquire building 
blocks from lignocellulosic biomass suitable for the chemical industry: while 
in the case of fossil feedstocks functionality must be added, functionality 
needs to be (at least partially) converted or removed when dealing with bio-
mass. One of the most direct methods of removing hydroxyl functionalities 
is the dehydration reaction. 

The dehydration reaction in terms of relevant biomass transformations can 
be divided in three categories: sugar dehydration, diol and polyol deoxydehy-
dration, and alcohol dehydration. A report, exploring the opportunities for 
the chemical industry to produce high-value biobased chemicals from renew-
able resources, has indicated a top 10 of chemical opportunities, which can 
be produced from carbohydrates with current technologies, and the required 
further technological developments.4 From the 10 mentioned chemicals, two 
compounds require the development of an efficient method to selectively 
dehydrate sugars, while four compounds require the development of an ef-
ficient method to dehydrate alcohols to olefins. These latter four compounds 
are ethanol, glycerol, 3-hydroxypropionic acid, and lactic acid, respectively 
yielding ethylene, hydroxyacetone or acrolein, and acrylic acid after dehydra-
tion, the latter originating from either 3-hydroxypropionic acid or lactic acid 
(Scheme 1). As these compounds are chemically very different, a broadly ap-
plicable method to perform these dehydration reactions is required. In this 
thesis, the dehydration reaction of an alcohol to an olefin, thereby removing 
one equivalent of water, is investigated (Scheme 2).

Classically, the dehydration reaction is performed using strong Brønsted 
acids, such as sulfuric5 or phosphoric acid,6 p-toluenesulfonic acid,7 or solid 
acids such as zeolites,8 resins,9 or clays10 as the catalyst. The main problem 
with the use of many of these acids in bulk processes lies in safety and en-
vironmental issues as well as reactor corrosion due to their highly corrosive 
nature. In the dehydration reaction, selectivity problems occur when using 
Brønsted acidic catalyst, as side reactions such as isomerization and polymer-
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ization of the olefin can occur. Furthermore, many functional groups do not 
tolerate (highly) acidic conditions. To circumvent these problems, research 
into alternative catalysts for the dehydration reaction is required. Catalysts 
based on transition metals could provide this alternative.

The choice of the transition metal is crucial for its reactivity as catalyst in 
the dehydration reaction. A catalyst should be sufficiently oxophilic to enable 
interaction with the alcohol, yet not overly oxophilic to enable removal of the 
formed water. In a similar vein, a suitable catalyst should have a sufficient 
degree of Lewis acidity, as a hydroxyl moiety is Lewis basic. And finally the 
catalyst should be water-stable to prevent rapid deactivation of the catalyst 
due to the formed water, and preferably air-stable to enable reactions under 
ambient atmosphere, thereby facilitating reactor design. To meet the require-
ment of suitable oxophilicity, the metal of choice is likely to be found in the 
middle transition metal block (group 5 – 7), while to meet the requirement 
of Lewis acidity, a stable high-valent metal is preferred, which can be found 
in the second and third row metals. Combining these requirements with the 
known behavior of the various metals in oxygen atom transfer reactions re-
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Scheme 1. Dehydration of ethanol, glycerol, 3-hydroxypropionic acid, and acrylic 
acid to, respectively, ethylene, hydroxyacetone, acrolein, and acrylic acid.
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Scheme 2. General alcohol-to-olefin dehydration reaction.
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sults in the choice of tungsten, molybdenum, or rhenium as catalyst for the 
dehydration reaction. In this thesis, rhenium- and molybdenum-based com-
plexes are applied as catalysts for the dehydration reaction.

Chapter 1 of this thesis provides an overview of the state of the art for the 
use of various organometallic rhenium complexes as catalyst for the deoxy-
genation of biomass-derived compounds. Also the general method of synthe-
sizing organorhenium complexes is reviewed.

In Chapter 2 our efforts to apply rhenium complexes as catalysts in the 
dehydration reaction of benzylic alcohols to form styrenes is described. Ben-
zylic alcohols are typically found in lignin and lignin-derived chemicals, 
usually with methoxy- or hydroxy-functionalities on the aromatic ring. A 
broad range of commercially available rhenium-based complexes is screened 
for activity in the dehydration of 1-phenylethanol to styrene. The most active 
catalyst, rhenium(VII) oxide (Re2O7), is tested in the dehydration reaction of 
various benzylic alcohols to their styrenic counterparts, and its activity and 
selectivity is compared to the benchmark catalyst, sulfuric acid. 

In Chapter 3 the obtained dehydration protocol using Re2O7 as the cata-
lyst is applied to allylic, aliphatic, and homoallylic alcohols, thereby covering 
a broad range of different alcohol fragments in both a steric and an electronic 
sense. Several of these alcohols are tested as substrate in the dehydration re-
action using this catalyst in comparison to the sulfuric acid-catalyzed reac-
tion. Terpene alcohols, bio-based alcohols that contain very similar alcohol 
fragments, can be converted to the corresponding terpenes using the same 
procedure. As a proof-of-principal, we show the catalytic upgrading of an es-
sential oil, which is the major source of terpenes and terpene alcohols. Finally, 
we also describe the recycling behavior of Re2O7 and compare its catalytic 
performance with various commonly used solid acid catalysts.

The dehydration experiments, described in Chapters 2 and 3, provide 
many indications for the underlying mechanism. These indications and their 
implications for the mechanism of the rhenium-catalyzed dehydration re-
action are described in Chapter 4. Quantum-chemical calculations using 
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density functional theory (DFT) are used as a complementary tool to the 
experimental observations. Together, these provide a thorough understand-
ing of the mechanism.

In search of novel molecular rhenium complexes as catalysts for the dehy-
dration reaction, we have synthesized a series of rhenium complexes bearing a 
bis(phosphinomethyl)pyridine PNP-pincer ligand. These complexes contain 
a ReO2X or a ReOX2 (X = halide or PPh3) core and either phenyl, cyclo-
hexyl, or tert-butyl groups on the phosphine donor atoms. Their synthesis 
and analysis, and our investigations into the non-innocent behavior of these 
complexes is described in Chapter 5. 

Next to rhenium-based catalysts, other transition metals can be applied in 
the dehydration reaction. The catalytic application of complexes based on the 
more abundant metal molybdenum in the dehydration reaction is described 
in Chapter 6. Various bisoxomolybdenum complexes bearing acetylacetona-
to-type ligands (MoO2(acac’)2) have been synthesized and tested on the full 
range of benzylic, allylic, aliphatic and homoallylic alcohols.

Finally, the catalytic deoxygenation of lactic acid is described in Chapter 

7. Both rhenium- and molybdenum-based complexes are tested as catalysts 
in the conversion of lactic acid, using a number of different reaction setups. 
With the use of reactive distillation lactic acid can selectively be converted to 
propionic acid, without the addition of an external reductant. We describe 
the various reaction pathways and resulting products in this reaction and 
discuss their implications for the lactic acid deoxygenation.

Overall, the knowledge acquired during the research described in this the-
sis, can provide a solid base for the application of both rhenium- and mo-
lybdenum-based catalysts in the dehydration and deoxygenation of various 
biomass-derived alcohols.
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1
Catalytic deoxygenation of 
renewables with rhenium 
complexes

HO
OH

OH
OH

R
R'

OH
R

R'

Bioalcohols

[Re]
Bioolefins

Transformation of renewables has received major research interest in recent 
years, opening up completely new research areas, in particular in the field 
of deoxygenation of alcohols and polyols. Organometallic rhenium oxide 
compounds have been known for over 30 years, yet their catalytic activity 
has only been discovered in the early 1990s. Here, the general synthesis of 
organometallic rhenium(VII) oxide complexes is reviewed, followed by their 
application in the deoxygenation reaction using various substrates derived 
from renewable resources.

Published as part of: Korstanje, T.J.; Klein Gebbink, R.J.M. Top. Organomet. Chem. 2012, 
39, 129 – 174.
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1.1 Introduction

Although organometallic rhenium oxide compounds have been known for 
more than 30 years, they have long been considered to be catalytically inac-
tive. However, in the beginning of the 1990s the group of Herrmann found 
methyltrioxorhenium (CH3ReO3, MTO) to be an active catalyst in olefin 
metathesis,1 aldehyde olefination,2 and olefin epoxidation.3 In the 20 years 
after, the class of organorhenium oxides has found application in a very broad 
scope of catalytic reactions.

One of the fields in which these organorhenium oxides have found ap-
plication is in the field of biomass transformations. A transformation that 
has recently attracted much attention is the deoxygenation reaction, which 
can be efficiently catalyzed by especially high-valent organorhenium oxides. 
Rhenium-catalyzed deoxygenation reactions can be divided in two topics, 
deoxydehydration and dehydration. These reactions have mostly been applied 
on biomass-derived substrates such as sugar alcohols and polyols. This proce-
dure lowers the high oxygen-to-carbon (O : C) ratio present in biomass and 
as such is of particular interest for the production of both fuels and chemicals 
from biomass.

In this chapter we have attempted to provide a comprehensive overview of 
the use of organometallic rhenium-oxo complexes in the deoxygenation of 
biomass and biomass-derived compounds. This chapter starts with an over-
view of the discovery and history of homogeneous rhenium-based organome-
tallic catalysts, ranging from the discovery of a synthesis route to high-valent 
organorhenium oxides to the currently applied synthetic pathways. Further-
more, the use of these complexes in the deoxygenation of biomass-derived 
alcohols and polyols, such as glycerol, erythritol and other sugar alcohols, is 
described.
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1.2 Synthesis of organorhenium(VII) oxides

The first attempts to synthesize organorhenium oxides date back to the early 
1960s with attempts to synthesize (C5H5)ReO3 (CpReO3),

4 but it was only in 
1979 that the first organometallic rhenium(VII) oxide, methyltrioxorhenium 
(MTO), was successfully synthesized by Beatie and Jones via the oxidation 
of (CH3)4ReO in air for several weeks.5 Five years later two syntheses of η5-
(C5(CH3)5)ReO3 (Cp*ReO3) by irradiation and subsequent oxidation in air 
or oxygen of the corresponding tricarbonyl compound were independently 
reported (Scheme 1).6,7

Re
CO

COOC
hν (< 300 nm)

+ O2 / THF Re
O

OO

Re
OC OOChν, THF

-CO +O2, THF

Scheme 1. Synthesis of Cp*ReO3 from Cp*Re(CO)3.
7

The synthesis of various organotrioxorhenium complexes was extensively 
studied in the years thereafter by the group of Herrmann, resulting in two 
major synthetic pathways (Scheme 2). One pathway proceeds via the reaction 
of rhenium(VII) oxide (Re2O7) with ZnR2 at low temperature. This proce-
dure has first been reported in 1989 and was found to be effective for the 
transfer of various phenyl8,9 and longer-chain alkyl groups10,11 to the rhenium 
center. However, this method was found to be ineffective for the transfer of 
other organic moieties.

In 1988 an alternative tin-mediated synthesis was found that involves the 
transfer of a methyl group from SnMe4 to Re2O7 yielding MTO and trime-
thylstannyl perrhenate as the side product.12 An adaptation to this reaction 
was developed through the use of organotributyltin as the tin reagent. Via 
this route various complexes of the formula RReO3 were synthesized, with R 
= benzyl,13 R’O(O)C–CH2–,13 allyl,13 indenyl,14 Cp15 and alkynyl.16 A disad-
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vantage of using the tin-route to synthesize these complexes is the loss of half 
of the starting amount of rhenium by the formation of tributylstannyl per-
rhenate. This can easily be overcome by treating Re2O7 with trifluoroacetic 
anhydride in acetonitrile to obtain (trifluoroacetyl)trioxorhenium, which can 
subsequently react with the trialkylorganotin reagent to obtain the desired 
organotrioxorhenium complex in very high yield based on rhenium. 

Recently, an improved synthesis route has been described that prevents the 
use of the expensive and moisture-sensitive Re2O7 as well as of the toxic or-
ganotin compounds. This route uses acetyl perrhenate as the rhenium source 
and methylzinc acetate as the methylating agent. Acetyl perrhenate can be 
obtained by treatment of silver perrhenate with acetyl chloride and methyl-
zinc acetate from the reaction of zinc acetate with trimethylaluminum. The 
only side products of the overall reaction are aluminium acetate (1/3 equiva-
lent per rhenium) and silver chloride (1 equivalent per rhenium), which are 
both easily removed by filtration.17 The different RReO3 synthesis methods 
are summarized in Scheme 2.
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+ Re
O

O
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Scheme 2. Synthesis of RReO3 from Re2O7 via various routes.
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Unfortunately, many of the organometallic trioxorhenium complexes are 
light- or temperature-sensitive, rendering them poor catalysts. Of all the or-
ganotrioxorhenium complexes, only Cp*ReO3 and MTO have been found to 
be stable enough to perform well as a catalyst; particularly the latter is well 
known as an excellent olefin oxidation catalyst.

1.3 Deoxygenation of renewables with organometallic rhe-
nium complexes

Although MTO is famous for its activity in the olefin oxidation reaction, it 
and related rhenium compounds, interestingly, have also found application in 
the reverse reaction, the deoxygenation of alcohols and diols. In recent years 
this reaction has attracted much attention due to the increased interest in the 
use of biomass as feedstock for the chemical industry. This section provides 
an overview of the use of rhenium-based catalysts in the deoxygenation reac-
tion of renewables.

Due to the explosive growth of the amount of biomass-related research in 
recent years,18 also the interest in the deoxygenation of biomass has increased 
rapidly. The importance of deoxygenation of biomass lies inherently in the 
nature of biomass. Lignocellulosic biomass mostly consists of cellulose and 
hemicellulose, both carbohydrates, and lignin. Carbohydrates have an O : C 
ratio of 1, while the oil-based chemicals that the chemical industry currently 
uses have a much lower O : C ratio. In order to obtain high-value chemicals 
that the chemical industry can incorporate in current processes and facilities, 
it is thus needed to decrease the O : C ratio. One of the important ways to do 
this is via deoxygenation reactions.19,20
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1.3.1 Deoxydehydration of diols and polyols

After the discovery of MTO as a very potent oxidation catalyst in 1991,3 
much effort has been devoted to understanding the mechanism of this re-
action and to the synthesis and isolation of possible intermediates. As part 
of this effort a number of (pentamethylcyclopentadienyl) oxorhenium(V) 
diolates (Cp*ReO(diolate)) were synthesized and characterized by the groups 
of Herrmann21,22 and Gable23-25 as possible intermediates in the oxidation 
chemistry of rhenium. Interestingly, these rhenium(V) diolate complexes all 
expel an olefin upon heating to obtain the corresponding Cp*ReO3 complex 
(Scheme 3, left to right). Cp*ReO3 was previously found to be a very poor 
catalyst for the oxidation reaction, but these reports gave a lead towards the 
use of Cp*ReO3 as a deoxydehydration catalyst. An important next step was 
made in 1994 by Gable with a report on the synthesis of Cp*ReO(diolate) 
complexes from Cp*ReO3 with triphenylphosphine as reducing agent in the 
presence of p-toluenesulfonic acid (pTSA) and molecular sieves in tetrahydro-
furan (Scheme 3, right to top to left).26

By combining the methods reported above, Cook and Andrews discov-
ered in 1996 the first catalytic process based on the stoichiometric reactions 
with rhenium(V) diolate complexes reported in the 10 years before. The use 
of a reductant in the form of a triarylphosphine was found to be critical to 
close the deoxydehydration catalytic cycle from diol to alkene. It was shown 
that by using 2 mol% Cp*ReO3 and 1.2 equivalent of triphenylphosphine 
in chlorobenzene at 90 °C phenyl-1,2-ethanediol can be deoxydehydrated 
to form styrene quantitatively. The authors proposed a mechanism where 
the phosphine reduces the Cp*ReO3 catalyst to a rhenium(V) intermediate, 
which reacts with the diol and subsequently expels the olefin to regenerate 
Cp*ReO3, as schematically shown in the bottom half of Scheme 3. The major 
problem in this reaction is the over-reduction of the rhenium(V) species to a 
rhenium(III) species leading to deactivation of the catalyst. Two solutions to 
this problem are described, on the one hand the use of a less active reductant 
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in the form of tris(perfluorophenyl)phosphine to diminish over-reduction and 
on the other hand the use of pTSA to accelerate the rate of formation of the 
rhenium diolate intermediate.27

Re
O
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O

Re
O

O
O

∆T

R

R'

R'R

Re
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Cl
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NaO OH

1) PPh3, Me3SiCl 
2) H2O, py
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catalytic

Re
O O

R'R

HO OH

PAr3

OPAr3

H2O

Scheme 3. Stoichiometric (top) and catalytic (bottom) reactions of Cp*ReO3 with 
diols.

This system has also been applied to deoxydehydrate suitable substrates 
from renewables. Glycerol is cleanly deoxydehydrated to give allyl alcohol 
using Cp*ReO3, PPh3, and chlorobenzene in biphasic conditions at 125 °C 
(Scheme 4). When N-methyl-2-pyrrolidone (NMP) is used as the solvent a 
homogeneous system is created, but this leads to rapid catalyst deactivation 
and only 42% yield of allyl alcohol. The protected alditol 1,2:5,6-diisopro-
pylidene-d-mannitol reacts smoothly in chlorobenzene with this system, 
yielding the corresponding trans-alkene in 86% yield. When the unprotected 
alditol erythritol is used as substrate at 135 °C, both 3-butene-1,2-diol and 
2-butene-1,4-diol are observed in a 85:15 ratio, but the major product is com-
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pletely deoxygenated 1,3-butadiene in 80% yield (Table 1, entry 1). It is found 
that the 1,4-diol isomerizes to 1,2-diol under the applied reaction conditions, 
which means that intermediate formation of 1,4-diol is not detrimental for 
the overall yield of butadiene. Finally, xylitol was used as substrate to yield 
2,4-pentadiene-1-ol as the product (no yield is reported).27

OH
OHHO

HO

O
O

O
OOH

OH
O

O

O
O

HO
OH

OH
OH

Cp*ReO3, PPh3
C6H5Cl, 90 - 135 °C

+

HO
OH

OH

OH
OH OH

HO OH
HO

OH

Scheme 4. Deoxygenation of renewables with Cp*ReO3 as catalyst and PPh3 as re-
ductant.

After this initial report of deoxydehydration using rhenium complexes, it 
took almost 15 years before further research has been reported into this sub-
ject. In 2009 a report by the group of Abu-Omar marked the start of renewed 
interest in the area. In this report the major problems of the method of Cook 
and Andrews are dealt with. First of all, the phosphine, which causes overre-
duction and creates stoichiometric amounts of phosphine oxide waste, is re-
placed by hydrogen gas, which only produces water as waste. Furthermore 
the catalyst used in this report is MTO, which is readily available in large 
quantities, and the substrate scope is expanded to epoxides. 1,2-Epoxyhexane 
for instance is deoxygenated to obtain hexane in 96% yield after 8 hours at 
150 °C under 21 bar of hydrogen pressure. When the pressure is reduced to 
5.5 bar, 1-hexene is the major product in 95% yield. 1,2-Hexanediol is also 
tested as substrate under these conditions, but much lower yields are obtained 
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(respectively 50% 1-hexene at 21 bar and 18% 1-hexene at 5.5 bar). Several 
renewables are used as substrate with this system: 1,4-anhydroerythritol, ob-
tained from acid-catalyzed ring-closing of erythritol, is deoxydehydrated to 
the 2,5-dihydrofuran in 25% yield and tetrahydrofuran in 5% yield, using 
34.5 bar of hydrogen pressure. However, when erythritol itself is used as sub-
strate under identical conditions, only significant charring occurs (Table 1, 
entry 2). A similar mechanism as the one of Cook and Andrews is proposed 
by the authors, where a methyldioxorhenium(V) species is generated followed 
by reaction with the substrate, being either a diol or an epoxide. Next, how-
ever, the diolate is converted to an epoxide-rhenium adduct, which is subse-
quently expelled via a metallaoxetane.28

Shortly hereafter, the group of Nicholas reported a very similar system, 
again using MTO as the catalyst yet with sulfite as the reducing agent. With 
this system in benzene at 150 °C phenyl-1,2-ethanediol is deoxydehydrated 
to form styrene in 44% yield at 90% conversion after 40 hours of reaction 
time. When styrene oxide is used as substrate, 40% styrene yield at 75% 
conversion is obtained after 30 hours of reaction time. Switching to aliphatic 
alcohols requires longer reaction time for high conversion to be obtained.29 A 
year later the same system was expanded in its scope towards biomass-derived 
polyols such as erythritol. Heating a mixture of meso-erythritol, NBu4ReO4 
and sodium sulfite in benzene for several days at 150 – 160 °C results in the 
formation of 1,3-butadiene (27% yield), 2,5-dihydrofuran (6% yield) and cis-
2-butene-1,4-diol (3% yield) at a conversion of 44% (Table 1, entry 3). When 
MTO is used as the catalyst, again substantial charring is observed and much 
lower yields are obtained (respectively 14%, 2% and 5%, entry 4). Various 
additives such as nitrogen bases were explored as well as various reductants, 
either sulfites, phosphines or alcohols, but the initial reaction conditions give 
the best results.30

The other report in the area comes from the groups of Bergman and Ell-
man, who have reported on the use of decacarbonyldirhenium (Re2(CO)10) 
as catalyst for the deoxydehydration of diols. Using this rhenium(0) catalyst 
at 180 °C 4,5-octanediol is disproportionated into 4-octene and 4,5-octadi-
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one, giving a yield of 50% for the olefin. When adding a simple alcohol such 
as 5-nonanol or 3-octanol and using 1,2-tetradecanediol as the substrate, 
1-tetradecene is formed in 83% yield and the alcohol is oxidized to the cor-
responding ketone. Upon addition of pTSA or sulfuric acid the temperature 
can be reduced to 155 °C while still yielding the alkene in good yield. In the 
presence of pTSA and 3-octanol at 160 °C, this system is able to transform 
erythritol into 2,5-dihydrofuran in 62% yield (Table 1, entry 5). The acid 
probably causes the cyclization of the polyol to 1,4-anhydroerythritol, fol-
lowed by deoxydehydration to obtain 2,5-dihydrofuran. Interestingly, nei-
ther of these reactions give any product in the absence of air, thus indicating 
that oxygen plays a vital role in the reaction mechanism.31 

Table 1. Rhenium-catalyzed deoxygenation of erythritol to 1,3-butadiene and 
2,5-dihydrofuran.

HO
OH

OH
OH [Re]

reductant
O

+

Entry Catalyst Red. T (°C) t (h) 1,3-Butadiene 
yield (%)

2,5-Dihydrofu-
ran yield (%) Ref.

1 Cp*ReO3 PPh3 135 28 80 - 27

2 CH3ReO3 H2 (34.5 bar) 150 8 - - 28

3 NBu4ReO4 Na2SO3 150 – 160 100 27 6 29

4 CH3ReO3 Na2SO3 150 – 160 100 14 2 29

5 Re2(CO)10 3-octanola 160 12 - 62 31

6 CH3ReO3 3-octanol 170 1.5 89 11 32

a) p-Toluenesulfonic acid added.

Very recently the group of Dean Toste reported on a very effective system for 
the deoxygenation of erythritol, using MTO as the catalyst and 3-octanol as 
the reducing agent. At 170 °C within 1.5 hour an excellent yield of 89% of 
1,3-butadiene was obtained, with 2,5-dihydrofuran as the only side product 
(Table 1, entry 6). This reaction was performed under nitrogen atmosphere, 
but can also be performed in air, albeit with somewhat lower yield (72%) and 
more side products. Various other sugar alcohols, such as glycerol (C3), xyli-
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tol, d-arabinitol, and ribitol (all C5), and d-sorbitol and d-mannitol (C6) were 
also tested using MTO at 170 °C (C3 – C5) or 200 °C (C6) with 3-pentanol 
as reductant. Glycerol was converted in air to allyl alcohol in 90% yield, the 
C5 sugar alcohols yielded 1,3-pentadiene ethers in 33 – 61% yield, and both 
C6 sugar alcohols yielded 1,3,5-hexatriene in 54% yield. Another interesting 
deoxygenation was also reported, using inositols, a class of cyclic C6 carbohy-
drates. These compounds yielded benzene and phenol as products upon treat-
ment with MTO at 200 °C in 17 – 64% and 7 – 37% yield, respectively. Fi-
nally, also sugars were used as substrates. The tetroses (C4 sugars) d-erythrose 
and l-threose yielded furan in 47% and 60% yield, while the hexoses (C6 
sugars) d-mannose, d-allose, d-glucose, and d-galactose yielded a mixture of 
2-vinylfuran and furan in a combined yield of 25 – 40%.32

A noteworthy investigation into the mechanistic aspects of the rhenium-
catalyzed epoxide deoxygenation and diol deoxydehydration reaction has 
very recently been reported by the group of Lin. A computational study ap-
plying DFT was performed into the various mechanisms reported. The re-
sults of this DFT study indicate that the reaction starts with the addition of 
the epoxide to MTO to give a rhena-2,5-dioxolane intermediate, which can 
also be formed from a diol. Next, hydrogen adds to an oxo group on the one 
side and the terminal rhenium diolate oxygen atom on the other side, form-
ing a hydroxy alkoxy rhenium species. This was determined to be the rate-
determining step with an activation enthalpy of 8.15 kcal mol-1. The obtained 
alcohol proton is subsequently transferred to the hydroxyl group, yielding 
water and again a rhenium dioxolane. Finally, both C–O bonds are broken 
to recover the MTO catalyst and obtain the desired olefin.33

1.3.2 Dehydration of alcohols

Where rhenium-catalyzed deoxydehydration has attracted a lot of interest, 
only two reports concerning dehydration catalyzed by rhenium complexes are 
noteworthy in view of their application on biomass-derived substrates. The 
first was published in 1996 by Zhu and Espenson and uses MTO as a catalyst 
for the dehydration reaction of various alcohols, either aliphatic or aromatic, 
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to obtain the corresponding olefins. Using MTO in benzene or in the alcohol 
itself at room temperature after 3 days gives reasonable turnovers and in the 
case of benzylic alcohols good yields. In the same paper MTO is used for the 
amination, etherification and disproportionation of alcohols, which are all 
reactions interesting in view of biomass transformations.34

The second is from the group of Abu-Omar, reporting on a condensation 
reaction involving glycerol and furfural, both renewables, to produce diox-
olanes, formally a dehydration reaction. Here a cationic oxorhenium(V) oxa-
zoline species is used as the catalyst for the formation of various 1,3-dioxa-
lanes from furfural with diols or epoxides under mild conditions (Scheme 
5). Particularly interesting is the reaction of furfural with glycerol to obtain 
a 70:30 mixture of the corresponding 1,3-dioxolane and 1,3-dioxane in sol-
vent-free conditions.35

O
O

OH
OH

HO+
neat, 100 °C

Re
O

O N O

O
NO

Solv

+

O
O

O
OH

O
O

O OH

Scheme 5. Rhenium-catalyzed condensation reaction of furfural with glycerol to 
obtain the corresponding 1,3-dioxolane and 1,3-dioxane.

1.4 Concluding remarks

This chapter provides an overview of how the relatively young field of 
rhenium-based homogeneous catalysis has drawn much interest in various 
transformations of bio-based chemicals in the last 20 years. Although many 
reports highlight the activity of rhenium complexes, in particular MTO, in 
oxidative transformations of bio-based substrates such as oils and terpenes, 
only in recent years researchers have begun to investigate the use of rhenium 
catalysts in deoxygenation reactions. The successful development of such 
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catalysts would allow for the conversion of biomass feedstocks into products 
with a low O : C ratio, which the chemical industry has already been using 
for decades. Synthetic procedures based on these catalytic reactions may be 
able to provide alternative pathways to access some of the genuine chemicals 
that are of interest for both the bulk and fine chemical industry, based on 
biomass starting feeds. Combined with the increasing pressure on the avail-
ability and cost of fossil feedstocks, it is our belief that this field is looking at 
a flourishing future.
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2
Catalytic dehydration of benzylic 
alcohols to styrenes by rhenium 
complexes

 An important way to reduce the 
oxygen content of biomass-based 
materials is by selective dehydra-
tion of hydroxyl groups. Here, we 
present various rhenium-based 
complexes as active catalysts in the 
dehydration of various benzylic al-
cohols to styrene moieties, as a first 
step towards the conversion of bio-
mass-based chemicals. Re2O7 was 

found to be the most active catalyst under relatively mild conditions (100 °C, 
0.5 mol% catalyst loading, technical toluene, ambient atmosphere), with its 
turnover frequencies superior to the benchmark catalyst sulfuric acid, with-
out sacrificing selectivity.

Published as: Korstanje, T.J.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. ChemSusChem 
2010, 3, 695 – 697.
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2.1 Introduction

Catalytic dehydration of (poly)alcohols represents a facile route to (func-
tionalized) olefins. Current dehydration methods use strong acids, such as 
sulfuric acid or p-toluenesulfonic acid,1 or solid acids, such as zeolites2 or 
metal oxides.3,4 The major problem with these methods is their low selectiv-
ity and functional group tolerance. Therefore a selective, widely applicable 
dehydration method is highly desirable. Such a dehydration method might be 
useful in the dehydration of biomass-based compounds, which are very rich 
in hydroxyl groups. Dehydration of both the (hemi)cellulosic components of 
biomass, as well as the aromatic lignin components could provide very inter-
esting building blocks for chemical industry.5,6 

To date only a few alcohol-to-olefin dehydration reactions catalyzed by 
homogeneous catalysts have been reported. Catalysts based on ruthenium7,8 
have been shown to be active in the combined dehydration/hydrogenation 
of diols, and also palladium-9 and zinc-based10 catalysts have been reported 
for the dehydration of alcohols. A remarkable non-metal-based dehydration 
using formic acid was recently reported by Ellman et al.11 for the dehydration 
of glycerol and erythritol. 

High-valent rhenium complexes have also shown some promis-
ing activity in dehydration reactions. Multiple methods were reported: 
methyltrioxorhenium(VII) (CH3ReO3, MTO) showed good results12 at room 
temperature in the dehydration of various alcohols, while in the presence of 
hydrogen at higher temperature and pressure epoxides were deoxygenated in 
good and diols in moderate yield.13 Cp*ReO3 performed very well in the pres-
ence of PPh3 in the deoxygenation of various diols and polyols,14 unfortunate-
ly yielding phosphine oxide as a byproduct in quantitative amounts. Here, we 
report on a study into various rhenium-based catalysts for the dehydration of 
benzylic alcohols to styrenes under mild conditions.
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2.2 Results and discussion

2.2.1 Dehydration of 1,2,3,4-tetrahydronaphthol 

Following the original procedure by Zhu and Espenson,12 the first attempts 
using MTO as a catalyst for the dehydration of 1,2,3,4-tetrahydronaphthol 
(1, Scheme 1) to 1,2-dihydronaphthalene (2) and dinaphthyl ether (3) at 
room temperature surprisingly gave poor results. The yield of 2 using benzene 
as a solvent was only 4%, while 71% was originally reported. In our hands, 
the highest yield of 2 obtained was 10%, using THF as a solvent, a reaction 
time of 3 days and 10 mol% MTO as catalyst at room temperature. Using 
the same procedure at elevated temperature, however, gave very good results. 
In toluene at 100 °C, complete conversion was obtained after as little as 30 
minutes reaction time, yielding olefin 2 as the single product. Lowering the 
amount of catalyst down to 1 mol% also resulted in complete conversion after 
30 minutes.

OH

[Re] + O

1 2 3

Scheme 1. Dehydration of 1,2,3,4-tetrahydronaphthol (1) to 1,2-dihydronaphtha-
lene (2) and dinaphthyl ether (3). 

Next, different commercially available rhenium complexes were tested for 
their activity in the dehydration of 1. The blank reaction gave low conversion 
after 3 days of reaction time, yielding a mixture of both olefin and ether. 
Re2(CO)10 did show some activity, yet poor selectivity, yielding a 1:1 mixture 
of olefin and ether after 2 days. Rhenium metal showed a much higher activ-
ity as well as selectivity, pushing the reaction to full conversion after 22 hours, 
with good selectivity (87% towards the olefin). The rhenium(VII) complexes 
MTO, Re2O7, and HReO4, however, performed excellently in this dehydra-
tion reaction, all gaving full conversion after 1 hour and selectively yielding 
the olefin.
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2.2.2 Dehydration of 1-phenylethanol

Since in the dehydration of 1 excellent results were obtained, the more chal-
lenging dehydration reaction of 1-phenylethanol (4) to styrene (5) and the 
corresponding ether (6) was investigated. With this reaction no blank reac-
tion occurred (Table 1). The use of Re2(CO)10 in technical toluene at 100 °C 
gave good conversion and selectivity within 24 hours of reaction time, while 
rhenium metal showed poor conversion. For both compounds, however, the 
turnover frequency (TOF) was very low. Two rhenium(V) compounds were 
also tested in this reaction and while the monooxo species ReCl3O(PPh3)2 
showed very low conversion, the bisoxo species ReIO2(PPh3)2 showed full 
conversion, good selectivity and a reasonable TOF. Rhenium(VII) com-
pounds also pushed the reaction to completion, while giving good to ex-
cellent selectivities towards styrene. MTO and HReO4 showed comparable 
TOFs in the order of 30 h-1, while Re2O7 showed a much higher TOF of 431 
h-1 and pushed the reaction to completion within only 1 hour. The latter 
TOF is superior to results obtained with both 2.5 mol% sulfuric acid and 5 
mol% p-toluenesulfonic acid as a catalyst, which showed TOFs of respectively 
52.2 and 3.4 h-1. More interesting is the selectivity of Re2O7 compared to the 
conventional catalysts. Re2O7 yields styrene almost exclusively, while sulfuric 
acid only yields 39% of styrene with a lot of styrene dimerization and oligo-
merization products. Also p-toluenesulfonic acid yields only 85% of styrene, 
with the remainder mostly being dimers and oligomers. It can clearly be con-
cluded that in the dehydration of 1-phenylethanol Re2O7 is outperforming 
the classical acid catalysts in both activity and selectivity.

2.2.3 Substrate scope

Given these results, the substrate scope of the best performing catalyst, 
Re2O7, was investigated. Various benzylic alcohols were dehydrated using 0.5 
mol% Re2O7 and its performance was compared to 2.5 mol% sulfuric acid as 
catalyst (Table 2). All secondary and tertiary alcohols were converted com-
pletely into the corresponding olefins within 24 hours except for cyclohexyl 
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phenylmethanol (entry 6), which showed 91% conversion using the rhenium 
catalyst. With Re2O7, TOFs above 800 h-1 are attainable under these condi-
tions. Only the primary non-benzylic alcohol 2-phenylpropan-1-ol (entry 8) 
does not react with either catalyst. In comparison it is clear that Re2O7 shows 
superior reaction rates and TOFs for all substrates at lower catalyst loadings, 
while conversions and selectivities after 24 hours are comparable to sulfuric 
acid. 

Table 1. Catalytic activity of rhenium complexes and classic acid catalysts in the 
dehydration of 1-phenylethanol (4) to styrene (5) and the corresponding ether (6).a

OH

[Re] + O

4 5 6

Catalyst Amount 
(mol%)

Conversion 
(%)b Yield 5 (%)b Yield 6 (%)b TOF (h-1)c

- - 0 0 0 0

Re2(CO)10 0.5 92 64 28 13.1

Re metal 1 35 23 16 3.3

ReCl3O(PPh3)2 1 17 7 10 0.6

ReIO2(PPh3)2 1 >99 81 19 19.1

MTO 1 >99 89 11 36.7

Re2O7 0.5 >99 98 1 431

HReO4 (aq) 1 94 56 38 25.5

NBu4ReO4 1 0 0 0 0

H2SO4 2.5 >99 39 5 52.2

pTSA 5 96 85 1 3.4

a) Reaction conditions: 2 mmol 1-phenylethanol, 0.01 – 0.1 mmol catalyst, 250 µL pen-
tadecane (internal standard), 10 mL toluene, 100 °C. b) GC conversion or selectivity after 
24 hours. c) Based on the consumption of 1-phenylethanol in the first 30 minutes.
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2.2.4 Electronic effects on the dehydration reaction

To explore the influence of electronic effects on the dehydration reaction, 
different para-substituted 1-phenylethanol substrates were used in the de-
hydration reaction catalyzed by either Re2O7 or sulfuric acid (Table 3). In 

Table 2. Dehydration of various substrates catalyzed by 0.5 mol% Re2O7 and 2.5 
mol% H2SO4.

a

Entry Substrate
Re2O7 H2SO4

Conversion 
(%)b

Olefin 
yield (%)

TOF 
(h-1)c

Conversion 
(%)b

Olefin 
yield (%)

TOF 
(h-1)c

1 1 >99 >99 >800 >99 >99 154

2 4 >99 98 431 >99 39 52

3

OH

>99 >99
(1:13)d 464 >99 >99 (1:10)d 32

4

OH

>99 >99 54 >99 >99 31

5
OH

>99e 90e >800 >99f 76f 87

6

OH

91 84 (3:1)g 164 >99 92 (3:1)g 24

7
OH

>99 >99 (1:13)d 404 >99 93 (1:11)d 13

8
OH

0 0 0 0 0 0

a) Reaction conditions: 2 mmol substrate, 0.01 mmol Re2O7 or 0.05 mmol H2SO4, 250 µL 
pentadecane (internal standard), 10 mL toluene, 100 °C. b) GC conversion or yield after 
24 hours. c) Based on the consumption of starting material in the first 15 minutes, average 
of 2 experiments. d) cis:trans ratio. e) 15 minutes reaction time. f ) 1 hour reaction time. g) 
(cyclohexylidenemethyl)benzene : (cyclohexenylmethyl)benzene ratio.
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both cases a clear correlation between the electron-donating properties of the 
substituent and the activity in the dehydration reaction was observed: more 
electron-donating substituents greatly enhance the reaction, while substrates 
with more electron-withdrawing substituents do not react at all. These obser-
vations suggest the involvement of a carbenium ion in the reaction mecha-
nism of both catalysts. Further work will be performed in order to explore the 
reaction mechanism using Re2O7 in more detail. Comparison of the two cat-
alysts again shows that Re2O7 is outperforming sulfuric acid in both activity 
and selectivity, except when using 1-(4-nitrophenyl)ethanol as substrate. This 
substrate does not react using Re2O7, while it slowly reacts with sulfuric acid.  
Interestingly 1-(4-methoxyphenyl)ethanol, which is transformed into the cor-
responding styrene rapidly and selectively using Re2O7, resembles the p-cou-
maryl alcohol fragment (and other methoxy-substituted phenethyl alcohols) 
known to be present in softwood lignin and has been used as a lignin model 
compound in previous research.15,16

Table 3. Substituent effect on the dehydration of para-substituted 1-phenylethanol 
by Re2O7.

a

OH

R R

0.5% Re2O7 or 2.5% H2SO4
toluene, 100 °C

R
Re2O7 H2SO4

Conversion 
(%)b

Olefin yield 
(%)b TOF (h-1)c Conversion 

(%)b
Olefin yield 

(%)b TOF (h-1)c

OMe >99 77 792 >99 11 151

H >99 97 392 >99d 42d 52

Cl >99 67 101 >99 58 28

CN 0 0 0 0 0 0

NO2 0 0 0 92 42 5

a) Reaction conditions: 2 mmol para-substituted 1-phenylethanol, 0.01 mmol Re2O7, 250 
µL pentadecane (internal standard), 10 mL toluene, 100 °C. b) GC conversion or yield after 
24 hours. c) Based on the consumption of starting material in the first 15 minutes, average 
of 2 experiments. d) After 6 hours of reaction time.
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2.3 Conclusions

In conclusion, we have found that rhenium-based catalysts are very effec-
tive in the dehydration of benzylic alcohols. Re2O7 in 0.5 mol% amount was 
shown to perform better as a catalyst in this reaction compared to the cur-
rent benchmark catalyst for this reaction, sulfuric acid in 2.5 mol% amount. 
TOFs of Re2O7 are in all cases superior to sulfuric acid without sacrificing 
selectivity for the olefin product. The rhenium-based protocol has shown an 
excellent activity and selectivity in the dehydration reaction of a methoxy-
substituted phenylethyl alcohol and holds great promise for the dehydration 
of other lignin-based alcohols. This protocol might also be of interest in the 
field of synthetic organic chemistry for the conversion of readily available 
benzylic alcohols into styrene moieties. 

2.4 Experimental section

General: 1,2-diphenylethanol, 2-methyl-1-phenypropan-1-ol and cyclo-
hexyl phenylmethanol were synthesized by reduction of the corresponding 
ketone (Sigma-Aldrich) with 4 equivalents sodium borohydride (Sigma-Al-
drich) in methanol. Sulfuric acid (95 – 97%) was obtained from Merck and 
used without further purification. All other compounds were obtained from 
Sigma-Aldrich or ABCR and used without further purification. GC analy-
sis was performed on a Perkin-Elmer Autosystem XL Gas Chromatograph 
equipped with an Elite-17 column (30 m × 0.32 mm × 0.50 µm) and a flame 
ionization detector.

Typical procedure for the rhenium-catalyzed dehydration of alcohols to olefins: 
Catalyst (0.01 or 0.02 mmol) was dissolved or suspended in toluene (10 mL). 
Substrate (2 mmol) and pentadecane as internal standard (250 µL, 192.3 mg) 
were added by syringe. The reaction flask was sealed with a septum and the 
mixture was heated with magnetic stirring to 100 °C for 24 hours. Samples 
for GC analysis were taken by syringe and filtered over neutral alumina, elut-
ing with acetone.
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Typical procedure for the sulfuric acid-catalyzed dehydration of alcohols to ole-
fins: Substrate (2 mmol) and pentadecane as internal standard (250 µL, 192.3 
mg) were dissolved in toluene (10 mL). Sulfuric acid (4.9 mg, 2.7 µL, 0.05 
mmol) was added by finnpipette. The reaction flask was sealed with a septum 
and the mixture was heated with magnetic stirring to 100 °C for 24 hours. 
Samples for GC analysis were taken by syringe and filtered over neutral alu-
mina, eluting with acetone.
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3
Rhenium-catalyzed dehydration of 
non-benzylic and terpene alcohols 
to olefins

OH
RR'
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R
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R

HO

HO

[Re]

R' R R

R

With the increasing importance of research into biomass as a feedstock for 
chemical industry, new methods to reduce the oxygen content of biomass are 
required. Here, we present our progress in the field of the dehydration reac-
tion, using various rhenium-based catalysts, with Re2O7 as the most active 
catalyst. A wide range of allylic, aliphatic, and homoallylic alcohols have been 
used as substrates under relatively mild conditions, as well as various bio-
based terpene alcohols. The reactivity and selectivity of Re2O7 is compared to 
a classical acid catalyst, sulfuric acid, and to solid acid catalysts, such as acid 
resins, zeolites and mesoporous materials. It was found that Re2O7 surpasses 
all these catalysts in both activity and selectivity, and also shows enduring 
activity after seven recycling runs.

Published as: Korstanje, T.J.; de Waard, E.F.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. 
ACS Catal. 2012, 2, 2173 – 2181.
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3.1 Introduction

Currently, the majority of the chemical industry is using fossil-based feed-
stocks. As these are running out, the search for an alternative resource is of 
growing importance. A possible alternative resource that could supply the 
building blocks required by chemical industry in a sustainable fashion is bio-
mass. Biomass can provide sufficient carbon-based material on a yearly basis 
to supply the current chemical industry of feedstock for production.1,2 Bio-
mass, however, is of very different chemical composition than fossil resources. 
The most important difference is its high oxygen content, which is mostly 
present in the form of alcohol and ether groups. To obtain building blocks 
that are currently used by chemical industry from biomass, this oxygen-to-
carbon ratio has to be lowered by either converting or removing the alcohol 
functional groups.3-5 One of the methods to remove alcohol groups is via the 
dehydration reaction, converting them into olefinic moieties and releasing 
one equivalent of water (Scheme 1).

R'

OH
R R'

R[cat] + H2O

Scheme 1. Dehydration of alcohols to olefins.

Dehydration reactions are currently performed using strong acid catalysts, 
such as sulfuric acid or p-toluenesulfonic acid,6 or solid acids, such as zeo-
lites,7 alumina,8 or zirconia.8,9 The major problems with these methods are 
their low selectivity and low functional group tolerance, as well as their acidic 
nature, causing reactor corrosion and safety issues. More selective catalysts for 
the dehydration reaction that operate under milder conditions are therefore 
desirable. We envisage that transition metal-based catalysis can be applied to 
perform this reaction and meet these criteria.

To date only a few alcohol-to-olefin dehydration reactions catalyzed by 
transition metal catalysts have been reported. Zinc-based catalysts have been 
reported to be active in the dehydration reaction,10 and catalysts based on 
ruthenium have been shown to be active in the combined dehydration / hy-
drogenation of diols.11 An interesting non-metal-catalyzed deoxydehydration 
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reaction was found in the formic acid-mediated deoxydehydration of polyols.9 
One of the very promising catalytic systems for the dehydration reaction is 
based on high-valent rhenium complexes. Methyltrioxorhenium (CH3ReO3, 
MTO) has been found to be active in both the dehydration of alcohols12 as 
well as the deoxydehydration of diols and polyols.13-15 Other rhenium(VII) 
compounds such as NBu4ReO4

14 and Cp*ReO3 (Cp* = C5(CH3)5 anion)16 
have also been found to be active in the deoxydehydration reaction. In ad-
dition, the low-valent compounds Re2(CO)10 and BrRe(CO)5 have been re-
ported to be active in the deoxydehydration reaction.14 Recently we reported 
on the reactivity of various rhenium complexes in the dehydration of benzylic 
alcohols to styrenes, and found that high-valent rhenium complexes are more 
active than low-valent rhenium complexes, with rhenium(VII) oxide (Re2O7) 
as the most active catalyst.17 With this catalyst we were able to obtain high 
yield of styrenes using mild conditions, 100 °C as reaction temperature, am-°C as reaction temperature, am-C as reaction temperature, am-
bient atmosphere, and technical grade toluene as the solvent. Furthermore, 
Re2O7 shows a higher activity than the benchmark catalyst, sulfuric acid, and 
displays an increased selectivity to give a higher yield of styrenes. 

Here, we report on the extension of the scope of the dehydration reaction to 
non-benzylic alcohols and terpene alcohols to the corresponding olefins using 
rhenium(VII) oxide as the catalyst under mild conditions.

3.2 Results

3.2.1 Allylic, aliphatic, and homoallylic alcohols

First, we set out to explore the reactivity of the Re2O7-based catalytic sys-
tem in order to extend the substrate scope beyond benzylic alcohols. A range 
of allylic, aliphatic, and homoallylic alcohols was tested in the dehydration 
reaction and compared to the benchmark dehydration catalyst, sulfuric acid 
(H2SO4). 

These reactions were performed using technical grade toluene as the solvent 
under ambient conditions and at a mild reaction temperature of 100 °C, us-°C, us-C, us-
ing 0.5 mol% Re2O7 or 2.5 mol% H2SO4. The results hereof are depicted in 
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Table 1. 2-Cyclohexen-1-ol is smoothly dehydrated to cyclohexa-1,3-diene in 
75% yield with Re2O7, while H2SO4 showed half of the activity of Re2O7 and 
a lower diene yield (entry 1). Substrate conversion is complete with both cata-
lysts and additional reaction products not mentioned in the table are likely 
higher-boiling oligomers or Diels-Alder products that do not elute from the 
GC column. In the dehydration of the tertiary allylic alcohol 1-vinylcyclo-
hexanol similar catalytic activities were observed, although in this case H2SO4 
gives the higher product yield (entry 2). In the case of the tertiary homoallylic 
alcohol 3-methyl-5-hexen-3-ol, the result is the opposite, with H2SO4 being 
the more active catalyst, but Re2O7 giving the higher product yield (entry 3). 
Use of the tertiary aliphatic alcohol 3-ethyl-3-pentanol gave similar activities 
for both catalysts and also similar yields (95%) of the corresponding olefin 
(entry 4). For these tertiary and cyclic secondary allylic alcohols conversions 
were complete in only 15 to 60 minutes of reaction time. When applying the 
same conditions to the linear secondary allylic alcohol 1-octen-3-ol complete 
conversion was not obtained and no dehydration products were observed; in-
stead a 1,3-transposition of the alcohol occurred (entry 5). Within 5 minutes 
the reaction with Re2O7 reached equilibrium at a 60:40 ratio of the starting 
compound and 2-octen-1-ol. This is in accordance with an earlier report, that 
gave a similar equilibrium ratio for this 1,3-transposition reaction, catalyzed 
by MTO.18 We also found that H2SO4 catalyzes this transposition reaction, 
although not as efficiently as Re2O7.

With secondary aliphatic or homoallylic alcohols, no reaction was observed 
with either catalyst under these reaction conditions. Raising the reaction tem-
perature to 150 °C in an autoclave did allow for the dehydration of these 
alcohols (Table 2). The use of 1,6-heptan-4-ol as the substrate gave a mixture 
of different heptatrienes. The total yield in heptatriene was determined after 
hydrogenation to heptane, being 35% at 66% conversion for Re2O7 after 4 
hours and 22% at 47% conversion for H2SO4 after 24 hours (entry 1). Similar 
results were obtained with 1-octen-4-ol as the substrate and Re2O7 as cata-
lyst, yielding 38% of octatriene at 77% conversion of the alcohol, while with 
H2SO4 only 8% of dehydration products was obtained at 32% conversion 
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(entry 2). The dehydration of 2-octanol is of particular interest as the cor-
responding dehydration product 1-octene is widely used as co-monomer for 
polyolefins such as linear low-density polyethylene (LLDPE).19 Re2O7 gave 
a good yield of octenes after 4 hours (77% yield, 81% conversion), forming 
a mixture of primarily 1-, cis-2- and trans-2-octene in a 0.75:1:1.12 ratio as 
determined by GC (entry 3). In the case of H2SO4 a similar yield in octenes 
of 82% was obtained, but after longer reaction time (24 hours) and at full 
conversion. However, with H2SO4 much more internal alkenes, including 
3-octenes, and only minor amounts of 1-octene were formed. Attempts to 
dehydrate 1-octanol failed with both catalysts; no reaction was observed with 
H2SO4, while with Re2O7 oxidation to octanal was observed together with 
the formation of trace amounts of octanoic acid and octyl octanoate (entry 4).

Table 1. Re2O7- and H2SO4-catalyzed dehydration of tertiary allylic, aliphatic and 
homoallylic alcohols and secondary allylic alcohols.a

En-
try Substrate Product

Re2O7 (0.5 mol%) H2SO4 (2.5 mol%)

Time 
(min)

Yield 
(%)

Initial rate 
(mmol 
h-1)b,c

Time 
(min)

Yield 
(%)

Initial rate 
(mmol 
h-1)b,c

1
OH

15 75b 18.5 20 58b 9.35

2
OH

30 56d 12.6 20 80d 10.1

3
OH

60 84b,e 1.15 60 60b,e 6.29

4
OH

20 96d 4.44 30 95d 4.80

5
OH

OH 5 40b,f 8.95 60 29b,f 1.0

 a) Reaction conditions: 2 mmol substrate, 0.01 mmol Re2O7 or 0.05 mmol H2SO4, 250 mL 
pentadecane (internal standard for GC) or 0.67 mmol 1,3,5-trimethoxybenzene (internal 
standard for NMR), 10 mL toluene, air, magnetic stirring, 100 °C, full conversion, all values 
averaged over 2 runs. b) Based on GC. c) Rate of consumption of starting material in the first 
5 minutes of reaction. d) Based on NMR. e) Mixture of isomers, quantified after hydrogena-
tion using 10 wt.% Pd on activated carbon. f) 40% conversion. 
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When the Re2O7-catalyzed reaction with 1-octanol, yielding octanal, was 
carried out in the absence of air no conversion was observed, indicating that 
oxygen from the air serves as the oxidant in this reaction. Oxidative transfor-
mations of alcohols to aldehydes and acids using oxygen as oxidant and (sup-
ported) rhenium oxides as catalyst are well known in the literature, although 
usually higher temperatures are needed.20

Table 2. Re2O7- and H2SO4-catalyzed dehydration of primary and secondary ali-
phatic and homoallylic alcohols.a

Entry Substrate Product
Re2O7 (0.5 mol%) H2SO4 (2.5 mol%)

Time 
(h)

Conversion 
(%)b

Yield 
(%)b

Time 
(h)

Conversion 
(%)b

Yield 
(%)b

1
OH

heptatrienes 4.5 66 33c 24 47 22c

2
OH

octadienes 4 77 38c 4 32 8c

3
OH

1-octene
cis-2-octene

trans-2-octene
trans-3-octene

3 81

19
26
29
3

24 100

9
33
38
21

4 OH O 24 82 18 24 0 0

a) Reaction conditions: 2 mmol substrate, 0.01 mmol Re2O7 or 0.05 mmol H2SO4, 250 µL 
pentadecane (IS), 10 mL toluene, air (autogenic pressure), mechanical stirring, 150 °C, Parr 
autoclave, all values averaged over 2 runs. b) Based on GC. c) Mixture of isomers, quantified 
after hydrogenation using 10 wt.% Pd on activated carbon.

3.2.2 Dehydration of terpene alcohols

Having tested the activity of Re2O7 in the dehydration of some typical 
alcohol structural fragments, we turned our attention to the dehydration of 
terpene alcohols to terpenes. We first performed a catalyst screening with a 
series of commercially available rhenium-based compounds in the dehydra-
tion of the terpene alcohol α-terpineol using the same reaction conditions, 
with technical toluene as the solvent under ambient atmosphere and 100 °C 
as the reaction temperature (Table 3). Under these conditions the major prod-
ucts in this reaction are limonene and terpinolene, with minor formation of 
α-terpinene, γ-terpinene, and p-cymene. Most of the tested rhenium-based 
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catalysts showed significant activity in this dehydration reaction. The more 
active catalysts (entries 4 – 9) are able to dehydrate α-terpineol with complete 
conversion within only 4 hours of reaction time. The most active catalyst was 
found to be Re2O7 (entry 9), which is able to reach full conversion within only 
45 minutes. 

Also perrhenic acid (HReO4, entry 8), Re(CO)5Cl, and ReIO2(PPh3)2 (en-
tries 4 and 5) are very active catalysts, requiring 1 and 1.5 hour respectively 
to completely convert α-terpineol to the corresponding terpenes. Concerning 
selectivity, the best performing catalyst is again Re2O7, being the only catalyst 

Table 3. Rhenium-catalyzed dehydration of α-terpineol to limonene and terpinolene.a

HO +
[Re]

α-terpineol limonene terpinolene

Entry Catalyst Time
(h)

Conversion
(%)b

Yield (%)b
Initial rate

(mmol h-1)b,d
Limonene Terpinolene Othersc

1 - 24 0 - - - -

2 Re (0) 24 42 28 12 3 0.105

3 Re2(CO)10
e 24 89 62 18 3 0.099

4 Re(CO)5Cl 1.5 >99 50 35 9 1.9

5 ReIO2(PPh3)2 1.5 >99 61 28 5 2.0

6 ReOCl3(PPh3)2 3 >99 61 31 2 0.84

7 CH3ReO3 4 >99 66 24 3 0.48f

8 HReO4 (aq) 1 >99 57 32 6 4.7

9 Re2O7
e 0.75 >99 65 35 - 6.3

10 KReO4 24 0 - - - -

11 NBu4ReO4 24 0 - - - -

12 NH4ReO4 24 12 5 2 - < 0.1

a) Reaction conditions: 2 mmol α-terpineol, 0.02 mmol catalyst, 10 mL toluene, air, mag-
netic stirring, 100 °C, all values averaged over 2 runs. b) Based on GC. c) Other compounds 
detected: α-terpinene, γ-terpinene, and p-cymene. d) Rate of consumption of starting mate-
rial in the first 15 minutes (entries 8 and 9), 30 minutes (entries 4 and 5), 60 minutes (entry 
6), 90 minutes (entry 7), 4 hours (entries 2 and 3), or 24 hours (entry 12) of reaction. e) 0.01 
mmol catalyst used. f ) Initiation period of 30 minutes observed.
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that showed only trace formation of side products in this reaction, while the 
other tested rhenium-based catalysts showed 2 – 9% of side product forma-
tion.

Next, we tested the effect of lowering the amount of Re2O7 on the α-terpineol 
dehydration reaction (Table 4). Using down to 0.05 mol% Re2O7 as catalyst 
(entries 1 – 3), full conversion was obtained within several hours, but upon 
using 0.02 mol% Re2O7, full conversion was not obtained within 24 hours 
(entry 4). The initial rate of the reaction also dropped as a consequence of the 
lowering of the catalyst amount from 6.3 mmol h-1 to 0.35 mmol h-1. Due to 
these characteristics, we decided to continue using 0.5 mol% of catalyst as the 
optimal catalyst loading.

Table 4. Effect of Re2O7 loading on the α-terpineol dehydration reaction.a

Entry Loading 
(mol%)

Time
(h)

Conversion
(%)b

Yield (%)b
Initial rate

(mmol h-1)b,d
Limonene Terpinolene Othersc

1 0.5 0.75 >99 65 35 - 6.3

2 0.1 5 >99 52 33 8 2.3

3 0.05 4 >99 60 29 - 1.1

4 0.02 24 89 59 29 1 0.35

a) Reaction conditions: 2 – 50 mmol α-terpineol, 0.01 mmol Re2O7, 10 – 250 mL toluene, 
air, magnetic stirring, 100 °C, all values averaged over 2 runs. b) Based on GC. c) Other 
compounds detected: α-terpinene, γ-terpinene and p-cymene. d) Rate of consumption of 
starting material in the first 15 minutes (entries 1 and 2), 30 minutes (entry 3) or 120 min-
utes (entry 4) of reaction. 

After this catalyst screening and loading optimization, Re2O7 at 0.5 mol%, 
both the most active and selective catalyst, was tested in the dehydration of 
a broad range of terpene alcohols and compared with sulfuric acid (H2SO4) 
in 2.5 mol% amount as a benchmark catalyst (Table 5). In the dehydration 
of α-terpineol (entry 1), H2SO4 produces a mixture of five different com-
pounds, with no clear preference for any of the products and with the highest 
selectivity for terpinolene at 26%, while Re2O7 produced only limonene and 
terpinolene in a 65:35 ratio. This remarkable selectivity difference was further 
investigated by testing under these reaction conditions the reactivity of both 
limonene and terpinolene, which can be considered the primary products 
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of the dehydration of α-terpineol. Using Re2O7 very little isomerization of 
both compounds (respectively 6% and 8% conversion after 45 minutes and 
an initial rate of 0.16 and 0.10 mmol h-1) is observed, while with H2SO4 
rapid reaction towards α-terpinene, p-cymene, and γ-terpinene is observed 
(respectively 33% and 22% conversion after 45 minutes and an initial rate of 
1.0 and 0.58 mmol h-1). In the dehydration of (–)-linalool (entry 2) similar 
results were obtained, with Re2O7 showing somewhat better activity, but a 
much better selectivity. With Re2O7 three products are formed in significant 
amounts with limonene as the major product in 41% selectivity, while with 
H2SO4 six products are formed with terpinolene as the major product in only 
25% selectivity. The formation of limonene and terpinolene from linalool is a 
known reaction and has been proposed to proceed via an allylic carbocation 
intermediate, which shifts from the 3- to the 1-position followed by ring clo-
sure and deprotonation.19 In the case of carveol the difference in both selec-
tivity and activity is even larger: with Re2O7 p-cymene is formed as the only 
product in a very good yield of 92%, while with H2SO4 multiple compounds 
are formed and only 16% selectivity for p-cymene is obtained (entry 3). On 
the other hand, when using isoborneol as substrate not much difference is ob-
served between the two catalysts, both forming exclusively camphene via the 
well-known Wagner-Meerwein rearrangement (entry 4).21 Also in the case 
of (−)-terpinen-4-ol little difference is observed in activity and selectivity, al-
though a higher total yield is obtained in shorter time when using Re2O7 as 
the catalyst (entry 5).

All terpene alcohols mentioned in Table 5 were dehydrated at a reaction 
temperature of 100 °C. Interestingly, the reaction of (−)-borneol, the stereo-°C. Interestingly, the reaction of (−)-borneol, the stereo-C. Interestingly, the reaction of (−)-borneol, the stereo-
isomer of isoborneol, did not proceed with either catalyst at this temperature. 
When the reaction temperature was raised to 150 °C, however, both Re2O7 
and H2SO4 convert borneol to camphene in respectively 51% and 56% con-
version, although in the case of Re2O7 also oxidation to camphor was ob-
served (Table 6, entry 1). 
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Also the secondary aliphatic alcohols menthol and isomenthol (entries 2 
and 3) did not react at 100 °C, but were converted smoothly at 150 °C to 
the corresponding menthenes with Re2O7, while H2SO4 showed moderate 
to poor conversions even after 48 hours. The secondary homoallylic alcohol 
isopulegol (entry 4) gave a poor mass balance with both catalysts at 150 °C, 
indicating the formation of side products with higher boiling points. 

As we demonstrated the use of Re2O7 as a potent catalyst for the dehydra-
tion of various terpene alcohols to terpenes, we decided to apply this pro-
cedure to tea tree oil as a proof of principle for the catalytic upgrading of 
essential oils. Tea tree oil is the essential oil obtained by pressing the leaves of 
the Melaleuca alternifolia and consists mostly of terpinen-4-ol (48%, Table 7) 
and α- and γ-terpinene (10% and 23%, respectively), with minor amounts of 
α-terpineol (7%) and some other terpenes. We applied our Re2O7-catalyzed 
dehydration protocol on this essential oil and were able to upgrade the oil 
within 30 minutes, converting all terpene alcohols and yielding 35% and 
39% of α- and γ-terpinene as the predominant compounds. As the dehydra-
tion products are already present in the untreated oil, the upgraded oil con-

Table 7. Re2O7- and H2SO4- catalyzed dehydrative upgrading of tea tree oil.a

Compound Tea tree oil Re2O7
(0.5 mol%, 30 min)

H2SO4
(2.5 mol%, 3 h)

terpinen-4-ol 48 0 0

α-terpineol 7 0 0

α-terpinene 10 35 34

γ-terpinene 23 39 36

limonene 1 5 4

terpinolene 4 9 13

isoterpinolene 0 2 0

p-cymene 7 11 13

mass balance - 92 86

a) Reaction conditions: 617 mL tea tree oil, 0.01 mmol Re2O7 or 0.05 mmol 
H2SO4, 250 µL pentadecane (IS), 10 mL toluene, 100 °C, air, magnetic stir-°C, air, magnetic stir-, air, magnetic stir-
ring, 30 minutes or 3 hours, values are selectivities based on GC and averaged 
over 2 runs.
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tains fewer components, thus increasing both yield and ease of separation of 
the terpenes. With H2SO4 a similar mixture was obtained after the reaction, 
but it took 3 hours to completely convert all the terpene alcohols to terpenes.

3.2.3 Solid acid comparison

During all experiments performed with Re2O7 as the catalyst, it was ob-
served that Re2O7 does not (completely) dissolve in the reaction medium and 
is seemingly acting as a heterogeneous catalyst. We, therefore, have also com-
pared Re2O7 with various commonly used solid acid catalysts. In Table 8 
the results of the dehydration of α-terpineol using various commonly used 
solid acid catalysts are given, again using technical toluene as the solvent 
under ambient atmosphere and 100 °C as the reaction temperature for all 
catalysts. γ-Alumina (entry 3) showed no reactivity in this reaction, and also 
the Brønsted acidic resins Amberlite IR120 and Dowex 50WX8 (entries 4 
and 5), both styrene divinylbenzene polymers functionalized with sulfonic 
acid groups, showed no or very little reactivity in this reaction under the 
given reaction conditions. Montmorillonite K10 (entry 6), a Brønsted acidic 
clay, showed reasonable activity in this reaction, although the selectivity was 
roughly comparable to that of sulfuric acid and thus much lower than Re2O7. 
Next, three different zeolites were tested, ranging from medium to large pore 
size zeolites. ZSM-5 showed a low activity under these reaction conditions 
(entry 7), while zeolites Beta and Y showed a much higher activity, with the 
latter being the more active (entries 8 and 9). Also the mesoporous alumi-
nosilicate Al-MCM-41 showed activity in this reaction (entry 10). All these 
solid catalysts showed similar selectivities, giving a mixture of five different 
compounds. Re2O7 is the one exception, showing a high reaction rate in com-
bination with the formation of only two reaction products in quantitative 

yield.
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3.2.4 Catalyst recycling

Another important characteristic of a solid catalyst is its recycling behavior. 
Recycling tests for Re2O7 were performed on the dehydration of α-terpineol. 
Recycling was carried out by centrifugation of the reaction mixture after 
the catalytic run and subsequent decantation of the solution, followed by 
addition of a new substrate solution. Seven subsequent runs were carried out 
in this manner and both the product yield after 45 minutes and the initial 
reaction rate were recorded (Chart 1). It was found that full conversion was 
reached after 45 minutes during three consecutive runs, but that activity was 
gradually lost during the seven runs performed. Despite this activity loss, 
Re2O7 still showed an activity of 1.1 mmol h-1 in the seventh run, which is 
comparable to other solid catalysts in their first run, as described above. The 
selectivity of Re2O7 remained unchanged during all runs, with limonene and 
terpinolene as the major products and only trace formation of other products 
observed.

-1

Chart 1. Recycling characteristics of the Re2O7-catalyzed dehydration of α-terpineol.

One of the factors involved in the recyclability of Re2O7 is its (partial) solu-
bility in the reaction medium. This factor was monitored by filtration over 
Celite of a reaction mixture after a catalytic run, and subsequent addition of 
a new substrate solution. The initial rate in the filtrate was compared with 
a run that was not filtered. Although the observed initial rate in the filtrate 
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was much lower than that of the non-filtered reaction mixture (1.4 versus 
5.2 mmol h-1, respectively), the activity that was found for the filtrate was 
considerable. This also indicates that both dissolved (homogeneous) and solid 
(heterogeneous) Re2O7 exhibit catalytic behavior.

3.3 Discussion

3.3.1 Rhenium-based catalyst activity 

In the dehydration of benzylic alcohols with rhenium-based catalysts we 
previously described a trend of increasing reactivity (based on the initial rate 
of reaction) with increasing oxidation state of the rhenium metal.17 The same 
trend in reactivity was observed in the catalyst screening for the dehydration 
of α-terpineol, with rhenium metal and Re2(CO)10 showing low activity, the 
Re(V) species showing good conversion at intermediate activity, while Re2O7 
and HReO4 are the best performing catalysts both in terms of conversion and 
activity. The only catalyst that falls outside of this trend is Re(CO)5Cl, show-
ing similar activity as the Re(V) species. Remarkable is also the relatively low 
activity of MTO in comparison with the other catalysts tested in this study 
and also in comparison with previously obtained results. With this catalyst 
we observed an initiation period of 30 minutes, indicating the formation of 
an active species other than MTO itself. Further research would be required 
to determine the nature of this species. Another interesting observation is the 
very low or even complete lack of activity of the perrhenate salts.

One of the factors that could be considered to explain the observed trends 
in reactivity for these rhenium-based complexes is their Lewis acidic strength. 
A higher oxidation state implies a higher Lewis acidic strength, which would 
enhance binding to the electron-rich alcohol group, thereby weakening the 
C–O bond and activating the substrate for dehydration, thus giving higher 
activity. The lack of reactivity of the perrhenate salts can also be explained in 
terms of Lewis acidic strength; since these perrhenates are negatively charged, 
they are Lewis bases and will therefore be reluctant to bind with the electron-
rich alcohol group. The ligands attached to the rhenium center exert an ad-
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ditional influence on the Lewis acidic strength of the complexes. Oxo and 
halide ligands are both σ and π electron donors, which lower the Lewis acidic 
strength of the rhenium center, while carbonyl ligands being π-acceptors will 
attenuate the Lewis acidity of the rhenium center and, accordingly, may have 
an activating effect on the complex. This could explain the relatively high 
activity of Re(CO)5Cl, even though this is a Re(I) species and can not be 
considered a Lewis acid.

Another factor of influence on the overall reactivity is the steric demand 
around the metal center, which is dependent on the number and size of the 
various ligands. In the case of ReIO2(PPh3)2 and ReOCl3(PPh3)2, the triphe-
nylphosphine ligands might cause considerable steric hindrance around the 
metal center, hampering the binding of the alcohol and thus lowering the 
overall activity. Furthermore, these complexes show very different solubil-
ity characteristics, which might also play a role. Finally, also the oxidation 
state of the complexes may change under reaction conditions, making the 
exact active species unknown at this point: the low-valent rhenium complexes 
could be oxidized to high-valent species as the reactions are performed in air. 
However, we do not observe any increase in activity during the reaction when 
using low-valent rhenium compounds. We also do not observe a significant 
color change during reaction, while rhenium complexes in higher oxidation 
state are usually clearly colored. Only after prolonged reaction time color 
changes are observed. This indicates that any potential oxidation is a slow 
process compared to the rate of the dehydration reaction, thus having a minor 
influence on the dehydration reaction. 

As the presence of air is required for the reaction to proceed, it is pos-
sible that oxygen is involved in the reaction. Possibly the rhenium catalyst 
is reduced during the catalytic cycle, and requires oxidation for the catalysis 
to occur. For MTO, it is known that it can be reduced by PPh3,

22 sulfite,15 
or H2

13 to form a rhenium(V) species, and also an alcohol can reduce the 
rhenium, yielding the corresponding ketone.23 Except for the reactions with 
1-octanol and borneol, performed at higher temperatures and with an alcohol 
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difficult to dehydrate, we however do not detect any traces of ketone at any 
point in the dehydration reaction of all other alcohols tested, rendering this 
pathway unlikely.

Furthermore, the presence of water could play a role, for instance in the 
case of Re2O7, which is known to react with water to form perrhenic acid 
(HReO4). The considerable difference in initial rate between these two cata-
lysts (4.7 vs 6.3 mmol h-1) indicates that the activity observed for Re2O7 at the 
start of the reaction can be ascribed to Re2O7 itself. As the reaction progresses 
however, the formation of HReO4 can not be excluded as a contributing fac-
tor to the overall activity.

In conclusion, many factors are at play in determining the overall reactiv-
ity of these rhenium-based dehydration catalysts. Mechanistic studies will 
be carried out on the rhenium-mediated dehydration reaction, which are ex-
pected to provide further insight in this matter.

3.3.2 Non-benzylic substrate reactivity 

In the dehydration of non-benzylic alcohols, two different trends in reactiv-
ity can be observed. When comparing the different tertiary alcohols tested 
(Table 1, entries 2 – 4), the initial rate decreases from the allylic to the ho-
moallylic tertiary alcohol, which is roughly equivalent to the aliphatic tertiary 
alcohol. Also when comparing the secondary alcohols tested (Table 1, entry 
2  and Table 2, entries 1 – 3) it is observed that the allylic secondary alcohol 
does react at 100 °C, in contrast to the aliphatic and homoallylic second-
ary alcohols. Furthermore, the aliphatic secondary alcohol 2-octanol shows a 
slightly higher conversion in shorter reaction time than the homoallylic alco-
hols, although this is a minor difference. Overall this leads to the following 
trend in substrate reactivity:

allylic > homoallylic ≈ aliphatic alcohols
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When comparing the various aliphatic alcohols (Table 1, entry 4 and Table 
2, entries 3 and 4), it is observed that the tertiary alcohol reacts at 100 °C, the 
secondary only at 150 °C, while the primary alcohol does not show any de-
hydration reaction at 150 °C. Also upon comparing the homoallylic alcohols 
(Table 1, entry 3 and Table 2, entries 1 and 2) it is observed that the tertiary 
homoallylic alcohol reacts at 100 °C, while the secondary homoallylic alco-
hols only react at 150 °C. This thus points to the following trend in substrate 
reactivity:

tertiary > secondary >> primary alcohols

Both these trends follow the trend in carbocation stability, indicating that 
a carbocation intermediate could be involved in the rhenium-catalyzed dehy-
dration reaction. The acid-catalyzed dehydration of alcohols is known to pro-
ceed via a carbocation intermediate.24,25 Combined with the observation that 
the rhenium-catalyzed and acid-catalyzed dehydration reactions show much 
similarity in terms of reactive substrates and formed products, it is likely that 
also the rhenium-catalyzed dehydration reaction proceeds via a carbocation 
intermediate. It, however, seems that the mere involvement of a carbocation 
intermediate is not the only product-determining factor. Although we mostly 
see the same products formed with both types of catalyst (rhenium and acid), 
the difference in selectivity between the two in various dehydration reactions, 
such as the dehydration of α-terpineol or linalool, is too large to conclude that 
the same mechanism is in operation. More studies will be conducted to eluci-
date the mechanism of the rhenium-catalyzed dehydration reaction.

3.3.3 Terpene alcohol reactivity 

When considering the results of the various tested terpene alcohols with 
both Re2O7 and H2SO4, it becomes clear that in most cases Re2O7 shows 
similar or higher activity than H2SO4. Of equal importance is the product 
selectivity, which is at least as high and in some cases much higher with 
Re2O7. With several substrates such as α-terpineol, carveol, and linalool, the 
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selectivity for a single product is much higher than with H2SO4, while with 
substrates such as terpinen-4-ol and (iso)menthol, the selectivity is similar 
but the total yield of products is significantly higher with Re2O7 than with 
H2SO4. The very high selectivity of Re2O7 in the dehydration of α-terpineol 
can be attributed to the sixfold lower rate of isomerization of the primary 
products limonene and terpinolene in comparison with H2SO4 while the rate 
of the dehydration reaction is comparable for both catalysts.

In the reactivity of the tested terpene alcohols an interesting difference is 
observed between isoborneol and its isomer borneol. The former is dehydrat-
ed at 100 °C, while the latter needs 150 °C to be dehydrated to camphene. 
To explain this difference in reactivity, two factors can be involved. The first 
is the electronic nature of the C–O bond, in which hyperconjugative interac-
tions play a crucial role. In the case of borneol the C–O bond of the alcohol 
and the hexasubstituted C–C bond of the bridge are anti-periplanar, thus 
maximizing hyperconjugative interactions between the electron-rich C–C σ 
bond and the antibonding C–O σ* bond, thereby lowering the bond energy 
of the C–O bond, as has also been shown experimentally.26 In the case of 
isoborneol, these bonds have a torsion angle of about 90°, which makes hy-°, which makes hy-makes hy-
perconjugative interactions minimal. This electronic consideration however 
contradicts our experimental observations that isoborneol reacts at 100 °C, 
while borneol requires a higher temperature.

The other factor of influence involves steric interactions. Steric interactions 
in borneol are smaller than in isoborneol due to the configurational differ-
ences noted above. When assuming a Brønsted acidic E1 mechanism, pro-ønsted acidic E1 mechanism, pro-nsted acidic E1 mechanism, pro-
tonation of the alcohol is not influenced in a significant manner by steric 
constraints due to the small size of a proton and also elimination of water is 
not influenced significantly by sterics. This elimination can however release 
much steric strain in isoborneol, thus making this a more favorable reaction 
compared to the same reaction in borneol. This consideration does agree with 
our experimental results. Depending on the exact mechanism, another factor 
based on steric interactions can also be of influence. An SN2-type reaction 
mechanism may be operative in this reaction; in this mechanism a proton-
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ated alcohol group is substituted to a perrhenate ester. In this case a backside 
attack on the α-carbon takes place, which is much more hindered in borneol 
compared to isoborneol. This consideration would also explain the distinctly 
different reactivity of these two substrates.

3.3.4 Solid acid catalyst activity 

In order to benchmark the catalytic performance of Re2O7 against the per-
formance of solid acids, the activity of a series of known solid acid catalysts 
was tested in the dehydration of α-terpineol. The low reactivity of the acidic 
sulfonated resins in this reaction is rather surprising, given the fact that p-
toluenesulfonic acid, which can be considered the homogeneous analogue of 
these resins, was previously found to be active in the dehydration of benzylic 
alcohols.15 The amount of acidic sites present in these resins cannot explain 
their lack of activity either, since a total amount of 0.02 mmol of acid sites 
are present, based on the dry weight exchange capacity of the resins, which is 
the same as the amount of rhenium atoms present in the rhenium-catalyzed 
reactions. A possible explanation could be found in the characteristics of the 
used acid resins. Since these are hydrophilic gel resins, they could collapse in 
hydrophobic solvents, such as toluene. This would render the acid sites un-
reachable and thus destroy the activity of the resins.

In case of the tested zeolites, mass transfer limitations seem to be of ma-
jor importance under the mild conditions used for the dehydration reaction. 
ZSM-5 has the smallest pore size of the three tested zeolites and shows al-
most no activity. The low activity that is observed could be attributed to 
extra-framework acid sites. Zeolite Beta has much bigger pores and shows a 
much higher activity, while zeolite Y has the highest pore size and the highest 
activity of the three zeolites tested here. It is thus clear that activity is cor-
related with the pore size of the zeolite, indicating diffusion limitations of the 
substrate into the pores of the zeolite.
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When considering the mesoporous material Al-MCM-41, the low activ-
ity cannot be attributed to its pore size, since it is an order of magnitude 
higher than that of the tested zeolites. The low activity could be attributed 
to its amorphous nature that can cause a non-homogeneous distribution of 
alumina in the framework and consequently a lower Brønsted acidity of the 
active sites.

The surprising inactivity of γ-alumina may be explained along a similar 
vein, in terms of insufficient Lewis acidity. As the observed activity of the 
most active rhenium catalysts (Re2O7, HReO4, ReIO2(PPh3)2) could be at-
tributed to their Lewis acidity (vide supra), the Lewis acidity of γ-alumina is 
likely of insufficient strength to catalyze the dehydration reaction under the 
given conditions.

Despite the fact that different solid acids with different structural factors 
and Si/Al ratios were tested, making direct comparison in terms of activity 
difficult, it is clear from these data that Re2O7 shows a higher activity on a 
weight-basis than any of the tested solid acids. From a selectivity viewpoint, 
the comparison is much more straightforward, showing the superior charac-
teristics of Re2O7 in this reaction, yielding only limonene and terpinolene, 
while the solid acids yield a mixture of five products and a much lower total 
conversion and yield.

3.3.5 Recycling 

During the seven recycling runs carried out for Re2O7, a loss of activity in 
the dehydration reaction of α-terpineol was observed. This loss of activity 
upon recycling can be attributed to two factors: first of all the method of 
recycling is prone to catalyst loss during decantation considering the small 
amounts of catalyst used in this reaction. The other factor is the (partial) solu-
bility of Re2O7 in the reaction medium, either as dissolved Re2O7 or, because 
of reaction with water, as HReO4. The loss of activity after the first recycling 
is 31%, which is very comparable to the remaining activity of the filtrate after 
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filtration in a separate experiment (27%), indicating that the partial solubility 
of Re2O7 is likely to be the major factor concerning the loss of activity during 
recycling.

3.4 Conclusions

We have reported on a series of rhenium-based catalyst systems that are able 
to dehydrate various alcohols to the corresponding olefins in a very efficient 
manner, with Re2O7 as the best performing catalyst. It was found that allylic, 
aliphatic, and homoallylic alcohols are readily dehydrated with Re2O7 under 
relatively mild conditions, using technical grade solvents and low reaction 
temperatures (100 – 150 °C). These conditions can also be applied to the 
dehydration of various terpene alcohols to yield the corresponding terpenes. 
As a proof of principle for its use in catalytic upgrading of essential oils, we 
have shown that this system is very effective in the upgrading of tea tree oil.

Comparison of Re2O7 with both sulfuric acid and several solid acids has 
shown that Re2O7 is the superior catalyst on the basis of both activity and se-
lectivity. Furthermore, Re2O7 remains active in the dehydration of α-terpineol 
during seven runs of recycling. These combined results make Re2O7 a highly 
potent catalyst for the dehydration reaction and an interesting alternative for 
currently used acid catalysts. Ongoing experiments in our laboratory focus 
on the understanding of the mechanism of operation of Re2O7 and other 
rhenium-based catalysts in alcohol dehydration reactions and on further im-
proving the activity and selectivity of these catalysts.

3.5 Experimental section

General: All organic compounds were obtained from Sigma-Aldrich and 
used without further purification. ReIO2(PPh3)2 and NBu4ReO4 were ob-
tained from ABCR, Re metal, Re(CO)5Cl, ReOCl3(PPh3)2, MTO, Re2O7, 
KReO4, NH4ReO4, Montmorillonite K10, Amberlite IR120 (hydrogen form, 
16 – 50 mesh), and Al-MCM-41 (mesostructured aluminosilicate) from 
Sigma-Aldrich, Re2(CO)10, HReO4 (76.5% solution in water), and Dowex 
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50WX8 (50 – 100 mesh) from Acros, and sulfuric acid (95 – 97%) from 
Merck and all were used without further purification. γ-Alumina (250 m2/g, 
500 µm < d < 850 µm) was obtained from Engelhard. Zeolites H-Y (CBV 
720) and H-Beta (CP811E-75) were obtained from Zeolyst. H-ZSM-5 was 
produced by calcination (500 °C for 3 hours) of NH4-ZSM-5 (CBV 3024E), 
which was also obtained from Zeolyst. Technical toluene was obtained from 
Interchema and used without further purification. All reactions were per-
formed in air. 

GC analysis was performed on a Perkin-Elmer Autosystem XL Gas Chro-
matograph equipped with an Elite-17 column (30 m × 0.32 mm × 0.50 µm) 
and a flame ionization detector. GC-MS analysis was performed on a Perkin-
Elmer Autosystem XL with Turbomass Mass Spectrometry Upgrade and a 
J&W Scientific DB-17 column (30 m × 0.32 mm × 0.25 µm). Products were 
analyzed by comparison with genuine samples in GC and GC-MS. 1H NMR 
spectra were recorded at 298 K on a Varian Oxford AS400 Spectrometer at 
400 MHz in toluene-d8. 

Typical procedure for the dehydration of alcohols to olefins: To the catalyst was 
added a solution of substrate (2 mmol) and pentadecane as internal standard 
(250 µL, 192.3 mg) in toluene (10 mL). The reaction flask was sealed with a 
septum, placed in a pre-heated aluminum block-heater at 100 °C and mag-°C and mag-C and mag-
netically stirred. Samples for GC analysis were taken by syringe, filtered over 
Florisil and eluted with ethyl acetate. For the reactions analyzed by NMR, 
toluene-d8 was used as the solvent and the yield was determined against 
1,3,5-trimethoxybenzene (0.67 mmol, 112.1 mg) as internal standard. When 
using a liquid catalyst, the same procedure was used, but the catalyst was 
added to the solution by Finnpipette. For the reactions at 150 °C the same 
procedure was used, but in an 18 mL Ace pressure tube (Sigma-Aldrich).
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4
Mechanistic insights into the 
rhenium-catalyzed alcohol-to-
olefin dehydration reaction

Rhenium-based complexes are 
powerful catalysts for the dehy-
dration of various alcohols to 
the corresponding olefins. 
Here, we report on both exper-
imental and theoretical (DFT) 
studies into the mechanism of 
the rhenium-catalyzed dehy-
dration of alcohols to olefins in 
general and the methyltri-
oxorhenium-catalyzed dehy-
dration of 1-phenylethanol to 
styrene in particular. The ex-
perimental and theoretical 
studies are in good agreement, 

both showing the involvement of several proton transfers, and of a carbenium 
ion intermediate in the catalytic cycle. 

Re
CH3

O
O
O

H2O

OH

+
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4.1 Introduction

Rhenium-catalyzed oxygen atom transfer (OAT) reactions, especially de-
oxygenation reactions, have received growing attention in recent years due to 
their potential application in the processing of biomass-derived substrates to 
chemical building blocks.1 The potential of rhenium complexes as catalysts 
for deoxygenation reactions was first recognized in the 1990s, by the discov-
ery that rhenium(diolato) complexes expel alkenes upon heating.2-7 In 1996, 
Cook and Andrews were the first to convert this stoichiometric reaction to a 
catalytic deoxydehydration reaction using Cp*ReO3 (Cp* = C5(CH3)5 anion) 
and PPh3 as a reductant to convert phenyl-1,2-ethanediol to styrene in good 
yield.8 In the same year the use of methyltrioxorhenium (CH3ReO3, MTO) 
as a catalyst for the dehydration reaction of various alcohols to olefins was 
reported by Zhu and Espenson.9 Very recently many extensions to both the 
deoxydehydration reaction10-15 and the alcohol-to-olefin dehydration reac-
tion16,17 catalyzed by various rhenium complexes have been reported. For the 
rhenium-catalyzed deoxydehydration reaction quite a number of mechanistic 
investigations have been performed, yet for the rhenium-catalyzed dehydra-
tion few mechanistic studies have been reported. 

For the various Brønsted acid-catalyzed alcohol dehydration reactions, 
many more mechanistic studies have been reported. The classical E1 mecha-
nism taught in organic chemistry for the Brønsted acid-catalyzed dehydra-
tion reaction involves protonation of the hydroxyl group of the alcohol, fol-
lowed by removal of water and deprotonation at the β-carbon (Scheme 1).18

R'R
OH

H+

R'R
O

H H
-H2O

R'R -H+
R R'

Scheme 1. Classical E1-type mechanism for the Brønsted acid-catalyzed dehydra-
tion reaction.

Although for simple Brønsted acids such as sulfuric or phosphoric acid this 
E1 mechanism seems generally accepted and taught, even in advanced organ-
ic chemistry courses, there are indications that the mechanism of operation 
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is more complicated. One of the issues involved with a pure E1 mechanism is 
the deprotonation of the carbenium ion, which is very slow in acidic media. 
Several kinetic investigations have indicated that the formation of ethers via 
an AdE2 mechanism and subsequent ether splitting could provide an alterna-
tive pathway.19,20 For the hydrochloric acid-catalyzed gas phase dehydration, 
a mechanism involving a concerted six-membered transition state has been 
proposed on the basis of DFT calculations, with the HCl proton linked to the 
OH group and the chloride linked to the hydrogen atom at the β-position.21 
In the case of alcohol dehydration over γ-alumina, the mechanism seems dif-
ferent from that of simple Brønsted acids. The involvement of free carbenium 
ions, as in the E1 mechanism, can be ruled out on the basis of kinetic isotope 
effect (KIE) studies. Both an SN2-type mechanism is proposed for ether for-
mation and an E2-type mechanism for dehydration towards the olefin.22-24 
Interestingly, for Keggin-type polyoxometallates based on tungsten, an E1 
mechanism was found, whereas no indications for an E2-type elimination 
were observed either by experiment or in theoretical calculations.25 

For the various rhenium-catalyzed reactions involving alcohols, includ-
ing dehydration,9,26 etherification,9,27 and 1,3-transposition,28 different reac-
tion mechanisms have been proposed in the literature. In most proposed 
mechanisms, the first step involves the reaction of MTO with the alcohol 
to form a MeReO2(OH)(OR) intermediate. Rhenium(VII) alkoxide com-
plexes are known and some have been isolated, such as ReO3(OMe) and 
ReO3(OtBu).29,30 The latter was found to be unstable above -20 °C, while the 
former is stable at room temperature, but decomposes at elevated tempera-
tures. The next step in the proposed mechanisms can be divided into two 
different groups: a concerted pathway, involving all transformations on the 
rhenium center, resembling an E2 mechanism,9,28 and an ionic pathway, in-
volving a heterolytic cleavage of the alcohol C–O bond to form a carbenium 
ion and a MeReO3(OH)− anion, resembling an E1 mechanism (Scheme 2).9,27
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Scheme 2. Proposed concerted (top half) and ionic (bottom half) alcohol-to-olefin 
dehydration reaction mechanisms catalyzed by MTO.

As various pathways may be active, primarily dependent on the catalyst ap-
plied, we consider both types of mechanisms in our investigations. Here, we 
report on both our experimental and theoretical research efforts to elucidate 
the mechanism of the rhenium-catalyzed dehydration reaction. We have in-
vestigated various aspects of the mechanism experimentally by determining 
the influence of electronic parameters of substituents and the influence of 
the presence of nitrogen bases, water, and oxygen on the rhenium-catalyzed 
alcohol-to-olefin dehydration reaction. Furthermore, indications for the rate-
determining step are obtained by kinetic isotope effect studies, reaction order 
determinations, and substrate reactivity trends. Next, both the concerted and 
ionic pathway are investigated using DFT calculations, and compared with 
the experimental results.
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4.2 Experimental mechanistic results

Previously, we reported on the Re2O7-catalyzed dehydration of benzylic 
alcohols to the corresponding styrene moieties.16 We found a strong influ-
ence of the electronic parameters of para-substitution on the phenyl ring of 
1-phenylethanol with both Re2O7 and sulfuric acid (H2SO4) as catalyst (Table 
1): electron-donating substituents result in an increase in reaction rate, while 
electron-withdrawing substituents bring the reaction to a halt. Interestingly, 
p-nitrophenylethanol, the most electron-poor alcohol tested, does show reac-
tion with H2SO4 as catalyst, whereas with Re2O7 as catalyst no reaction is ob-
served. p-Cyanophenylethanol, being less electron-poor than p-nitrophenyl-
ethanol, does not react with either catalyst. The very strong electronic effect 
observed indicates the buildup of positive charge during the rate-determining 
step, possibly via the formation of a carbenium intermediate. 

Table 1. Effect of para-substituents on the phenyl ring of 1-phenylethanol in the 
dehydration reaction of 1-phenylethanol to styrene.a,16

OH

R R

0.5% Re2O7 or 2.5% H2SO4
toluene, 100 °C

R σb

Re2O7 H2SO4

Time 
(h)

Yield 
(%)c

Initial rate 
(mmol h-1)c,d

Time 
(h)

Yield 
(%)c

Initial rate 
(mmol h-1)c,d

OMe -0.27 0.5 77 7.92 0.25 11 7.55

H 0 2 97 3.92 2 42 2.60

Cl +0.23 4 67 1.01 24 58 1.40

CN +0.66 24 - - 24 - -

NO2 +0.78 24 - - 24 42 0.25

a) Reaction conditions: 2 mmol substrate, 0.01 mmol Re2O7 or 0.05 mmol H2SO4, 250 
μL pentadecane (IS), 10 mL toluene, 100 °C, full conversion. b) Hammett parameter.31 
c) Based on GC. d) Rate of consumption of starting material in the first 15 minutes of 
reaction.
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When monitoring the alcohol-to-olefin dehydration reaction in time, a 
typical reaction profile as depicted in Chart 1a is observed. At the start of the 
reaction 1-phenylethanol is being consumed, while styrene forms simultane-
ously with diphenethyl ether. When the starting material is nearly exhausted, 
the ether concentration reaches a maximum, after which its concentration 
gradually decreases, while the styrene concentration further increases to near-
quantitative yield after 24 hours. When starting from diphenethyl ether for-
mation of styrene and minor amounts of 1-phenylethanol occur, although the 
reaction proceeds slowly compared to the alcohol-to-olefin reaction (initial 
rate of 0.5 mmol h-1 for both Re2O7 and H2SO4 as catalyst, compared to 
4.3 mmol h-1 and 2.6 mmol h-1 for Re2O7 and H2SO4, respectively, for the 
dehydration of 1-phenylethanol). This indicates that the ethers can be both 
reversibly formed from the alcohol and directly transformed to styrene and 
1-phenylethanol.

The monitoring in time of the dehydration reaction also shows an interest-
ing distinction between the different catalysts used. Plotting of the styrene 
yield against the conversion of 1-phenylethanol using Re2O7, MTO, H2SO4, 
or p-toluenesulfonic acid (pTSA) as the catalyst reveals that both rhenium-
based catalysts show significantly higher styrene yields during the reaction 
compared to the Brønsted acid catalysts (Chart 1b). The final yield of styrene 
is a lot lower with H2SO4 as catalyst than for the rhenium catalysts, but in 
the case of pTSA the yield surprisingly increases rapidly near the end of the 
reaction, to give a final yield of styrene comparable to the rhenium catalysts. 
Likewise, the conversion-yield relationship for ether formation shows the in-
verse trend, with the rhenium-based catalysts giving a low amount of ethers 
during the reaction, while the Brønsted acid catalysts show a significantly 
higher amount of ether formation (Chart 1c). Both show a sharp decrease of 
the amount of ether upon reaching full conversion, as was also deduced from 
the reaction profile. A consideration of the amount of missing components, 
likely consistent of oligomers or polymers of styrene which do not elute from 
the GC column, against the conversion shows a similar trend as for ether for-
mation (Chart 1d): Re2O7 and MTO show virtually no oligomerization dur-
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ing the reaction, while H2SO4 shows the formation of considerable amounts 
of oligomers (over 60% at full conversion of 1-phenylethanol). In the case of 
pTSA very little oligomers are formed during the reaction, although at con-
versions above 90% oligomers are also formed. These data clearly show that 
the selectivity profile for the rhenium-based catalysts is distinctively different 
from those of the Brønsted acid catalysts, indicating that the kinetic param-
eters differ substantially.

2 4

2 7

2 4

2 7

2 4

2 7

Chart 1. (a) Reaction profile of MTO-catalyzed dehydration reaction of 1-phenyle-
thanol to styrene and the corresponding ether. (b) Conversion-yield plot for the de-
hydration reaction of 1-phenylethanol to styrene catalyzed by Re2O7, MTO, H2SO4, 
and pTSA. (c) Conversion-yield plot for the side reaction of 1-phenylethanol to di-
phenethyl ether catalyzed by Re2O7, MTO, H2SO4, and pTSA. (d) Conversion-yield 
plot for the oligomerization of styrene, resulting from the dehydration of 1-phenyl-
ethanol, catalyzed by Re2O7, MTO, H2SO4, and pTSA. Negative values are due to 
measurement errors in the GC.

An interesting indication for the mechanism at operation can be derived 
from the products formed in the dehydration reaction. Earlier we have also re-
ported on the Re2O7-catalyzed dehydration reaction of (iso)borneol, yielding 

(a) (b)

(c) (d)
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camphene as the only product (Scheme 3, top).17 This reaction proceeds via a 
1,2-sigmatropic shift, well known as the Wagner-Meerwein rearrangement.32 
The fact that the rearrangement product camphene is quantitatively formed, 
indicates that a carbenium ion is part of the reaction mechanism. Another 
indication for a carbenium intermediate is found in the Re2O7-catalyzed de-
hydration of linalool, which yields limonene and terpinolene in a combined 
selectivity of 65% (Scheme 3, bottom). This ring closure reaction likely also 
proceeds via a carbenium ion, although the lower selectivity observed to-
gether with the formation of 2,6-dimethyloctatriene (32% selectivity, cyclic 
: linear ratio is 2:1) indicates that the cyclization kinetically competes with 
deprotonation to form the linear olefin. Interestingly, with H2SO4 as the cata-
lyst the amount of cyclic olefins relative to the linear olefins is much higher 
(7.85:1), showing that the cyclization process is much faster than deproton-
ation of the linear cationic intermediate when H2SO4 is used as the catalyst.

OH
Re2O7 or H2SO4
toluene, 100 °C

Re2O7 or H2SO4
toluene,100 °C

HO +

Re2O7: 43%
H2SO4: 20%

22%
25%

32%
11%

+

Scheme 3. Dehydration of isoborneol to camphene (top) and of linalool to limonene, 
terpinolene, and 2,6-dimethyloctatrienes (bottom).

The reactivity of the various alcohols tested in the dehydration reaction 
could also give relevant information on the reaction mechanism. Previously, 
we tested a broad range of alcohols: benzylic, allylic, aliphatic, and homoal-
lylic, and tertiary, secondary, and primary alcohols.16,17 Within one class of 
alcohols (tertiary, secondary), the following trend in reactivity was observed, 
based on the initial rate of disappearance of the alcohol:

benzylic > allylic > homoallylic ≈ aliphatic alcohols



chaPter 4

65

When considering the reactivity of substrates within the classes of either 
benzylic, aliphatic, or homoallylic alcohols, the following reactivity trend was 
observed:

tertiary > secondary >> primary alcohols

Both these trends clearly follow the trend in stability of the corresponding 
carbenium ion, although the homoallylic carbenium ion is expected to be 
somewhat more stable than the comparable alkyl carbenium ion due to the 
involvement of the bicyclobutonium and cyclopropylcarbinyl ions.33-35 Nev-
ertheless, the observed trend is a strong indicator for the involvement of a 
carbenium ion in the dehydration mechanism. 

Next, the influence of various additives on the alcohol-to-olefin dehydra-
tion reaction was tested. For rhenium-catalyzed epoxidation reactions it is 
known that Lewis bases can coordinate to the highly Lewis acidic MTO, in-
fluencing the activity and/or selectivity.36 On the other hand, Brønsted bases 
could also have an influence by decreasing proton activity in the reaction 
medium. Therefore, we performed the reaction of 1-phenylethanol to styrene, 
catalyzed by MTO, in the presence of 20 equivalents of nitrogen base (rela-
tive to MTO, Table 2). A wide variety of nitrogen bases was tested, ranging 
from low to high base strength and from unhindered to strongly hindered 
bases. Coordination of the base to MTO was probed via solution phase IR 
spectroscopy, monitoring the very strong anti-symmetrical Re=O vibration. 
As reported previously,16 MTO catalyzes the dehydration of 1-phenylethanol 
very efficiently, with full conversion and a good yield (89%) of styrene after 
24 hours. In the presence of all but two of the nitrogen bases, pyrazole and 
2,6-di-tert-butylpyridine, the reaction does not proceed at all. From the in-
frared spectrum it is observed that pyrazole weakly coordinates to the MTO 
center, showing both the Re=O vibration of free MTO (965 cm-1) and of the 
MTO-pyrazole adduct (938 cm-1), while the sterically hindered 2,6-di-tert-
butylpyridine does not coordinate, as shown by the presence of the 965 cm-1 
absorption and the absence of absorption in the lower energy region. These 
two additives are also the weakest bases tested, with a pKa of the conjugate 
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acid of 2.5 and 3.6, respectively. When considering the more basic additives 
tested, it is observed that coordination to the rhenium center does not play 
a significant role, as both coordinative (e.g. pyridine, piperidine) and non-
coordinative bases (e.g. 2,6-lutidine, DIPEA) completely prevent any reaction 
from occurring. These results show that bases with a pKa of the conjugate 
acid higher than 4 prevent the reaction from occurring, not via coordination 
to the metal, but likely by decreasing the proton activity of the reaction me-
dium. This is an indication that a proton transfer is involved in the reaction 
mechanism.

Table 2. Influence of nitrogen bases on the MTO-catalyzed dehydration reaction of 
1-phenylethanol to styrene and the corresponding ether, ordered by increasing pKa.

a

OH

1% MTO, 20% nitrogen base,
toluene, 100 °C, 24 h

Additive pKa
b Conversion 

(%)c

Yield (%)c
ν (antisym Re=O) 

(cm-1)d
Styrene Ether

- - >99 89 11 965

pyrazole 2.5 13 4 5 938, 965

2,6-di-tert-butylpyridine 3.6 9 3 4 965

2,2’-bipyridyl 4.3e - - - 915

pyridine 5.2 - - - 934

2,6-lutidine 6.7 - - - 965

triethylamine 10.8 - - - 965, 934

quinuclidine 11.0f - - - 930

piperidine 11.1 - - - 930

DIPEAg 11.4h - - - 965

a) Reaction conditions: 2 mmol 1-phenylethanol, 0.02 mmol MTO, 0.40 mmol additive, 
250 μL pentadecane (IS), 10 mL toluene, 100 °C, 2h. b) pKa of the conjugate acid, values 
from ref 37, unless otherwise mentioned. c) Based on GC. d) Solution infrared studies of 
MTO and 2 equivalents additive in toluene. e) Value from ref 38. f ) Value from ref 39. g) 
N,N-diisopropylethylamine. h) Value from ref 40. 
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Next, both the MTO- and H2SO4-catalyzed dehydration reaction of 
1-phenylethanol to styrene were used to determine the kinetic order of the 
different components in the reaction (Chart 2). For 1-phenylethanol the reac-
tion order was found to be unity in the 20 mM – 1.2 M initial concentration 
regime using Re2O7 as the catalyst. For H2SO4 also a first order relationship 
was found for the 2 – 20 mM concentration regime. The order in MTO was 
found to be unity in the 0.1 – 3.2 mM concentration range, but in the higher 
concentration regime (3.2 – 16 mM), the reaction order seems to decrease, 
approaching zero at a concentration of 16 mM. This indicates a change of 
rate-determining step from one where MTO is involved to one where MTO 
is not involved upon increasing the MTO concentration. The experiments 
described here are all performed at a MTO concentration of 2 mM, thus in 
the regime where the dependence on MTO is first order. 

y = 0.9482x + 0.1643
R2 = 0.9935

y = 0.8859x - 0.4957
R2 = 0.9908

2 7

y = 0.1487x - 0.2745
R2 = 0.9074

2 4

y = 1.0140x + 1.0877
R2 = 0.9486

Chart 2. Order determination for 1-phenylethanol (starting concentration varied 
between 20 mM – 1.2 M), MTO (0.1 – 16 mM), Re2O7 (1 – 20 mM) and H2SO4 (2 
– 20 mM).
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In contrast with the reaction orders found for the other catalysts, the reac-
tion order in Re2O7 was determined at 0.15. Re2O7, however, does not com-
pletely dissolve in the reaction medium, making mass transfer limitations 
an important issue, which could explain the fractional reaction order. In or-
der to probe mass transfer limitations, we prepared various sieve fractions of 
Re2O7. Three sieve fractions were tested as catalyst in the dehydration reac-
tion of α-terpineol to give limonene and terpinolene,17 using Re2O7 particle 
sizes of 850 – 500 μm, 500 – 150 μm, and <150 μm (Table 3). The measured 
initial rates of consumption of the starting material were 6.5, 8.2, and 10.2 
mmol h-1, respectively, indeed showing a correlation with particle size. This 
confirms that mass transfer limitations play an important role in the Re2O7-
catalyzed dehydration reaction. 

Table 3. Influence of Re2O7 particle size on the Re2O7-catalyzed dehydration of 
α-terpineol.

Re2O7 particle size (μm) Initial rate (mmol h-1) Time (min) Olefin yield (%)

850 – 500 6.5 60 84

500 – 150 8.2 45 85

< 150 10.2 30 89

During our catalytic experiments we found an interesting dependence of 
the dehydration reaction on the presence of water and oxygen. When per-
forming the reaction under water- and oxygen-free conditions, no reaction is 
observed. When performing the reaction under oxygen-free conditions, but 
in the presence of water, the reaction proceeds very sluggishly, giving only 
6% conversions, corresponding to 6 turnovers, after 24 hours. This indicates 
that both water and oxygen play a vital role in the reaction mechanism. The 
dependence on water can be rationalized if a proton transfer is involved in 
the reaction mechanism, since this can be facilitated by small amounts of 
water in the reaction medium. The dependence on oxygen could indicate 
that during the reaction the catalyst is reduced, rendering it inactive, and an 
oxidant is required for enduring catalytic performance. It is known that one 
of the oxygen atoms of MTO can be removed by mild reductants such as 
H2,

10 PPh3,
41 or sulfite11 to form methyldioxorhenium(V) (MDO). At higher 
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temperatures it has also been demonstrated that alcohols can be oxidized to 
the corresponding ketone and as such act as a reducing agent toward MTO.13 
Under our reaction conditions no ketones have been observed, which would 
render this pathway unlikely.

An important tool to probe the rate-determining step is the use of isotopic 
labeling at various positions in the substrate to probe the involvement of a 
kinetic isotope effects (KIE). Therefore, we synthesized 1-phenylethanol with 
either one deuterium at the α-carbon of the alcohol or three deuteria at the 
β-position. Both compounds were used as substrate in the dehydration reac-
tion, using either Re2O7 or H2SO4 as catalyst, and the initial rate of disap-
pearance of the starting material was compared to that of non-deuterated 
1-phenylethanol (Table 4). The KIE of 1-phenylethanol-d1 was determined 
at 1.3 and 1.2 for Re2O7 and H2SO4, respectively, for 1-phenylethanol-d3 the 
KIE was 1.5 and 1.7 for Re2O7 and H2SO4, respectively. For the solvolysis 
of 1-phenylethyl chloride in polar solvents, known to proceed via an SN1 
mechanism, an α-KIE of 1.15 and a β-KIE of 1.23 at 25 °C was report-
ed.42 The somewhat higher KIE’s observed in the 1-phenylethanol dehydra-
tion compared to the solvolysis of phenylethyl chloride could be explained 
by the minor involvement of nucleophilic attack in the solvolysis, resulting 
in a lower KIE. Also the elevated temperature required for the dehydration 
reaction could influence the KIE, although further studies are required to 
determine the influence of temperature on the KIE in this reaction. On the 

Table 4. Kinetic isotope effects of the Re2O7- and H2SO4-catalyzed dehydration of 
1-phenylethanol-d1 and 1-phenylethanol-d3.

Substrate
Kinetic isotope effect (kH/kD)

Re2O7 H2SO4

CH3

OH

D
1.28 1.18

CD3

OH

1.48 1.65
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other hand, the KIEs observed here are much lower than those to be expected 
when proton loss at the β-carbon is rate-determining.43 Overall, it can be 
concluded from the KIE measurements that a secondary KIE is at play with 
both 1-phenylethanol-d1 and -d3, thus that both the α- and β-C–H/D bond 
is not broken in the rate-determining step, ruling out proton loss as the rate-
determining step.

Finally, we determined the activation barriers of the dehydration reaction 
by varying the temperature between 50 °C and 100 °C and measuring the ini-
tial rate of consumption of the 1-phenylethanol starting material (Chart 3). A 
linear fit on the ln (initial rate / T) versus 1/T was performed and from this 
the activation enthalpy (ΔH ‡), entropy (ΔS ‡) and Gibbs free energy (ΔG ‡) 
were obtained using the Eyring and Arrhenius equations. For the MTO-
catalyzed dehydration reaction the free energy of activation ΔG ‡ = 58.6 kJ 
mol-1, for the H2SO4-catalyzed reaction ΔG ‡ = 54.0 kJ mol-1. In both cases 
a small and negative entropy of activation ΔS ‡ = -8.3 J mol-1 K-1 was found, 
indicating that the transition state is in a more ordered state than the starting 
state, likely caused by the encounter of two reactant molecules.

y = -6746x - 2.977
R2 = 0.9514
∆G‡

298 K = 58.57 kJ mol-1
∆H‡ = 56.10 kJ mol-1
∆S‡ = -8.30 J mol-1 K-1

y = -6197x - 2.773
R2 = 0.6757
∆G‡

298K = 54.00 kJ mol-1
∆H‡ = 51.53 kJ mol-1
∆S‡ = -8.29 J mol-1 K-1

Chart 3. Eyring plot for the dehydration reaction of 1-phenylethanol to styrene us-
ing MTO (left) or H2SO4 (right) as catalyst. Reaction conditions: 2 mmol 1-phenyl-
ethanol, 0.02 mmol MTO or 0.05 mmol H2SO4, 250 μL pentadecane (IS), 10 mL 
toluene, 50 – 100 °C. ΔH ‡ derived from Eyring equation, ΔG ‡ from Arrhenius 
equation, ΔS ‡ follows from the Gibbs free energy equation.

Summarizing the experimental mechanistic work reported here, the addi-
tion of both coordinating and non-coordinating nitrogen bases of sufficient 
base strength inhibit the reaction, indicating that proton transfer plays a role 
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in the mechanism. In addition, the strong dependence of the dehydration 
reaction on water also indicates that proton transfer is involved in the mecha-
nism. The found carbon skeletal rearrangements and the trends in reactivity 
of different alcohols point to the involvement of a carbenium species, which 
is in accordance with the role of proton transfer in the mechanism. Proton 
loss is, however, not involved in the rate-determining step, as proven by the 
experimental KIEs. Finally, kinetic order determinations have shown that 
both the reaction order in substrate and catalyst is unity and thermodynamic 
analysis has shown a small and negative entropy of activation, indicating that 
both substrate and catalyst are involved in the rate-determining step. 

4.3 DFT calculations

Next to the experimental investigations, we decided to investigate the 
mechanism of the rhenium-catalyzed alcohol-to-olefin dehydration reaction 
by means of density functional theory (DFT). In doing so, we have focused 
on both concerted and ionic pathways (Scheme 2, vide supra). For the DFT 
calculations we have used MTO as the catalyst, as MTO is completely soluble 
in toluene, the solvent applied in all experimental investigations, and is mono-
meric in solution, in contrast to Re2O7, which has a polymeric form, thereby 
complicating the DFT calculations. In addition, we have used 1-phenyletha-
nol as the substrate. We have applied the B3LYP functional and 6-31G** basis 
set for H, C, and O, and LANL2DZ plus ECP for Re in these calculations. 

In these calculations, the first step in both pathways is the coordination 
of 1-phenylethanol to MTO. We have investigated four different reactions: 
a [2+2] addition of the alcohol O–H bond over the Re–CH3 bond (TS1-A, 
Chart 4), a [2+2] addition of the alcohol O–H bond over a Re=O bond 
(TS1-B), and two additions via a six-membered transition state (TS1-C and 
TS1-2). TS1-2 involves a proton transfer from the alcohol OH to a second alco-
hol molecule, concurrent proton transfer from the second alcohol molecule 
to a Re=O group and alkoxide coordination to the rhenium center. TS1-C 
also involves two 1-phenylethanol molecules, yet three extra water molecules 
are added to provide stabilization of the proton transfer step. In the case of 
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TS1-B, TS1-C, and TS1-2 the result is the formation of a coordinated alkoxide 
and protonation of a rhenium oxo group, while with TS1-A the formation of a 
coordinated alkoxide is accompanied by the formation of methane.
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Chart 4. Calculated Gibbs free energies of the reaction of MTO with 1-phenyletha-
nol. All complexes except 1 are van der Waals complexes.

The [2+2] addition of the O–H bond over a Re=O bond (TS1-B) has a 
Gibbs free energy of activation ΔG ‡ = 121.8 kJ mol-1 (relative to the van der 
Waals complex) and is endergonic (ΔrG = 41.4 kJ mol-1), while the [2+2] addi-
tion over the Re–CH3 bond (TS1-A) is inaccessibly high in activation energy 
(ΔG ‡ = 187.3 kJ mol-1), but is quite exergonic (ΔrG = -68.2 kJ mol-1). The six-
membered transition state TS1-2 has a free energy ΔG  = 68.0 kJ mol-1, which 
is energetically the most favorable pathway for the formation of an alkoxide 
species. This pathway is likely the most favored due to the reduced strain in 
the six-membered transition state, compared to the much more strained four-
membered transition states of both TS1-A and TS1-B. The related six-membered 
transition state TS1-C, involving three additional water molecules, has a free 
energy ΔG  = 117.3 kJ mol-1. Three water molecules were added to interact 
with the lone pairs on every oxo group, which was expected to provide stabi-
lization of a potentially charged MTO species (vide infra). The much higher 
free energy of activation of the latter pathway, however, is likely caused by the 
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reduced nucleophilicity of the oxo groups of MTO, as the oxo groups donate 
electron density to the additional water molecules, thereby stabilizing the 
MTO molecule and raising the activation energy. Intermediate C, surpris-
ingly, is very high in energy, even higher than TS1-C. This is probably caused 
by the difficulty of doing a full conformational space analysis due to the high 
number of fragments in this state, combined with a poor treatment of the 
entropic term (vide infra).

Another possible reaction pathway for coordination of 1-phenylethanol to 
the catalyst proceeds via a hydration reaction of MTO with water to form 
a MeReO2(OH)2 intermediate (D), again either in a [2+2] fashion (TS1-D, 
Chart 5) or via the six-membered transition state TS1-E or TS1-F. Subsequent 
reaction with 1-phenylethanol can proceed via the [2+2] addition TSF-H or 
either of the six-membered transition states TSE-G or TSE-I involving addi-
tional water molecules. TS1-E requires a free energy of activation ΔG ‡ = 80.6 
kJ mol-1, while TS1-F is somewhat lower in free energy (ΔG  = 70 kJ mol-1), 
making both pathways comparable in energy to the most favorable alkoxide 
formation mentioned above. The following reaction to coordinate 1-phenyl-
ethanol, however, leads to inaccessibly high overall activation energies (ΔG ‡ = 
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170 – 180 kJ mol-1), indifferent to the followed pathway (TSE-G, TSF-H, TSE-I), 
rendering the hydrated pathway implausible. Subsequent reactions from in-
termediates G, H, or I towards dehydration of the 1-phenylethoxide and clo-
sure of the catalytic cycle were therefore not considered.

After coordination of 1-phenylethanol to the rhenium catalyst, we first in-
vestigated the concerted mechanism, in which the β-proton transfers intra-
molecularly to either a Re=O or Re–OH group via a six-membered transition 
state (TSB-J or TSB-3, Chart 6). The first reaction yields MeReO2(OH)2 to-
gether with styrene, while the latter directly recovers the MTO catalyst while 
expelling water and styrene. Both TSB-3 and TSB-J, however, require a high 
activation energy ΔG ‡ = 138 and 166 kJ mol-1, respectively, and are therefore 
implausible. 
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Chart 6. Calculated Gibbs free energies for the intramolecular proton transfer from 
the β-position of the 1-phenylethoxide to either a rhenium oxo or rhenium hydroxyl 
group, starting from MeReO2(OH)(1-PE) and finally yielding styrene, MTO, and 
water. All complexes except 3 are van der Waals complexes.

As the concerted pathway, either via a hydrated (Chart 5) or non-hydrated 
(Chart 6) rhenium species, lies very high in free energy, we further investi-
gated the ionic pathway. In this pathway, the C–O bond of the alcohol is bro-
ken after coordination to the rhenium catalyst, yielding an anionic rhenium 
species and a carbenium intermediate. As DFT disfavors charge separation, 
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even when using an implicit solvent model such as the polarizable continuum 
model (PCM) applied here, the direct breakage of the C–O bond, forming 
a styrene carbenium ion and a rhenium anion, is very high in energy (ΔrG > 
450 kJ mol-1). Upon addition of explicit solvent molecules though the charges 
are more stabilized and more reasonable energies can be obtained. We, there-
fore, have calculated the C–O bond breakage reaction using two additional 
water molecules and an additional 1-phenylethanol molecule, which are hy-
drogen bonded to the oxo groups of the rhenium complex (Chart 7). The van 
der Waals starting complex, intermediate C (Chart 4), has a very high free 
energy in comparison with the separated fragments (intermediate 2, ΔGC = 
254.1 kJ mol-1 versus ΔG2 = 48.3 kJ mol-1), indicating that the entropic term 
is not well treated. We have compensated for this error by treating the con-
secutive steps as a separate reaction and setting intermediate 2 at zero, thereby 
relating the consecutive complexes to that point, yet not changing the relative 
free energies of activation.

This pathway consists of a number of consecutive reactions; the first is the 
C–O breakage of the alkoxide fragment 2, which is stabilized by an alcohol 
molecule (TS2-4, ΔG ‡ = 49.4 kJ mol-1), resulting in the anionic rhenium spe-
cies [MeReO3(OH)]– and a carbenium ion (4). Next, the β-proton of the car-
benium ion is transferred to a water molecule (TS4-5), yielding a molecule of 
styrene (5). The fact that TS4-5 is slightly lower in energy than 4 indicates that 
the energy surface is very shallow at this point. Subsequently another proton 
transfer occurs from the hydronium ion to the rhenium anion, yielding the 
neutral MeReO2(OH)2 species and water (TS5-6, ΔG ‡ = 11.9 kJ mol-1). The 
overall reaction of this pathway is slightly exergonic (ΔrG = -37.4 kJ mol-1). 
The very low relative energy of the charge-separated fragments is notewor-
thy, as usually DFT overestimates the energy of charge-separated fragments. 
Likely, this is caused by errors in the treatment of coulombic interactions 
and charge dispersion forces, two factors that are known to be poorly rep-
resented by standard DFT methods.44 Although this hampers the reliability 
of the Gibbs free energies of intermediates 5 and 6, both are sufficiently low 
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in energy that neither is likely to actually lie above the energy of any of the 
preceding intermediates (2 or 4), therefore not playing a limiting role in the 
catalytic cycle.
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The formed MeReO2(OH)2 can finally expel an equivalent of water, to re-
produce the original catalyst species MeReO3. This reaction is the reverse 
reaction of the hydration reaction, 1-E (Chart 5), having a relatively low ac-
tivation energy barrier (ΔG ‡ = 21.0 kJ mol-1), thereby closing the catalytic 
cycle. The overall reaction leading from 1 to 3 is slightly endergonic (ΔrG = 
4.9 kJ mol-1).

The DFT results, in summary, show that the lowest energy pathway found 
proceeds via the coordination of an alcohol molecule to the MTO catalyst via 
a proton transfer, involving six-membered transition state TS1-2, assisted by 
an additional alcohol molecule, forming the alkoxyhydroxyrhenium species 
2 (Scheme 4). Next, the alkoxide in intermediate 2 undergoes C–O cleavage, 
stabilized by an additional alcohol molecule and two additional water 
molecules (TS2-4), to form the charge-separated intermediate 4. Subsequently 
proton transfer from the β-position of the carbenium ion to a water molecule 
(5), and proton transfer from the hydronium ion to the rhenium anionic 
species occurs, forming styrene and MeReO2(OH)2 (6). Finally, water is 
expelled from intermediate 6, assisted by an additional water molecule via 
six-membered transition state TS1-E, thereby recovering the catalyst MTO 
and closing the catalytic cycle.
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Scheme 4. Calculated lowest energy pathway for the MTO-catalyzed dehydration 
of 1-phenylethanol, yielding styrene and water.

This catalytic cycle can be described best as an E1-type mechanism and 
is very similar to that generally proposed for the Brønsted acid-catalyzed al-
cohol-to-olefin dehydration reaction involving a carbenium ion.18 The main 
difference, however, lies in the pKa of the hydroxyrhenium species, which is 
expected to be lower than that of the strong Brønsted acids usually applied in 
dehydration reactions, thereby making the deprotonation step of the carbe-
nium ion more plausible. We, however, did not calculate the ether formation 
step here, which is proposed to be a relevant pathway in the Brønsted acid-
catalyzed reaction,19,20 and therefore we do not rule out the involvement of 
such a pathway in the rhenium-catalyzed reaction. 

The mechanisms proposed in literature for the γ-alumina-catalyzed dehy-
dration reaction, proceeding via an E2-type mechanism,22-24 can be ruled out 
for the rhenium-catalyzed reaction on the basis of the high activation energies 
found for the concerted mechanism, depicted in Chart 6. The mechanism 
presented here does resemble the one found for tungsten-based polyoxometal-
lates, for which also an E1-type mechanism has been proposed.25 As MTO 
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and tungsten-based polyoxometallates are based on neighboring third-row 
transition metals, and both are in high oxidation states, primarily ligated by 
oxygen atoms, the similarity in mechanism is not unexpected.

The activation energies that we have found for the coordination of either 
a water molecule or the alcohol fragment via the [2+2] addition are in good 
agreement with those reported in literature for the very similar coordination 
of a diol to MTO, forming a diolate species under the expulsion of water.45

When correlating the experimental and theoretical calculations, many ob-
servations found in experiment are complemented by the DFT calculations. 
The involvement of a carbenium intermediate was found by the observed sub-
strate reactivity trends and rearrangements and was also found in the DFT 
calculations. The role of proton transfers, as indicated by the influence of 
water and nitrogen bases, is also involved in the mechanistic cycle determined 
by DFT. The role of oxygen, experimentally found to be required for the 
rhenium-catalyzed dehydration reaction, can not be correlated with the DFT 
calculations, and it remains unclear what its influence is caused by. The exact 
activation energy as found by experiment could not be confirmed by DFT, 
due to uncertainty in the Gibbs free energy in the second part of the cycle, 
which involves several fragments, and causes poor treatment of the entropic 
term in DFT. Overall, a good agreement between experiment and theory was 
found, indicating that the mechanism found by DFT calculation is plausible.

4.4 Conclusions

In conclusion, we have performed both experimental and theoretical studies 
on the rhenium-catalyzed alcohol-to-olefin dehydration reaction in general, 
and the MTO-catalyzed dehydration reaction of 1-phenylethanol to styrene 
in particular. The experimental studies showed the dependence on water and 
the intolerance to base, and the involvement of proton transfer in the cata-
lytic cycle. In combination with the observed substrate reactivity trends and 
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rearrangements, these strongly suggest the involvement of a carbenium ion 
intermediate. Kinetic isotope effect studies, furthermore, ruled out proton 
loss from the β-position of the alcohol as the rate-determining step.

The DFT calculations indicated that the lowest energy pathway most likely 
proceeds via coordination of the alcohol to the rhenium center, subsequent 
C–O breakage, yielding a carbenium ion, proton transfer from the carbe-
nium ion to water, forming styrene, and subsequent proton transfer from the 
hydronium ion to the rhenium anion, and finally water expulsion to close the 
catalytic cycle. The experimental and theoretical results are in good agree-
ment with each other, as all observations found in experiment can be cor-
related with the results obtained in theory.

The catalytic cycle proposed here for the rhenium-catalyzed alcohol-to-ole-
fin dehydration reaction resembles the E1 mechanism commonly proposed 
for the Brønsted acid-catalyzed reaction. Interestingly, we do find differences 
in reactivity and in the reaction profiles between the two types of catalyst, 
which are not reflected in the currently proposed mechanisms for both types 
of catalyst. Possibly the involvement of an ether formation pathway in both 
the Brønsted acid- and rhenium-catalyzed reaction is crucial in explaining 
these differences, yet to elucidate these differences further research is required.

4.5 Experimental section

General: 1-Phenylethanol-d1 and -d3 were synthesized from acetophenone 
according to literature procedures.46,47 Sulfuric acid (95 – 97%) was obtained 
from Merck and used without further purification. All other compounds 
were obtained from Sigma-Aldrich or ABCR and used without further pu-
rification. GC analysis was performed on a Perkin-Elmer Autosystem XL 
Gas Chromatograph equipped with an Elite-17 column (30 m × 0.32 mm 
× 0.50 µm) and a flame ionization detector. Solution infrared analysis was 
performed using an ASI Applied Systems ReactIR 1000.
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Typical procedure for the rhenium-catalyzed dehydration of alcohols to olefins: 
Catalyst (0.01 or 0.02 mmol) was dissolved or suspended in technical grade 
toluene (10 mL). Substrate (2 mmol), pentadecane (250 µL), and, where ap-
plicable, nitrogen base (0.4 mmol) were added by syringe. The reaction flask 
was sealed with a septum and the mixture was heated under magnetic stirring 
to 100 °C for 24 hours. Samples for GC analysis were taken by syringe and 
filtered over Florisil, eluting with ethyl acetate. 

Quantumchemical calculations: Quantumchemical calculations were per-
formed by density functional theory (DFT) methods using the Gaussian 09 
program.48 The hybrid B3LYP functional was used, which includes a com-
bination of Hartree–Fock exchange and DFT exchange-correlation given 
by Becke’s three-parameter hybrid functional49 with Lee, Yang, and Parr’s 
gradient-corrected correlation functional.50 For hydrogen, carbon, and oxy-
gen the 6-31G** basis set51 was used, for rhenium the LANL2DZ basis set 
and effective core potential (ECP)52 was used, a commonly used functional/
basis set combination for DFT calculations yielding good results for rheni-
um-based complexes.53-55 Addition of an extra f-polarization function to the 
LANL2DZ basis set did not yield significantly different results. Furthermore, 
various combinations of functionals and basis sets were tested on the hydra-
tion reaction of MTO, and the found activation energies for TS1-D varied with 
±6.7 kJ mol-1, indicating a good reproducibility of the results with various 
functionals and basis sets.

The polarizable continuum model (PCM) was used as solvation model, us-
ing toluene as the solvent. Frequency calculations were performed on the same 
level of theory to obtain the Gibbs free energies and to confirm the nature 
of the stationary points, yielding a single imaginary frequency for transition 
states and no imaginary frequency for minima, except for vdW1’ and TS1-C, 
which showed one (-11.3 cm-1) and two imaginary frequencies (-35.2 cm-1), 
respectively. Based on the very low values of the imaginary frequencies, these 
were considered as an artifact in the calculations and as such of no relevance 
for the obtained results.
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5
Synthesis and characterization 
of rhenium(V)-oxo complexes 
bearing PNP-pincer ligands

Pyridine-based PNP-
pincer metal complexes 
have attracted much 
research interest in the 
last decade due to the 
non-innocent behavior 
of the PNP-pincer li-

gand. Here, we report on the synthesis of the first series of pyridine-based 
PNP-pincer rhenium complexes, with either phenyl (1, 3), tert-butyl (2), or 
cyclohexyl (4) groups on the phosphorus atoms, and either a ReO2X (1, 2) or 
a ReCl2O (3, 4) core. The structures of these compounds were characterized 
using 1H, 13C, and 31P NMR and X-ray crystallography. The non-innocent 
behavior of the ligands in these complexes was probed via deprotonation and 
cyclic voltammetry studies. The complexes were tested as catalyst in the oxi-
dation reaction of limonene with H2O2, the oxygen atom transfer reaction 
from pyridine N-oxide to triphenylphosphine, and the dehydration reaction 
of 1-phenylethanol, but all showed poor catalytic performance. All complexes 
can be deprotonated at the benzylic arm, and 2 can be deprotonated twice, 
accompanied by dearomatization of the pyridine ring. Complexes 3 and 4 are 
highly stable in their oxidized form. The non-innocent behavior shown here 
could open up possibilities for cooperative catalysis.

N

PR2

PR2
R = Ph, tBu, Cy

N

P(tBu)2
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5.1 Introduction

PNP-pincer ligands have been used extensively as tridentate ligands in 
coordination chemistry since the first reports of their metal complexes in 
the late 1960s (amino-PNP-pincer)1 and early 1970s (pyridine-PNP-pincer).2 
Since the realization in the last decade that these pyridine-PNP-pincer li-
gands show non-innocent behavior, research interests into metal complexes of 
these ligands are increasing.3,4 Non-innocent ligands can participate to a cata-
lytic cycle in two ways: via electron acceptance or donation of the ligand, and 
via active participation in the formation or breakage of bonds in a substrate 
molecule. The latter involves the generation of ligand radicals, which interact 
with the substrate, while the former involves oxidation or reduction of the 
ligand, thereby enabling reactions that otherwise would require unfavorable 
oxidation states of the metal.5 The non-innocence of pyridine-PNP-pincer 
metal complexes primarily originates from the facile deprotonation of the 
methylene group of the pincer, followed by dearomatization of the pyridine 
ring. As such, it can either donate or accept a proton from a substrate during 
catalysis, thereby preventing reduction or oxidation of the metal.4,6

Rhenium complexes bearing PNP-pincer-type ligands have first been re-
ported in 2000 with the synthesis of a rhenium(III) complex derived from a 
di(phosphinoethyl)amine PNP-pincer ligand.7 Since then several PNP-pincer 
rhenium complexes have been prepared, all bearing amino or amido groups 
as the nitrogen donor and aliphatic linkers to the phosphino groups.8-13 A 
single report describes a PNP-pincer rhenium complex derived from a 
di(phosphinoaryl)amido ligand, having an aryl linker between the amido 
group and the phosphines.13 This particular tricarbonyl rhenium complex 
was found to show non-innocent behavior upon reversible (electro)chemical 
oxidation. 

Previously, we have shown that rhenium complexes in general, and high-
valent rhenium-oxo complexes in particular, are very active catalysts in the 
dehydration reaction of alcohols to olefins. Comparison of the catalytic per-
formance of the rhenium-based catalysts with classical Brønsted acid catalysts 
showed that the rhenium catalysts give both a higher activity and a higher 
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olefin product selectivity.15,16 The first step of the catalytic cycle that these 
catalysts follow involves coordination of the alcohol to the rhenium center 
with involvement of one of the oxo groups, forming an alkoxyhydroxyrhe-
nium species. In this species the alkoxo C–O bond is subsequently broken to 
form a carbenium ion, that is subsequently deprotonated to form the olefin.17

In the search for new rhenium-based dehydration catalysts, we propose the 
combination of a high-valent rhenium-oxo complex with a pyridine-based 
PNP-pincer ligand. We hypothesize that in these complexes the PNP-pincer 
ligand can accept the alcohol proton upon coordination, and that the reac-
tivity in catalysis can be tuned by modification of the ligand. Here, we re-
port on the synthesis, characterization, and solid state structure of a series of 
rhenium(V)-oxo complexes bearing different di(phosphinomethyl)pyridine 
ligands. In addition, the possible non-innocent behavior of these complexes 
as well as their use in catalysis was investigated.

5.2 Results and discussion 

5.2.1 Synthesis of PNP-pincer rhenium-bisoxo complexes

Two rhenium-bisoxo complexes (1, 2) bearing a di(phosphinomethyl)pyri-
dine ligand with phenyl (L1) or tert-butyl (L2) groups on the phosphorus at-
oms and a ReO2X (X = I, PPh3) core were synthesized via a simple procedure 
starting from commercially available ReIO2(PPh3)2 (Scheme 1). Stirring the 
respective ligand and the metal precursor ReIO2(PPh3)2 in a 1:1 stoichiometry 
under inert conditions in THF caused a color change from purple to orange-
brown within minutes, indicating the formation of the pincer complexes. 
Upon concentration of the reaction mixture after 18 hours, the PNP-pincer 
rhenium complexes precipitated from solution as colored powders and were 
isolated via filtration.

Both complexes show a single resonance pattern in 1H, 13C, and 31P NMR 
for all nuclei, indicative of a single coordination isomer present in solution for 
each complex. Furthermore, the four methylene protons as well as the two 
PNP-pincer phosphorus atoms show a single resonance, indicating an overall 
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C2 molecular symmetry. Interestingly, two signals are observed in 31P NMR 
for 1, a doublet and a triplet, both with a coupling constant of 8 Hz, while 
for 2 a single singlet is observed. ESI-MS measurements showed a [PhPNP-
ReO2(PPh3)]

+ fragment (m/z = 956.1893) for 1, while for 2 predominantly a 
[tBuPNP-ReO2]

+ fragment (m/z = 614.2302) was observed. These combined 
spectroscopic features indicate that the PNP-pincer ligand is in a meridional 
position for both complex 1 and 2 and that the rhenium metal bears two oxo 
groups trans to each other, while the third ligand is trans to the pyridyl nitro-
gen. The third ligand is a coordinated PPh3 trans to the pyridine nitrogen in 
the case of complex 1, while 2 bears an iodide ligand on that position.

Detailed NMR studies showed that the methylene protons of both com-
plexes occur as a virtual triplet in 1H NMR at ambient temperature with a 
coupling constant of |2JHP + 4JHP| = 5.0 Hz (1) or 4.4 Hz (2) due to coupling 
with both phosphorus nuclei through the metal center, a common feature for 
meridional PXP-metal complexes.18,19 In the case of 2 the methyl protons of 
the tert-butyl groups also show a virtual triplet (|3JHP + 5JHP| = 6.8 Hz), due 
to the same coupling. When measuring the 31P-decoupled 1H NMR spec-
trum, both signals occur as a singlet, showing that the virtual triplet is indeed 
caused by coupling to the phopshorus nuclei. Variable temperature NMR 

N
PPh2PPh2

Re
I

OO
Ph3P PPh3

THF, r.t., 18 h+ N
PPh2Ph2P Re

PPh3

O

O

I

1L1

N
P(tBu)2P(tBu)2
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I

OO
Ph3P PPh3
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P(tBu)2(tBu)2P Re

I

O

O

2L2

Scheme 1. Synthesis of complexes 1 and 2 from L1 and L2, respectively, and 
ReIO2(PPh3)2.
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studies of 1 and 2 in CD2Cl2 showed that the methylene protons show flux-
ional behavior in solution, as upon lowering of the temperature the methylene 
signals broaden significantly, and in the case of 2 two separate broad signals 
were observed at 173 K (Figure 1). The tert-butyl protons also broaden upon 
lowering of the temperature and at 173 K three broad signals can be distin-
guished. At this temperature both the fluxionality of the PNP-pincer ligand 
and the rotation around the phosphorus-carbon bond is slow, thereby further 
decreasing the equivalence amongst the respective nuclei. The 31P signal also 
broadened, but coalescence was maintained at 173 K due to the longer time-
scale of 31P NMR compared to 1H NMR.

ppm3.94.14.34.5

  

1H
298 K

1H{31P}
298 K

1H{31P}
213 K

1H{31P}
183 K

1H{31P}
173 K

THF

THF

ppm0.61.01.41.8

Figure 1. 1H NMR spectrum (3.65  – 4.6 ppm and 0.0 – 2.0 ppm region) of 2 in 
CD2Cl2 at 298 K and 1H{31P} NMR spectra of 2 in CD2Cl2 at 298 – 173 K.
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In 13C NMR a similar behavior as in 1H NMR was observed for both com-
plexes, with the meta-carbon of the pyridine group, the benzylic carbon, and 
the ipso-carbon of either the phenyl or the tert-butyl group, and the meta-
carbon of the PPh2 group in 1, all showing a virtual triplet (all assignments 
have been confirmed by 1H-COSY, 1H-13C HMQC and 13C DEPT).

We also performed the reaction of ReIO2(PPh3)2 with the PNP-pincer li-
gand bearing cyclohexyl groups on the phosphorus atoms (L3). In this case 
two inseparable complexes were obtained: one bearing a PPh3 group on the 
rhenium and one bearing a coordinated iodide. This was indicated by the 
presence of a singlet, a doublet, and a triplet signal in 31P NMR, and both 
the [CyPNP-ReO2PPh3]

+ and the [CyPNP-ReO2]
+ fragments in ESI-MS. This 

structural trend can be primarily rationalized by the steric properties of the 
PNP-pincer ligands. The steric constraints increase from L1 (Ph) to L3 (Cy) 
to L2 (tBu), which disfavors binding of the bulky triphenylphosphine group 
compared to the iodide ligand, yielding a rhenium-iodo complex.

5.2.2 Synthesis of PNP-pincer rhenium-oxo complexes

A similar procedure as for the synthesis of the rhenium-bisoxo complexes 
was applied to obtain PNP-pincer rhenium-oxo complexes. Here, the starting 
material ReCl3O(PPh3)2 was reacted with the respective PNP-pincer ligand 
(L1 or L3) in THF under inert conditions, to obtain the two rhenium-oxo 
complexes 3 and 4 (Scheme 2). Within minutes a color change from light 
green to dark green was observed in these reactions. In the case of 3 the 
desired complex precipitated from solution, while for 4 precipitation of the 
complex was induced by the addition of diethyl ether, after which both com-
plexes were isolated by filtration.

The 1H, 13C, and 31P NMR spectra of 3 and 4 at ambient temperature 
show very similar features as those of 1 and 2, with a single resonance for all 
nuclei and a single resonance for all methylene protons and for both phospho-
rus atoms. 4 shows the characteristic virtual triplet coupling pattern for the 
methylene protons in 1H NMR and for the meta-carbon of the pyridine ring, 
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the benzylic carbons, and the C1 and C2,6 carbons of the cyclohexyl groups in 
13C NMR. Complex 3 interestingly does not show the virtual triplet coupling 
pattern for the methylene protons in 1H NMR, but does show all expected 
virtual triplet patterns in 13C NMR. Likely this is caused by a very small 
coupling constant, as the observed signal is somewhat broadened and is thus 
observed as a singlet. ESI-MS showed a [PNP-ReCl2O]+ fragment for both 3 
and 4 (m/z = 748.0396 and 772.2371, respectively) and an additional [PhPNP-
ReCl2O-PPh3]

+ fragment for 3 (m/z = 1010.1475). From these spectroscopic 
features it can be concluded that 3 and 4 also have an overall C2 molecular 
symmetry bearing a meridional PNP-pincer ligand. As C2 symmetry is not 
possible with a heptacoordinated rhenium complex bearing an oxo and three 
chlorides, it can be concluded that one chloride is expelled as counterion, and 
the two remaining chlorides are coordinated trans to each other, with the oxo 
ligand trans to the pyridine nitrogen.

We also attempted the reaction of L2 with ReCl3O(PPh3)2, yet in this case 
a complicated mixture of several compounds was obtained, as observed in 31P 
NMR, and purification proved unsuccessful.

When comparing the NMR shifts of all four complexes (Table 1), it is 
observed that all show a considerable downfield shift (Δδ = 1.17 – 1.53 ppm) 
upon coordination in 1H NMR for the methylene protons, shifting from 2.92 
– 3.58 ppm for the ligands to 4.15 – 5.11 ppm for the complexes, which is to 
be expected upon coordination to a strongly electron-withdrawing metal ion 
such as high-valent rhenium(V). For all complexes a considerable downfield 
shift in 31P NMR was also observed, from -11.5 ppm for L1 to 5.81 and 36.4 

N
PR2PR2

Re
O

ClCl
Ph3P PPh3

THF, r.t., 18 h+ N
PR2R2P Re

O

Cl

Cl

Cl

R = Ph, 3
R = Cy, 4

Cl

R = Ph, L1
R = Cy, L3

Scheme 2. Synthesis of 3 and 4 from L1 and L3, respectively, and ReCl3O(PPh3)2.
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ppm for 1 and 3, from 35.6 ppm for L2 to 38.9 ppm for 2, and from 3.5 ppm 
for L3 to 43.5 ppm for 4 (Table 1). Little difference in 31P shift are observed 
between complexes 2 – 4, but noteworthy is the large upfield 31P chemical 
shift of 30 ppm for 1.

Table 1. 1H, 13C, and 31P NMR shifts of L1 – L3 and 1 – 4 in CD3CN.

Ligand / Complex
1H methylene shift 

(ppm)
13C methylene shift 

(ppm)
31P shift
(ppm)

L1 3.58 43.4 (d, 12.4 Hz) -11.5

L2 2.98 (d, 3.0 Hz) 32.3 (d, 22.9 Hz) 35.6

L3 2.92 (d, 2.0 Hz) 32.4 (d, 22.0 Hz) 3.5

[L1ReO2(PPh3)]I (1) 4.93 (vt, 5.0 Hz) 47.4 (vt, 15.1 Hz) 5.81 (d, 7.5 Hz), 2.74 
(t, 8.0 Hz)

[L2ReO2I] (2) 4.24 (vt, 4.4 Hz) 39.6 (vt, 9.3 Hz) 38.9

[L1ReCl2O]Cl (3) 5.12 40.9 (vt, 21.6 Hz) 36.4

[L3ReCl2O]Cl (4) 4.30 (vt, 5.2 Hz) 35.4 (vt, 12.2 Hz) 43.5

5.2.3 Solid state structures

For all four complexes we were able to obtain the solid state structure via 
X-ray crystal structure analysis (Figure 2 and Tables 2 – 4). While the struc-
tures of complexes 1 and 4 matched those derived from the combined spec-
troscopic data, complexes 2 and 3 were isolated bearing a ReO(OH)X core, as 
illustrated by the different Re–O bond lengths in these complexes (1.889(2) 
Å (Re1–O2) versus 1.700(2) Å (Re1–O1) for 2 and 1.8781(17) Å (Re1–O2) 
versus 1.7200(18) Å (Re1–O1) for 3). The longer Re–O bonds are typical for 
a rhenium-oxygen single bond, while the shorter Re–O bonds are in the nor-
mal range for a rhenium-oxygen double bond. Likely, the formation of these 
ReO(OH)X cores is caused by reaction with residual water during crystalliza-
tion. We have observed similar reactivity when refluxing ReCl3O(PPh3)2 with 
ethanol, causing ligand exchange of one of the chloride ligands for an alkoxo 
ligand, yielding ReCl2O(OEt)(PPh3)2 and HCl. The color of the crystals also 
indicated that a reaction took place, as 2 and 3 both yielded dark purple crys-
tals, while the parent compounds are yellow-brown and green, respectively. 
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Complex 4 was isolated with a perrhenate counterion, likely caused due to 
exposure to both air and water during crystallization, resulting in oxidation 
of the rhenium center and anion exchange. The behavior observed during 
crystallization is likely related to the use of methanol as solvent, which is 
polar and protic, thereby favoring ion exchange and the formation of ionic 
compounds.

The solid state structures confirm the overall molecular structures deduced 
from NMR spectroscopy, with all complexes showing a distorted octahedral 
coordination around the rhenium center and a C2 symmetry, with the PNP-
pincer ligand in the equatorial plane, the two oxo or chloro ligands in the 
axial positions and the sixth ligand, PPh3 in 1, halide in 2 and 3, and oxo in 
4, trans to the pyridyl nitrogen.

Between the different complexes, large differences in bond lengths can be 
observed. While the rhenium-phosphorus bond lengths show relatively little 
variation between the different complexes (2.44 – 2.50 Å), the Re–N bond 
lengths vary greatly from 2.16 Å for 2 and 3 to 2.225 Å for 1 and 2.348 Å for 
4. This can be attributed to the trans influence20 of the ligand situated trans 
to the nitrogen. Both complexes 2 and 3 have a halide positioned trans to 
the nitrogen and exhibit a similar Re–N bond length. Complex 1 has a PPh3 
group trans to the nitrogen, which has a somewhat stronger trans influence in 
octahedral complexes, and a somewhat longer Re–N bond length. Complex 
4 bears an oxo ligand trans to the nitrogen, which has a very strong trans 
influence, and thus exhibits the longest Re–N bond length. As a result of the 
correlation between trans influence and Re–N bond length, the bond angles 
in the plane of the PNP-pincer ligand are also correlated. The N1–Re1–P1 
and P2–Re1–N1 angles decrease and accordingly the P1–Re1–P3 / X1 / O1 
and P3 / X1 / O1 –Re1–P1 angles increase with increasing trans influence of 
the ligand trans to the nitrogen.
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Figure 2. Molecular structures of 1 – 4 in the crystal (50% probability level). C–H 
hydrogen atoms omitted for clarity. (1) Disordered methanol solvent molecules are 
omitted for clarity. Only the major disorder component of the iodine I1 is shown. (2) 
Only the major disorder component of the iodine I2 is shown. (3) Disordered aceto-
nitrile solvent molecules are omitted for clarity. (4) ReO4 anion is omitted for clarity.

1 2

3 4
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Table 2. Summary of the crystallographic data for 1 − 4.

1 2 3 4

formula
[C49H42NO2P3Re]I 

+ disordered metha-
nol

[C23H44INO-
2P2Re]I

[C31H28ClNO2P2Re]
Cl 

+ disordered aceto-
nitrile

[C31H51Cl2NO-
P2Re][ReO4]

Fw 1082.85a 868.53 765.58a 1022.97

crystal colour yellow dark purple dark purple blue-green

crystal size 
[mm3] 0.22 × 0.08 × 0.04 0.50 × 0.19 × 0.12 0.66 × 0.49 × 0.23 0.39 × 0.15 × 0.12

T [K] 150(2) 150(2) 150(2) 150(2)

crystal system monoclinic triclinic trigonal triclinic

space group P 21/c (no. 14) P 1 (no. 2) R 3 (no. 148) P 1 (no. 2)

a [Å] 10.9296(4) 8.3651(3) 26.9047(2) 9.7444(6)

b [Å] 30.5378(9) 12.1998(5) - 10.9303(7)

c [Å] 13.9871(5) 15.5020(6) 23.4468(8) 16.9114(8)

α [°] - 81.1766(16) - 80.283(3)

β [°] 95.7636(16) 74.7137(15) - 87.606(3)

γ [°] - 77.3807(16) - 80.396(3)

V [Å3] 4644.8(3) 1481.45(10) 14698.4(5) 1750.33(17)

Z 4 2 18 2

Dcalc [g/cm3] 1.548a 1.947 1.557a 1.941

 (sin θ/λ)max [Å
1] 0.65 0.81 0.65 0.65

μ [mm-1] 3.42a 6.31 4.01a 7.19

abs. corr. multi-scan multi-scan analytical multi-scan

a) Derived parameters do not contain the contribution of the disordered solvent

Table 3. Hydrogen bonding geometries in 2 and 3.

2 3

D–H∙∙∙A O2–H2O∙∙∙I2aa O2–H2O∙∙∙Cl2

D–H [Å] 0.78(7) 0.87(4)

H∙∙∙A [Å] 2.76(7) 2.08(4)

D∙∙∙A [Å] 3.533(2) 2.9386(18)

D–H∙∙∙A [°] 173(7) 172(4)

a) Disordered iodine.
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Table 4. Selected bond distances (Å) and angles (°) for 1 − 4.

1 2 3 4

Bond Distances (Å)

Re1–O1 1.782(2) 1.700(2) 1.7200(18) 1.750(5)

Re1–O2 (1 – 3)
Re1–Cl2 (4) 1.763(2) 1.889(2) 1.8781(17) 2.3851(18)

Re1–P3 (1)
Re1–X1 (2 – 4) 2.4552(8) 2.7138(3) (I1) 2.3756(6) (Cl1) 2.3380(18) (Cl1)

Re1–N1 2.225(3) 2.157(2) 2.1590(18) 2.348(5)

Re1–P1 2.4741(9) 2.4923(7) 2.4493(6) 2.4480(16)

Re1–P2 2.4881(9) 2.5026(8) 2.4418(6) 2.4413(16)

Bond Angles (°)

N1–Re1–P1 77.20(7) 81.32(6) 80.76(5) 74.37(14)

P1–Re1–P3 (1)
P1–Re1–X1 (2, 3)
P1–Re1–O1 (4) 

102.02(3) 98.929(17) 98.91(2) 106.81(16)

P3–Re1–P2 (1)
X1–Re1–P2 (2, 3)
O1–Re1–P2 (4)

103.84(3) 98.251(19) 98.59(2) 105.94(18)

P2–Re1–N1 77.02(7) 81.39(6) 80.95(5) 73.09(14)

N1–Re1–O1 (1 – 3)
N1–Re1–Cl1 (4) 89.77(9) 85.95(10) 85.81(8) 86.35(15)

O1–Re1–P3 (1)
O1–Re1–X1 (2, 3)
Cl1–Re1–O1 (4)

95.17(7) 98.41(8) 101.15(6) 99.73(17)

P3–Re1–O2 (1)
X1–Re1–O2 (2, 3)
O1–Re1–Cl2 (4)

89.25(7) 93.49(7) 91.11(5) 93.06(17)

O2–Re1–N1 (1 – 3)
Cl2–Re1–N1 (4) 85.82(9) 82.17(9) 81.92(7) 80.88(15)

O1–Re1–O2 (1 – 3)
Cl1–Re1–Cl2 (4) 175.58(10) 168.05(10) 167.72(8) 167.13(6)

N1–Re1–P3 (1)
N1–Re1–X1 (2, 3)
N1–Re1–O1 (4)

174.94(6) 175.63(6) 173.02(5) 173.9(2)
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5.2.4 Deprotonation

As PNP-pincer metal complexes are known for their cooperative behavior 
due to deprotonation at the methylene position and subsequent dearomatiza-
tion of the pyridine ring, we have tested the reaction of 2 with a strong non-
nucleophilic base. We found that both lithium diisopropyl amide (LDA) and 
lithium bis(trimethylsilyl)amide (lithium hexamethyldisilazane, LiHMDS) 
react with 2 in THF under water-free conditions. Upon addition of 1 equiva-
lent of base the reaction mixture immediately showed a color change from 
yellow to red-brown (2’). Upon addition of a second equivalent of base the re-
action mixture turned intensely dark blue-green after about 15 minutes (2’’). 
Compound 2’’ is highly water-sensitive in solution and a solution in dry THF 
under nitrogen atmosphere turns back to red-brown within 1 hour. As a solid, 
though, it retains its color under inert nitrogen atmosphere over several days.

We were able to analyze 2’’ using NMR and observed that the pyridine sig-
nals had shifted strongly upfield to 5.75 ppm (triplet, 2: 7.87 ppm) and 4.95 
ppm (doublet, 2: 7.75 ppm, Figure 3). The benzylic protons shifted upfield 
to 2.91 ppm (2: 4.26 ppm) and showed as a sharp singlet with an integral 
of 2H. The tert-butyl protons also shifted slighly upfield to 1.29 ppm (2: 
1.44 ppm). The signal of 2’’ in 31P NMR shifted upfield to 27.8 ppm and 
remained a singlet (2: 34.1 ppm, Figure 4). In 13C NMR, the signals of the 
para- and meta-carbons of the pyridine ring also shifted upfield to 133.8 and 
90.9 ppm (2: 140.2 and 122.0 ppm), respectively, while the ortho-carbons 
shifted downfield to 185.0 ppm (2: 167.6 ppm). The benzylic carbons shifted 
strongly downfield to 60.8 ppm and were observed as a virtual triplet with a 
large coupling constant JCP = 27.6 Hz (2: 41.1 ppm, JCP = 8.3 Hz). The tert-
butyl carbons did not shift significantly (37.2 and 30.6 ppm vs. 36.7 and 
29.8 ppm in 2). The combined NMR spectroscopic features are indicative of 
a symmetrical complex with equivalent phophorus atoms. The shifts are very 
comparable with those reported earlier for doubly deprotonated tBuPNP-pin-
cer palladium and platinum complexes, in which DFT calculations described 
the π-system as delocalized over the ring carbons and the two exocyclic car-



synthesis and characterization of rhenium(V)-oxo comPlexes bearing PnP-Pincer ligands

98

bons.21 Therefore it is likely that 2’’ is a doubly deprotonated, symmetrical 
complex with one negative charge formally located on the nitrogen atom, and 
the other delocalized over the π-system of six carbon atoms (Scheme 3).
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Figure 3. 1H NMR spectra of 2 (middle) and 2’’ (top) in THF-d8. The 1H NMR 
spectrum of 2 in CD3CN (bottom) is shown for comparison. 
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Scheme 3. Deprotonation of 2 to 2’’.

Upon quenching 2’’ with D2O the blue-green color instantly returned to 
the original yellow color, and in 1H NMR all peaks shifted back to those of 
2, while a coupling pattern is observed for the benzylic protons. Also in 31P 
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NMR a complex coupling pattern is observed at 35.4 ppm (Figure 5a), which 
is very close to the chemical shift of 2 (34.1 ppm). The fact that the NMR 
shifts are close to those of 2 shows that the deprotonation is reversible upon 
the addition of D2O. The coupling pattern observed for the benzylic signals 
and for the phosphorus signal is caused by coupling with deuteria nuclei, and 
shows that deuteration takes place at the benzylic position, indicating that 
the exocyclic carbons in 2’’ are the most nucleophilic. ESI-MS analysis of the 
reaction mixture after quenching with D2O showed the major ion signal at 
m/z = 615.1876 (Figure 5b), corresponding to the [M - I]+ peak of 2 (m/z = 
614.2327). The complex isotope pattern indicates that multiple deuteria are 
incorporated into the complex after quenching with D2O, as the signal can 
be deconvoluted to a mixture of complexes with 0, 1, and 2 deuterium atoms 
incorporated. The fact that a mixture is obtained, indicates that D2O is not 
the only proton source, and possibly residual water in the solvent (THF) also 
provides protons. It also confirms that 2’’ is a doubly deprotonated complex, 
whereas the intermediate red-brown complex 2’ is likely a singly deproton-
ated complex.
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Figure 5. (a) 31P NMR spectrum of 2’’ after reaction with D2O. (b) ESI-MS spec-
trum of 2’’ after reaction with D2O (calculated [M - I]+ of 2 on top).

Upon treatment of complexes 1, 3, and 4 with 1 equivalent of LiHMDS in 
THF, an immediate color change to red-brown was observed as well, but no 
subsequent color change was observed (even after prolonged reaction times) 
upon treatment with additional base. NMR analysis of the formed mixtures 
showed no indication of dearomatization of any of the complexes. Upon ad-
dition of D2O no color change was observed for 3 and 4. For 1 a color change 
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was observed, but no deuterium couplings were observed in either 1H or 31P 
NMR, nor did ESI-MS analysis show any deuterium incorporation into com-
plex 1. Instead a mixture of compounds, both organic and organometallic, 
was observed.

5.2.5 Electrochemistry

As PNP-pincer metal complexes are known for the redox activity of the 
PNP-pincer ligand, we performed cyclic voltammetry studies on the com-
plexes and the metal precursors to investigate their electrochemical behavior 
(Table 5). ReIO2(PPh3)2 showed two irreversible oxidation features at +0.08 V 
and +0.33 V vs Cp2Fe0/+, and two weak irreversible reduction waves at -0.89 
V and -1.22 V. ReCl3O(PPh3)2 shows no oxidation waves below +1.0 V and 
one very weak reduction wave at -1.03 V. Complexes 1 and 2, synthesized 
from ReIO2(PPh3)2, show very similar redox behavior as the metal precursor, 
i.e. two irreversible oxidation waves at +0.06 V / +0.10 V and at +0.33 V / 
+0.35 V, respectively. Complexes 3 and 4, however, both show a chemically 

Table 5. Cyclic voltammetry data for 1 – 4.a

Compound E1/2, red (V)b E1/2, ox (V)c

ReIO2(PPh3)2

-0.89 (ir)
-1.22 (ir)

+0.08 (ir)d

+0.33 (ir)d

1 +0.06 (ir)d

+0.35 (ir)d

2 +0.10 (ir)d

+0.35 (ir)d

ReCl3O(PPh3)2 -1.03 (ir)

3 -0.73 (r) -0.04 (r)

4 -0.97 (r)

a) 0.1M NBu4PF6, CH3CN, 100 mV s-1, Pt disk electrode, potentials 
referenced against Cp2Fe0/+. b) E1/2 for the reductive process ([Re]0/-). 
c) E1/2 for the oxidative process ([Re]0/+). d) Epa.
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reversible one-electron reduction at E1/2 = -0.73 V and -0.97 V, respectively. 
Furthermore, 3 shows a very weak reversible one-electron oxidation at E1/2 
= -0.04 V. These data show that complexes 1 and 2 are not well behaved in 
terms of redox chemistry and that the ligand has no major effect on the redox 
properties of the metal. In the case of complexes 3 and 4, however, an effect 
of the ligand on the redox properties of the metal is observed.

5.2.6 Chemical oxidation and oxygen atom transfer reactions

Chemical oxidation of the PNP-pincer rhenium complexes with hydrogen 
peroxide showed similar trends as the electrochemical studies. Complexes 2 – 
4 showed a clear color change upon addition of 35% hydrogen peroxide to an 
acetonitrile solution of these complexes, whereas complex 1 did not show any 
color change. Upon subsequent addition of limonene, however, the yellow 
color of 1 slowly faded. With complexes 3 and 4, the two complexes showing 
reversible reduction in cyclic voltammetry, the color of the oxidized solution 
was persistent for several days, even after subsequent addition of an alkene. In 
the case of complex 2, however, the strong color change from bright yellow to 
slightly purple remained only 15 minutes, turning back to yellow afterwards. 
Upon addition of extra hydrogen peroxide, no further color change was ob-
served, while upon addition of an alkene the color slowly faded to colorless. 
Analysis of the oxidized complexes by means of ESI-MS showed that the 
signals of the original complexes in both positive and negative mode were 
retained for 1, 3, and 4, while with 2 the strongest signal originated from 
oxidized free ligand ([L2 + 2O + H]+), without any signals of a rhenium-
containing species being detected. This indicates that complex 2 decomposes 
upon oxidation, while 3 and 4 do have stable oxidized species, not showing 
any decomposition upon oxidation or after addition of an alkene. Complex 
1, on the other hand, is stable upon oxidation, but appears to decompose 
upon addition of an alkene. As no change in the ESI-MS is observed for 1, 
3, and 4, it is likely that the oxidation proceeds via electron transfer instead 
of oxygen transfer.
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As a first catalytic test, we tested complexes 1 – 4 in the dehydration re-
action of 1-phenylethanol to styrene. Unfortunately, none of the complexes 
showed any activity in this reaction, likely due to the diminished Lewis acid-
ity of the rhenium center in comparison with previously tested rhenium com-
plexes.15 

To further investigate the use of these complexes as catalyst in the oxygen 
atom transfer (OAT) reaction, the oxidation reaction of limonene with hy-
drogen peroxide was attempted in the presence of 1 mol% of 1 – 4 under 
aqueous biphasic conditions using dichloromethane as the organic solvent. 
All complexes showed only trace amounts of limonene oxide being formed af-
ter 2 hours of reaction time. Together with the above-mentioned observations 
this indicates that compounds 1 and 2 are likely too unstable to perform 
catalytic oxidation, whereas 3 and 4 form stable oxidized species, which are 
not active in alkene oxidation.

The OAT reaction of pyridine N-oxide with triphenylphosphine to yield 
pyridine and triphenylphosphine oxide is known to be catalyzed by NNN-
pincer rhenium complexes.22,23 When using the NNN-based pincers decom-
position of the catalyst is the limiting case. The anticipated higher oxidation 
stability of PNP-pincer complexes might resolve this problem. Therefore we 
tested complexes 1 – 4 as catalyst in the OAT of pyridine N-oxide to triphe-
nylphosphine in dichloromethane at room temperature, and monitored the 
conversion by 31P NMR. Out of the four complexes only 4 showed activ-
ity, giving 34% conversion after 24 hours. Elongation of the reaction time 
did increase the yield only slightly, to 38% after 48 hours. The complex was 
unchanged after the reaction as based on 31P NMR and the color of the re-
action mixture, indeed eliminating the problem of catalyst decomposition. 
The cause of the diminished reaction rate upon progression of the reaction, 
however, requires further research.
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5.3 Conclusions

In conclusion, we have synthesized the first pyridine-based PNP-pincer rhe-
nium complexes, bearing either a ReO2X or a ReOX2 core and either phenyl, 
cyclohexyl, or tert-butyl groups on the phosphorus atoms. All four synthe-
sized compounds were found to have a C2 molecular symmetry as observed in 
1H, 13C, and 31P NMR studies and X-ray crystal structure analysis. 

Deprotonation of these complexes using a strong non-nucleophilic base has 
shown that 2 can be deprotonated twice at the benzylic positions of the li-
gand to form 2’’. Complex 2’’ is stable under these conditions and can be 
reprotonated upon the addition of water, opening up possibilities for coopera-
tive catalysis. Cyclic voltammetry studies have underlined the redox activity 
of the PNP-pincer ligands, giving reversible oxidation and reduction waves 
for 3 and 4, while 1 and 2 only showed irreversible oxidation. 

Initial tests aimed at using these complexes in dehydration reactions of al-
cohols to yield olefins have not been successful. Additional tests in oxidation 
reactions have only showed the activity of one of the complexes in an oxygen 
atom transfer reaction. We believe that these complexes could find use in 
other catalytic reactions through their cooperative properties. Further inqui-
ries are focused on exploring this possibility.

5.4 Experimental section

General: All syntheses were performed under nitrogen atmosphere us-
ing standard Schlenk techniques. ReIO2(PPh3)2 and ReCl3O(PPh3)2 
were purchased from Sigma-Aldrich and ABCR respectively. 
2,6-Bis(diphenylphosphinomethyl)pyridine (L1),24 2,6-bis(di-tert-bu-
tylphosphinomethyl)pyridine (L2),25,26 and 2,6-bis(dicyclohexylphosphin
omethyl)pyridine (L3)19 were synthesized via literature procedures. THF, 
CH3CN, Et2O, and n-hexane were purchased pre-dried from Sigma-Aldrich 
and dried and degassed using an mBraun MB SPS-800 solvent purification 
system. The THF used for the deprotonation reactions was further dried over 
sodium/benzophenone, methanol was distilled from magnesium, CH2Cl2 
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was distilled from CaH2, and CD3CN was dried over activated 3 Å molecu-
lar sieves. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on 400 MHz 
spectrometers at 298 K at 400 MHz, 100 MHz and 162 MHz respectively. 
Chemical shifts are given in ppm, 1H and 13C{1H} spectra are referenced to 
residual solvent signal (1.94 and 118.26 ppm, respectively, for CD3CN and 
3.58 and 67.21 ppm, respectively, for THF-d8), 

31P{1H} spectra are referenced 
externally to 85% H3PO4 (0.0 ppm). Infrared spectra were recorded on a 
Perkin-Elmer Spectrum One FT-IR spectrometer, operated in ATR mode. 
UV-Vis spectra were recorded on an Agilent Cary 50 UV-Vis spectrometer, 
wavelengths are reported in nm and extinction coefficients ε are given in 
brackets in L mol-1 cm-1. ESI-MS spectra were recorded on a Waters LCT 
Premier XE KE317 Micromass Technologies spectrometer. Cyclic voltammo-
grams were recorded in 0.1 M NBu4PF6 in CH3CN, using a Pt disk electrode 
at 100 mV s-1, on a Princeton Applied Research K0264 Micro Cell connected 
to a Model 2630A potentiostat and referenced to the ferrocene/ferrocenium 
(Cp2Fe0/+) couple.

Synthesis: 2,6-Bis(diphenylphosphinomethyl)pyridine triphenylphos-

phine dioxorhenium(V) iodide (1) 2,6-Bis(diphenylphosphinomethyl)pyri-
dine (881 mg, 1.0 mmol) was dissolved in THF (40 mL) and ReIO2(PPh3)2 
(482 mg, 1.0 mmol) was added as a solid. Within minutes the color changed 
from purple to orange-brown. After 18 hours the mixture was concentrated 
to half the volume, filtered, and the residue washed with n-hexane (2 × 20 
mL). The obtained solid was dried in vacuo to obtain the desired compound 
as an orange-brown solid in 60% yield (664 mg, 0.60 mmol).

Crystals suitable for X-ray crystallography were obtained by slow vapor dif-
fusion of diethyl ether into a methanol solution at room temperature.

1H NMR (CD3CN): 8.02 (t, 3J = 7.8 Hz, 1H, p-H py), 7.80 (d, 3J = 7.6 Hz, 
2H, m-H py), 7.55 – 7.36 (m, 18H, o-H & p-H PPh2 + o-H PPh3), 7.32 – 7.22 
(m, 11H, m-H PPh2 + p-H PPh3), 7.12 (dt, 3J = 7.8 Hz, 4J = 2.4 Hz, 6H, m-H 
PPh3), 4.93 (vt, |2JHP + 4JHP| = 5.0 Hz, 4H, CH2P). Assignment confirmed by 
1H COSY and 1H-13C HMQC.
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13C{1H} NMR (CD3CN): 161.6 (o-C py), 142.59 (p-C py), 134.6 (d, 2JCP 
= 10.0 Hz, o-C PPh3), 134.0 (vt, |2JCP + 4JCP| = 5.0 Hz, o-C PPh2), 133.2 (d, 
1JCP = 51.6 Hz, ipso-C PPh3), 132.7 (p-C PPh2), 132.0 (d, 4JCP = 2.3 Hz, p-C 
PPh3), 130.0 (vt, |3JCP + 5JCP| = 5.1 Hz, m-C PPh2), 129.3 (d, 3JCP = 9.9 Hz, 
m-C PPh3), 128.0 (vt, |1JCP + 3JCP| = 22.6 Hz, ipso-C PPh2), 124.6 (vt, |3JCP + 
5JCP| = 5.0 Hz, m-C py), 47.4 (vt, |1JCP + 3JCP| = 15.1 Hz, CH2P). Assignment 
confirmed by 13C DEPT and 1H-13C HMQC.

31P{1H} NMR (CD3CN): 5.81 (d, 2JPP = 7.5 Hz, PPh2), 2.74 (t, 2JPP = 8.0 
Hz, PPh3).

IR (solid): 1483 (w), 1465 (w), 1435 (s), 1097 (m), 1066 (w), 850 (m), 792 
(vs), 745 (s), 690 (vs).

UV-Vis (CH3CN): 246 (37927), 267 (32938), 317 (5990). 

ESI-MS: [M - I]+ calc: 956.1989, found: 956.1893.

2,6-Bis(di-tert-butylphosphinomethyl)pyridine iododioxorhenium(V) 

(2) 2,6-Bis(di-tert-butylphosphinomethyl)pyridine (1081 mg, 2.7 mmol) was 
dissolved in THF (80 mL) and ReIO2(PPh3)2 (2379 mg, 2.7 mmol) was add-
ed as a solid. Within minutes the color changed from purple to dark brown. 
After 18 hours the suspension was concentrated to half the volume, filtered 
and the residue washed with diethylether (2 × 20 mL). The obtained solid was 
dried in vacuo to obtain the desired compound as a yellow solid in 81% yield 
(1637 mg, 2.2 mmol).

Crystals suitable for X-ray crystallography were obtained by slow vapor dif-
fusion of diethylether into a methanol solution at room temperature. The ob-
tained compound was [tBuPNP-Re(O)(OH)I]I, likely obtained from reaction 
with residual water in the methanol during crystallization.

1H NMR (CD3CN): 8.01 (t, 3J = 8.0 Hz, 1H, p-H py), 7.83 (d, 3J = 8.0 Hz, 
2H, m-H py), 4.24 (vt, |2JHP + 4JHP| = 4.4 Hz, 4H, CH2P), 1.37 (vt, |2JHP + 4JHP| 
= 6.8 Hz, 18H, C(CH3)3)
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13C{1H} NMR (CD3CN): 168.1 (o-C py), 142.6 (p-C py), 126.7 (vt, |3JCP + 
5JCP| = 4.3 Hz, m-C py), 39.6 (vt, |1JCP + 3JCP| = 9.3 Hz, CH2P), 36.4 (vt, |1JCP 
+ 3JCP| = 7.4 Hz, C(CH3)3), 29.5 (C(CH3)3). Assignment confirmed by 13C 
DEPT.

31P{1H} NMR (CD3CN): 38.9.

IR (solid): 1601 (w), 1458 (m), 1366 (w), 1181 (m), 1062 (w), 1022 (m), 954 
(w), 838 (m), 814 (m), 790 (vs), 764 (m).

UV-Vis (CH3CN): 246 (36501), 279 (8540).

ESI-MS: [M - I]+ calc: 614.2327, found: 614.2302.

2,6-Bis(diphenylphosphinomethyl)pyridine dichlorooxorhenium(V) 

chloride (3) 2,6-Bis(diphenylphosphinomethyl)pyridine (1674 mg, 2.0 
mmol) was dissolved in THF (80 mL) and ReCl3O(PPh3)2 (953 mg, 2.0 
mmol) was added as a solid. Within minutes the color changed from light 
green to dark green. After 18 hours the suspension was concentrated to half 
the volume, filtered and the residue washed with n-hexane (2 × 20 mL). The 
obtained solid was dried in vacuo to obtain the desired compound as a green 
solid in 64% yield (1022 mg, 1.3 mmol).

Crystals suitable for X-ray crystallography were obtained by slow vapor dif-
fusion of diethylether into a methanol solution at room temperature. The 
obtained compound was [CyPNP-Re(O)(OH)Cl]Cl, likely obtained from re-
action with residual water in the methanol during crystallization.

1H NMR (CD3CN): 8.13 (t, 3J = 7.9 Hz, 1H, p-H py), 7.78 – 7.59 (m, 22H, 
pyH and PhH), 5.12 (s, 4H, CH2P). 

13C{1H} NMR (CD3CN): 158.5 (o-C py), 144.3 (p-C py), 134.2 (d, 2JCP = 
8.5 Hz, o-C PPh2), 131.7 (d, 4JCP = 3.1 Hz, p-C PPh2) 130.6 (vt, |3JCP + 5JCP| = 
5.7 Hz, m-C PPh2), 125.9 (vt, |1JCP + 3JCP| = 29.8 Hz, ipso-C PPh2) 125.6 (vt, 
|3JCP + 5JCP| = 4.7 Hz, m-C py), 40.9 (vt, |1JCP + 3JCP| = 21.6 Hz, CH2P).

31P{1H} NMR (CD3CN): 36.4 (br).

IR (solid): 1603 (w), 1462 (m), 1436 (s), 1493 (w), 1101 (s), 1062 (m), 988 
(s), 853 (m), 745 (vs), 724 (s), 709 (s), 688 (vs). 

UV-Vis (CH3CN): 244 (29710).



synthesis and characterization of rhenium(V)-oxo comPlexes bearing PnP-Pincer ligands

108

ESI-MS: [M - Cl]+ calc: 748.0488, found: 748.0396, [M - Cl + PPh3]
+ calc: 

1010.1401, found: 1010.1475.

2,6-Bis(dicyclohexylphosphinomethyl)pyridine dichlorooxorhenium(V) 

chloride (4) 2,6-Bis(dicyclohexylphosphinomethyl)pyridine (520 mg, 1.04 
mmol) was dissolved in THF (40 mL) and ReCl3O(PPh3)2 (871 mg, 1.04 
mmol) was added as a solid. Within minutes the color changed from light 
green to dark green. After 18 hours the solution was concentrated to half 
the volume and a green solid was precipitated by addition of diethylether (30 
mL). After filtration, washing with diethylether (2 × 15 mL) and toluene (2 
× 10 mL), the solid was dried in vacuo to obtain the desired compound as a 
green solid in 71% yield (597 mg, 0.74 mmol).

Crystals suitable for X-ray crystallography were obtained by slow vapor dif-
fusion of diethylether into a methanol solution at room temperature. The 
obtained compound was [CyPNP-ReCl2O]ReO4, likely caused by oxidation 
and anion exchange due to exposure to air and residual water during crystal-
lization.

1H NMR (CD3CN): 7.90 (t, 3J = 7.6 Hz, 1H, p-H py), 7.40 (d, 3J = 7.6 Hz, 
2H, m-H py), 4.30 (vt, |2JHP + 4JHP| = 5.2 Hz, 4H, CH2P), 2.08 – 1.98 (m, 
CyH), 2.11 – 1.69 (m, CyH), 1.46 – 1.23 (m, CyH).

13C{1H} NMR (CD3CN): 160.0 (o-C py), 143.4 (p-C py), 124.9 (vt, |3JCP + 
5JCP| = 5.0 Hz, m-C py), 36.4 (vt, |1JCP + 3JCP| = 17.5 Hz, CyC 1), 35.4 (vt, |1JCP 
+ 3JCP| = 12.2 Hz, CH2P), 29.6, 29.3 (each s, CyC 3,5), 27.8, 27.6 (each vt, |2JCP 
+ 4JCP| = 6.0 Hz and 6.9 Hz, CyC 2 ,6), 26.2, 26.2 (each s, CyC 4). Assignment 
confirmed by 13C DEPT.

31P{1H} NMR (CD3CN): 43.5.

IR (solid): 2926 (vs), 2852 (vs), 1604 (m), 1586 (w), 1569 (m), 1448 (vs), 
1393 (w), 1274 (s), 1177 (m), 1116 (m), 1067 (m), 990 (vs), 975 (vs), 890 (s), 
853 (vs), 747 (vs), 695 (s).

UV-Vis (CH3CN): 255 (10070).

ESI-MS: [M - Cl]+ calc: 772.2366, found: 772.2371.



chaPter 5

109

X-ray crystal structure determinations: Reflections were measured on a Bruk-
er Kappa ApexII diffractometer with sealed tube and Triumph monochroma-
tor (λ = 0.71073 Å). Software packages used for the intensity integration were 
SAINT27 (1, 2) and Eval1528 (3, 4). Absorption correction was performed with 
SADABS.29 The structures were solved with SHELXS-9730 (1) or SHELXT31 
(2, 3, 4) and refined with SHELXL-97 against F 2 of all reflections. Non-hy-
drogen atoms were refined freely with anisotropic displacement parameters. 
Hydrogen atoms were included in calculated positions (1, 2, 4) or located in 
difference Fourier maps (3). O–H hydrogen atoms were refined freely with 
isotropic displacement parameters, C–H hydrogen atoms were refined with a 
riding model. The non-coordinated iodine atoms in 1 and 2 were refined with 
a split atom model. The residual electron densities in 2 are close to the heavy 
atoms and chemically not interpretable.

The crystal structures of 1 and 3 contain large voids (595 Å3 / unit cell 
in 1, and 2144 Å3 / unit cell in 3) filled with disordered solvent molecules. 
Their contribution to the structure factors was taken into account using the 
SQUEEZE routine of the PLATON software,32 resulting in 179 electrons / 
unit cell in 1, and 354 electrons / unit cell in 3.

Geometry calculations and checking for higher symmetry was performed 
with the PLATON program. Further details are given in Table 2 (vide supra).

References
1. Sacconi, L.; Bertini, I. J. Am. Chem. Soc. 1967, 89, 2235 – 2236.
2. Dahlhoff, W.V.; Dick, T.R.; Ford, G.H.; Nelson, S.M. J. Inorg. Nucl. Chem. 1971, 

33, 1799 – 1811.
3. Zhang, J.; Gandelman, M.; Shimon, L.J.W.; Rozenberg, H.; Milstein, D. Organome-

tallics 2004, 23, 4026 – 4033.
4. van der Vlugt, J.I.; Reek, J.N.H. Angew. Chem. Int. Ed. 2009, 48, 8832 – 8846.
5. Lyaskovskyy, L.; de Bruin, B. ACS. Catal. 2012, 2, 270 – 279.
6. Zhang, J.; Leitus, G.; Ben-David, Y.; Milstein, D. Angew. Chem. Int. Ed. 2006, 45, 

1113 – 1115.
7. Refosco, F.; Bolzati, C.; Duatti, A.; Tisato, F.; Uccelli, L. In Recent Research Develop-

ments in Inorganic Chemistry; Pandalai, S.G., Ed.; Transworld Research Network: 
Trivandrum, 2000; Vol. 2, pp 89 – 98. 

8. Bertolasi, V.; Marchi, A.; Marvelli, L.; Rossi, R.; Bianchini, C.; de los Rios, I.; Peru-
zzini, M. Inorg. Chim. Acta 2002, 327, 140 – 146.



synthesis and characterization of rhenium(V)-oxo comPlexes bearing PnP-Pincer ligands

110

9. Porchia, M.; Tisato, F.; Refosco, F.; Bolzati, C.; Cavazza-Ceccato, M.; Bandoli, G.; 
Dolmella, A. Inorg. Chem. 2005, 44, 4766 – 4776.

10. Tisato, F.; Refosco, F.; Porchia, M.; Bolzati, C.; Bandoli, G.; Dolmella, A.; Duatti, 
A.; Boschi, A.; Jung, C.M.; Pietzsch, H.J.; Kraus, W. Inorg. Chem. 2004, 43, 8617 – 
8625.

11. Bolzati, C.; Refosco, F.; Cagnolini, A.; Tisato, F.; Boschi, A.; Duatti, A.; Uccelli, L.; 
Dolmella, A.; Marotta, E.; Tubaro, M. Eur. J. Inorg. Chem. 2004, 1902 – 1913.

12. Kim, Y.S.; Hea, Z.J.; Schibli, R.; Liu, S. Inorg. Chim. Acta 2006, 359, 2479 – 2488.
13. Choualeb, A.; Lough, A.J.; Gusev, D.G. Organometallics 2007, 26, 3509 – 3515.
14. Radosevich, A.T.; Melnick, J.G.; Stoian, S.A.; Bacciu, D.; Chen, C.H.; Foxman, 

B.M.; Ozerov, O.V.; Nocera, D.G. Inorg. Chem. 2009, 48, 9214 – 9221.
15. Korstanje, T.J.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. ChemSusChem 2010, 3, 

695 – 697 (Chapter 2 of this thesis). 
16. Korstanje, T.J.; de Waard, E.F.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. ACS 

Catal. 2012, 2, 2173 – 2181 (Chapter 3 of this thesis).
17. Korstanje, T.J.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. submitted 2013 (Chap-

ter 4 of this thesis). 
18. Abbenhuis, R.A.T.M.; del Rio, I.; Bergshoef, M.M.; Boersma, J.; Veldman, N.; Spek, 

A.L.; van Koten, G. Inorg. Chem. 1998, 37, 1749 – 1758.
19. Katayama, H.; Wada, C.; Taniguchi, K.; Ozawa, F. Organometallics 2002, 21, 3285 

– 3291.
20. Coe, B.J.; Glenwright, S.J. Coord. Chem. Rev. 2000, 203, 5 – 80.
21. Feller, M.; Ben-Ari, E.; Iron, M.; Diskin-Posner, Y.; Leitus, G.; Shimon, L.; Konstan-

tinovski, L.; Milstein, D. Inorg. Chem. 2010, 49, 1615 – 1625.
22. Feng, Y.E.; Aponte, J.; Houseworth, P.J.; Boyle, P.D.; Ison, E.A. Inorg. Chem. 2009, 

48, 11058 – 11066.
23. Lilly, C.P.; Boyle, P.D.; Ison, E.A. Dalton Trans. 2011, 40, 11815 – 11821.
24. Muller, G.; Klinga, M.; Leskela, M.; Rieger, B. Z. Anorg. Allg. Chem. 2002, 628, 

2839 – 2846.
25. Hermann, D.; Gandelman, M.; Rozenberg, H.; Shimon, L.J.W.; Milstein, D. Or-

ganometallics 2002, 21, 812 – 818.
26. Pelczar, E.M.; Emge, T.J.; Krogh-Jespersen, K.; Goldman, A.S. Organometallics 

2008, 27, 5759 – 5767.
27. Bruker SAINT-Plus, Bruxer AXS Inc.: Madison, Wisconsin, USA, 2001.
28. Schreurs, A.M.M.; Xian, X.Y.; Kroon-Batenburg, L.M.J. J. Appl. Crystallogr. 2010, 

43, 70 – 82.
29. Sheldrick, G.M. SADABS: Area-Detector Absorption Correction, v2.10, Universität 

Göttingen, Germany, 1999.
30. Sheldrick, G.M. Acta Crystallogr. A 2008, 64, 112 – 122.
31. Sheldrick, G.M. SHELXT, Universität Göttingen, Germany, 2012.
32. Spek, A.L. Acta Crystallogr. D 2009, 65, 148 – 155.



111

6
Synthesis, characterization, 
and catalytic behavior of novel 
MoO2(acac’)2 complexes

NaMoO4 +
R1

O

R2

O

HCl / H2O
EtOH, 5 min

OH
R

R' R'
R

8 different complexes

H2O+

A series of MoO2(acac’)2 (acac’ = 
acetylacetonato-type ligand) 
complexes have been obtained 
using a simple synthesis method, 
utilizing sodium molybdate and 
the desired acac-type ligand as 
starting materials, in 44 – 83% 
yield. All complexes were charac-
terized using IR, UV/Vis, NMR, 
high resolution ESI-MS, and for 
compounds 3, 4, and 8 solid 

state structures were obtained. All complexes were found to be active as cata-
lysts in the dehydration reaction of 1-phenylethanol to styrene. The highest 
catalytic activity was found for MoO2((tBuCO)2CH)2 (2), followed by 
MoO2((C6H5CO)2CH)2 (3). Both complexes were also found to be active in 
the dehydration of a series of other alcohols, including allylic, aliphatic, and 
homoallylic alcohols, and both secondary and tertiary alcohols, where 2 gen-
erally shows better activity and selectivity than 3. Overall, the MoO2(acac’)2 
complexes reported could offer a cheaper and more abundant metal-based 
catalyst alternative for the dehydration reaction compared to the previously 
reported rhenium-based catalytic system.

Published as: Korstanje, T.J.; Folkertsma, E.; Lutz, M.; Jastrzebski, J.T.B.H.; Klein Gebbink, 
R.J.M. Eur. J. Inorg. Chem. 2013, in press, DOI: 10.1002/ejic.201201350.
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6.1 Introduction

Due to the increasing scarcity of fossil resources, currently the main pro-
vider of building blocks for the chemical industry, much research effort is 
focused on the use of biomass as an alternative resource for chemical building 
blocks. Lignocellulosic biomass in particular could provide sufficient sustain-
able carbon-based material on an annual basis.1,2 The major challenge in the 
substitution of fossil resources by lignocellulosic biomass lies in the structural 
differences between the two: fossil resources contain mostly underfunctional-
ized, oxygen-poor scaffolds, while lignocellulosic biomass is highly function-
alized and oxygen-rich in the form of hydroxyl groups. For lignocellulosic 
biomass to be a convenient resource for the chemical industry, part of the 
functionality needs to be removed or converted and its oxygen content needs 
to be lowered. One of the methods to accomplish this is via dehydration of 
the hydroxyl groups to olefinic moieties (Scheme 1).

R'

OH
R R'

R[cat] + H2O

Scheme 1. Dehydration of alcohols to olefins.

Commonly, the dehydration reaction is performed using strong (solid) 
acid catalysts, such as mineral acids,3 zeolites,4 or metal oxides.5,6 The major 
drawback of these methods is their low selectivity and low functional group 
tolerance as well as their acidic nature, causing reactor corrosion and safety 
concerns. More selective catalysts that are able to dehydrate alcohols under 
mild conditions are therefore desirable. 

Few transition metal-catalyzed dehydration reactions have been reported; 
these are based on the use of zinc,7 ruthenium,8 or rhenium.9-13 We previ-
ously reported on rhenium-based catalysts for the dehydration reaction, and 
found high-valent rhenium catalysts to be highly active as well as selective 
in the dehydration of various alcohols.14,15 Comparison with traditional (sol-
id) acid catalysts such as sulfuric acid, acid resins, and zeolites, showed that 
rhenium(VII) oxide, the most active rhenium-based catalyst, is more active 
and more selective than any of the acid catalysts tested. A drawback of the 



chaPter 6

113

application of rhenium-based catalysts could be the limited natural abun-
dance of rhenium. Molybdenum, like rhenium, is located in the middle of the 
transition metal block of the periodic table, and as such is active in oxygen 
atom transfer (OAT) reactions like oxidations and deoxygenations. There is 
also one report on the use of MoO2(acac)2 as a catalyst for the dehydration 
of tertiary alcohols.16 In nature molybdenum-containing enzymes, usually 
bound by the pterin cofactor, are known for OAT reactions, for instance in 
DMSO reductase and sulfite oxidase.17 Here, we report on our investigations 
into the use of molybdenum-based catalysts for the dehydration reaction of 
alcohols to olefins.

6.2 Results

6.2.1 Catalysis – commercially available complexes 

Our first efforts into the investigation of molybdenum-based catalysts fo-
cused on the dehydration reaction of 1-phenylethanol to styrene using com-
mercially available molybdenum materials (Table 1). Screening for solvent, 
temperature, and the presence or absence of air gave the following optimal 
reaction conditions: technical grade toluene as the solvent, 100 °C as the reac-
tion temperature, and an ambient atmosphere, which is similar to the optimal 
conditions found earlier by us for the rhenium-based catalysts.14

Using these conditions, we focused on the testing of various commercially 
available molybdenum materials in the dehydration reaction. Molybdenum 
metal (Table 1, entry 1) showed little activity in the dehydration of 1-phenyl-
ethanol, as did sodium molybdate (entry 2). Surprisingly, molybdenum(VI) 
oxide also showed little activity (entry 3), while in the case of rhenium-
based catalysts rhenium(VII) oxide performed very well in this reaction. 
Molybdenum(VI) dichloride dioxide on the contrary showed a good activity, 
giving almost complete conversion after 24 hours and a high initial rate of 
5.43 mmol h-1, yet a poor selectivity for styrene (entry 4), and accordingly 
yielding a poor mass balance. Likely this is caused by oligomerization or 
polymerization of the formed styrene under the given reaction conditions. 
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MoO2(acac)2 (1) and MoO2((tBuCO)2CH)2 (2), both MoO2(acac’)2 complex-
es, showed a similar activity, but somewhat improved selectivity for styrene 
(entries 5 and 6). When compared to sulfuric acid (entry 7), the activity of 
the two molybdenum complexes bearing acac-type ligands is higher, while a 
2.5 times lower catalyst loading is used, although styrene selectivity is some-
what higher with sulfuric acid. The trend in activity of the tested compounds 
appears to follow the previously observed trend in rhenium-catalyzed dehy-
dration, which is linked to the Lewis acidity of the catalyst.15 Molybdenum 
metal is a poor Lewis acid, as is the anionic molybdate salt, and both show 
a low activity. The high-valent molybdenum complexes are stronger Lewis 
acids and do show good activity. The only complex that falls out of this trend 
is molybdenum(VI) oxide, which also is a strong Lewis acid, but shows a low 
activity.

Table 1. Dehydration of 1-phenylethanol to styrene, catalyzed by commercially 
available molybdenum complexes.a

OH

+
O[Mo]

Entry Catalyst
Catalyst 
loading 
(mol%)

Time 
(h)

Conversion 
(%)b

Styrene 
selectivity 

(%)b

Initial rate 
(mmol h-1)b,c

1 Mo (0) 5 22 23 35 <0.1

2 Na2MoO4 5 22 12 8 <0.1

3 MoO3 5 22 32 10 <0.1

4 MoO2Cl2 1 24 96 21 5.43

5 MoO2(acac)2 (1) 1 24 97 30 5.16

6 MoO2((tBuCO)2CH)2 (2) 1 22 >99 28 6.77

7 H2SO4 2.5 24 >99 39 3.65

a) Reaction conditions: 2 mmol 1-phenylethanol, 0.02 – 0.1 mmol catalyst, 250 μL pen-
tadecane (IS), 10 mL toluene, 100 °C. b) Based on GC. c) Rate of consumption of starting 
material during the first 5 minutes of reaction. 
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6.2.2 Synthesis and characterization of MoO2(acac’)2 complexes 

Since the two MoO2(acac’)2 complexes 1 and 2 were the best performing 
catalysts tested in our initial dehydration tests, we decided to adapt the acac-
type ligand in order to optimize the catalytic behavior of these complexes.

A simple synthesis method adapted from previously reported methods,18,19 
using sodium molybdate as the metal precursor and the acetylacetonate pre-
ligand in stoichiometric amounts in an acidic water/ethanol mixture yielded 
two previously reported (3, 4)19 and four novel (5 – 8) MoO2(acac’)2 com-
plexes in moderate to good yields (Figure 1). An alternative method using 
halide abstraction from MoO2Cl2 with the help of Ag(OTf)2 and subsequent 
addition of the desired ligand did not yield the desired compounds.

O O
Mo

O O

2

1

O O
Mo

O O

2

2

O O
Mo

O O

2
3

O O
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O O
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O O
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O O
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Figure 1. MoO2(acac’)2 complexes 1 – 8.
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In all isolated complexes a very strong doublet in the 895 – 940 cm-1 re-
gion is present in the infrared spectrum (Table 2), which can be attributed 
to the symmetrical and the anti-symmetrical vibration of the MoO2 moi-
ety. The observed frequency range is indicative for a cis-conformation of the 
MoO2 moiety, whereas a trans-conformation would be lower in energy (790 
– 820 cm-1) due to a lower overlap of the lone pairs of the oxo ligand with 
the d-orbitals of the metal, thereby lowering π-donation of the oxo-ligands 
and thus lowering the Mo=O bond order.20 A cis-conformation is most com-
mon for bisoxo d0 metal complexes of this type.19 Considerable differences in 
Mo=O vibration energies between the complexes is observed, ranging from 
893 to 907 cm-1 for the anti-symmetric Mo=O vibration, while the sym-
metric Mo=O vibration ranges from 927 to 940 cm-1. The anti-symmetrical 
and symmetrical Mo=O vibrations are correlated in these complexes, with 
the exception of complex 7, which has the lowest anti-symmetrical but the 
highest symmetrical Mo=O vibration energy. The four complexes bearing an 
aromatic moiety in the ligand backbone (3, 4, 5, and 8) show similar char-
acteristics in IR, with an anti-symmetrical Mo=O vibration around 898 cm-1 
and a symmetrical vibration around 927 cm-1. The very small difference in 
Mo=O vibrational energy between 3 and 5 is surprising, as the para-methoxy 
groups on the phenyl rings of 5 have a strong electron-donating effect, which 
is expected to influence the electron density on the metal center and therefore 
the Mo=O bond energy. The lack of difference between these two complexes 
indicates that the π-system of the phenyl rings does not influence the binding 
to the metal, likely because it is not delocalized to the enolate π-system.

Considerable differences in the maximum absorption energy are observed 
in the UV/Vis spectra of the complexes, varying from 289 nm for compound 
7 to 380 nm for compound 5. These absorptions can be attributed to the π 
– π* transitions of the enolate ligands. Furthermore, the colors of the various 
complexes are very different, ranging from yellow (2) to dark blue (6). The 
two complexes bearing cycloalkyl derivatives, 6 and 7, both show an addi-
tional absorption at 777 – 778 nm. This absorption could be attributed to 
the presence of small amounts of polyoxomolybdates, also known as molyb-



chaPter 6

117

denum blue, which are known to have strong absorptions in this region due 
to an intervalence charge transfer (IVCT) transition.21 6 and 7 are also the 
complexes for which we observed rapid decomposition by NMR (vide infra), 
explaining the occurrence of these species and thus their color. 

When comparing the trends in the symmetrical Mo=O vibrations and the 
UV/Vis absorption maxima, it can be observed that a decreasing Mo=O vibra-
tion energy correlates with an increasing UV/Vis absorption maximum. This 
trend can be rationalized as follows: a low-energy absorption corresponds to a 
small energy difference between the π and π* orbitals of the ligand, as a result 
of an elevated orbital energy of the HOMO in the case of an electron-rich 
system. Likewise, an electron-rich ligand system would donate more electron 
density into the empty d orbitals of the metal center, thereby lowering the 
π-donation of the lone pairs of the oxo ligands into the d orbitals of the metal, 
resulting in a decreased bond order and thus a lower vibration energy.

Table 2. Infrared and UV/Vis data of the MoO2(acac’)2 complexes, sorted by sym-
metrical Mo=O vibration.

Complex
Infrared UV/Vis

Anti-sym Mo=O 
(cm-1)

Sym Mo=O 
(cm-1) λmax (nm)

7 893 940 289, 778

2 907 936 322

6 901 935 332, 777

1 902 932 322

3 898 929 376

4 899 927 346

5 899 927 380

8 897 927 376

In the case of the complexes bearing unsymmetrical ligands, i.e. 4, 6, 7, 
and 8, three different geometrical isomers bearing a cis-MoO2 moiety can be 
formed, each of which has an enantiomer (Figure 2). This is illustrated by the 
NMR spectra of these compounds, which contain four sets of signals (one set 
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for OC6-22 and OC6-33 each, and another two sets for OC6-23 due to the 
inequivalence of the ligands in this conformation). The complexes bearing 
symmetrical ligands (3 and 5) only have one geometrical isomer, as illustrated 
by a single signal for the central CH proton. For the aryl protons of 3 and 
5 a double set of signals is observed due to the non-equivalence of the two 
aryl rings in the dibenzoylmethane ligands. During the NMR measurements 
some decomposition of the complexes was observed, hampering the acquisi-
tion of 13C NMR spectra. Various solvents were tested to minimize decompo-
sition during the measurement, with dry, oxygen-free THF-d8 as the optimal 
solvent. However, due to the moderate solubility of the complexes in organic 
solvents, combined with the good solubility of the free ligand, 13C NMR 
data were only successfully obtained for complexes 3 and 4. For complexes 
5, 6, and 7 significant amounts of protonated ligand were also observed in 
their 1H NMR spectra. Together with the occurrence of protonated ligand, 
we also observed a more symmetrical molybdenum-species, likely due to a 
MoO2(acac’) species.
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Figure 2. The three different diastereoisomers of 4: OC6-22, OC6-23, and OC6-33 
(only Δ-enantiomers shown).22

We were able to determine the solid state structure of compounds 3, 4, and 
8 by X-ray crystal structure analysis. The representations of the molecular 
structures are given in Figure 3, a summary of the crystallographic data in 
Table 3 and selected bond distances and angles are given in Table 4. In all 
cases a distorted octahedral coordination around molybdenum is observed, 
which is in accordance with previously determined solid state structures of 
similar compounds, including 1,23,24 2,25 and 3.26 Although the crystal struc-
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ture of 3 was reported earlier, the structure presented here is of much higher 
quality. In the measured crystals only one isomer of the complexes was found, 
OC6-33 for both 4 and 8. The solid state structures confirm that all com-
plexes contain a cis-MoO2 moiety, as was found by infrared spectroscopy. The 
Mo1–O5 and Mo1–O6 bond distances (1.6984(16) – 1.7057(12) Å) show 
the presence of a double bond and thus confirm the presence of the two oxo 
groups. The two oxygen atoms of the acac-type ligand are not equivalent as 
shown by the significant differences in Mo–O bond distance with the longer 
distance of the Mo–O bond positioned trans with respect to the oxo ligand. 
This is most likely caused by the strong trans-influence of the oxo ligands, 
weakening and thus lengthening the C–O bond trans to the oxo ligands.

Figure 3. X-ray crystal structures for 3, 4, and 8, ellipsoids at 50% probability, hy-
drogen atoms emitted for clarity.

3

4

8
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Table 3. Experimental details of the crystal structures of 3, 4, and 8.

3 4 8

formula C30H22MoO6 C20H18MoO6 C24H22MoO6

Fw 574.42 450.28 502.36

crystal colour yellow yellow yellow

crystal size 
[mm3] 0.33 × 0.33 × 0.24 0.30 × 0.09 × 0.06 0.16 × 0.13 × 0.03

T [K] 110(2) 150(2) 150(2)

crystal system monoclinic monoclinic monoclinic

space group P 21/c (no. 14) P 21/c (no. 14) C c  (no. 9)

a [Å] 9.31711(8) 9.8489(3) 10.6197(8)

b [Å] 13.26512(16) 12.4838(3) 27.201(2)

c [Å] 20.2515(8) 16.3720(4) 7.6064(6)

β [°] 96.358(1) 116.188(1) 113.841(2)

V [Å3] 2487.54(10) 1806.34(9) 2009.8(3)

Z 4 4 4

Dcalc [g/cm3] 1.534 1.656 1.660

(sin θ/λ)max [Å
1] 0.65 0.65 0.65

refl. measured/
unique 71874 / 5708 37210 / 4154 18504 / 4149

parameters / 
restraints 334 / 0 246 / 0 283 / 2

R1/wR2 [I>2s(I)] 0.0209 / 0.0541 0.0271 / 0.0590 0.0194 / 0.0472

R1/wR2 [all 
refl.)] 0.0271 / 0.0582 0.0419 / 0.0654 0.0207 / 0.0477

Flack x27 - - 0.15(2)

S 1.066 1.023 1.081

r(min/max) 
[eÅ-3] -0.30 / 0.57 -0.49 / 0.59 -0.24 / 0.37
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Table 4. Selected bond distances (Å) and angles (°) for 3, 4, and 8.

3 4 8

Bond Distances (Å)

Mo1–O1 2.1661(11) 2.2049(16) 2.1905(16)

Mo1–O2 1.9847(11) 1.9847(15) 1.9873(15)

Mo1–O3 1.9981(10) 2.0052(14) 2.0094(15)

Mo1–O4 2.1496(11) 2.1653(16) 2.1463(16)

Mo1–O5 1.7057(12) 1.6984(16) 1.7025(16)

Mo1–O6 1.6991(11) 1.7012(16) 1.7036(16)

Bond Angles (°)

O1–Mo1–O2 81.06(4) 81.35(6) 78.82(6)

O2–Mo1–O6 93.38(5) 94.08(7) 93.31(7)

O6–Mo1–O3 99.17(5) 98.44(7) 99.91(7)

O3–Mo1–O1 83.13(4) 83.46(6) 85.03(6)

O1–Mo1–O5 89.14(5) 86.83(7) 87.20(7)

O5–Mo1–O6 104.69(6) 104.06(8) 103.90(8)

O6–Mo1–O4 91.17(5) 92.17(7) 93.97(7)

O4–Mo1–O1 75.25(4) 77.22(6) 75.67(6)

O1–Mo1–O6 165.72(5) 168.82(7) 167.54(7)

O4–Mo1–O5 163.85(5) 163.04(7) 161.24(7)
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6.2.3 Catalysis – MoO2(acac’)2 

After successfully synthesizing complexes 3 – 8, these were tested as cata-
lysts in the dehydration reaction of 1-phenylethanol to styrene (Table 5).

Table 5. Dehydration of 1-phenylethanol to styrene, catalyzed by MoO2(acac’)2.
a

Complex Time (h) Conversion (%)b Styrene selectivity (%)b Initial rate (mmol h-1)b,c

3 24 98 30 5.43

4 24 99 29 3.89

5 24 >99 34 0.73

6 20 98 35 2.32

7 20 >99 30 3.77

8 24 98 30 1.21

a) Reaction conditions: 2 mmol 1-phenylethanol, 0.02 mmol catalyst, 250 μL pentadecane 
(IS), 10 mL toluene, 100 °C. b) Based on GC. c) Rate of consumption of starting material 
during the first 5 minutes of reaction.

All six complexes showed significant catalytic activity in the dehydration of 
1-phenylethanol to styrene, reaching nearly complete conversion within 20 – 
24 hours, similar to the above-mentioned results for 1 and 2. The observed 
selectivity for styrene is also very similar, i.e. between 29% and 35%, with 
complexes 5 and 6 being the most selective. In terms of activity, a larger dif-
ference is observed: 3 shows an initial rate of 5.43 mmol h-1, which is similar 
to 1, while 5 shows almost eight times lower activity. Complexes 4 and 7 
show somewhat lower activity than 3, but still higher than the benchmark 
catalyst sulfuric acid. On the basis of these results, it was decided to use the 
two most active catalysts, 2 and 3, for the exploration of the substrate scope 
in the dehydration reaction.

A wide variety of alcohols, ranging from allylic, aliphatic, and homoallylic 
alcohols and both secondary and tertiary alcohols, were tested in the dehy-
dration reaction using 2 and 3 as the catalyst (Table 6). The tertiary allylic 
and aliphatic alcohols and both the secondary and tertiary allylic alcohol 
reacted readily at 100 °C, with both catalysts showing quite similar catalytic 
performance. In the case of the tertiary allylic alcohol 1-vinylcyclohexanol 
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good results were obtained, with full conversion and a good selectivity for 
the desired olefin after 24 hours with 2 as catalyst and a moderate selectivity 
with 3 as catalyst (entry 1). The tertiary aliphatic alcohol 3-ethylpentan-3-ol 
however showed a much lower conversion and initial rate with both catalysts, 
but again a good selectivity for 3-ethylpent-2-ene with 2 as catalyst and a 
moderate selectivity with 3 as catalyst (entry 2). In the case of the secondary 
allylic alcohol 1-octen-3-ol, no dehydration products were observed. Instead 

Table 6. Dehydration of allylic, aliphatic, and homoallylic alcohols, catalyzed by 2 
or 3.a

Entry Substrate Major product Cat. T 
(°C) Time Conv. 

(%)b
Sel. 
(%)b

Initial rate 
(mmol h-1)b,c

1
OH

2
3 100 24 h >99

>99
73
53

5.99
5.20

2
OH 2

3 100 24 h 32d

12d
75d

49d
<0.01
0.18

3
OH

OH
2
3 100 15’

60’
22
25

90
79

1.48
0.42

4
OH 2

3 100 45’ 90
94

19
17

11.2
11.1

5
OH

- 2
3

150
100 24 h 78

6 - NDe

6
OH

octadienes 2
3 150 24 h 24

24
10f

14f NDe

7
OH

heptatrienes 2
3 150 24 h 19

25
>99f

94f NDe

8
OH

1-octene
cis-2-octene

trans-2-octene
trans-3-octene

2
3 150 24 h 88

14

21 / 21
31 / 24
36 / 42
6 / 28g

NDe

a) Reaction conditions: 2 mmol substrate, 0.02 mmol 2 or 3, 250 μL pentadecane (IS), 10 
mL toluene, 100 – 150 °C, 24 hours, all values averaged over two runs. b) Based on GC. c) 
Rate of consumption of starting material during the first 5 minutes of reaction. d) Deter-
mined by NMR, using 1,3,5-trimethoxybenzene as internal standard. e) Not determined. f ) 
Mixture of isomers, quantified after hydrogenation using 10 wt.% Pd on activated carbon. 
g) For catalyst 3: mixture of 3- and 4-octenes. 
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a 1,3-transposition to give 2-octen-1-ol was observed (entry 3). After 15 – 60 
minutes a product selectivity of 90% and 79% is obtained at 22% and 25% 
conversion with respectively 2 and 3 as catalyst. When the reaction time is 
increased conversion rises further, but selectivity drops rapidly. The cyclic 
secondary allylic alcohol 2-cyclohexen-1-ol, on the contrary, did show dehy-
dration towards 1,3-cyclohexadiene at high conversion and activity with both 
catalysts, albeit with low selectivity (entry 4). In all cases no other products 
were observed in GC, pointing to the formation of higher-boiling products 
due to oligomerization of the olefins.

An interesting substrate is 3-methyl-5-hexen-3-ol (entry 5). This tertiary 
homoallylic alcohol did not show any reaction at 100 °C with 2, while with 
3 some conversion was obtained. With 2 the reaction did proceed at 150 °C 
with good conversion, but in both cases reaction products could not be iden-
tified using GC.

The secondary aliphatic alcohols did not show any reaction at 100 °C with 
either catalyst, but upon increasing the temperature to 150 °C and by car-
rying out the reaction in an autoclave, these alcohols did convert. The sec-
ondary homoallylic alcohols 1-octen-4-ol and 1,6-heptadien-4-ol did give 
olefinic products, although conversions after 24 hours were low with both 
catalysts (entries 6 and 7). In the first case a low selectivity for octadienes (10 
– 14%) was obtained for both catalysts, but in the latter case a good selectiv-
ity of 94 – 99% for heptatrienes was observed. In the case of the secondary 
aliphatic alcohol 2-octanol a poor conversion was obtained with 3 as catalyst, 
but very good results were obtained with 2 as catalyst, giving 88% conversion 
after 24 hours and in total 92% selectivity for octenes (entry 8). As 2-octanol 
can be obtained from castor oil,28 this dehydration process could be industri-
ally interesting for the production of bio-based 1-octene, which is used as a 
co-polymer for the production of linear low-density polyethylene (LLDPE).29
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Comparison between 2 and 3 as catalyst in the dehydration reaction of 
these alcohols shows that 2 is the superior catalyst, particularly at the higher 
temperatures required for the secondary alcohols to react. An explanation for 
this difference can be found in the stability of the complexes, with 3 more 
rapidly decomposing at 150 °C than 2, thus giving lower conversions.

When comparing the results obtained here using 2 and 3 as catalyst in 
1 mol% amount with previously obtained results using both Re2O7 (in 0.5 
mol% amount) and H2SO4 (in 2.5 mol% amount),15 some differences in reac-
tivity can be observed. For tertiary alcohol substrates (Table 6, entries 1 and 
2) a lower activity (using initial rate as measure) is observed in the molybde-
num-catalyzed dehydration reactions, while with secondary alcohols (entries 
3 and 4) higher rates than with H2SO4, yet lower than with Re2O7 are ob-
served. Notwithstanding the higher activities observed for the molybdenum 
catalysts compared to H2SO4, conversions are much lower. Remarkably, the 
tertiary homoallylic alcohol 3-methyl-5-hexen-3-ol (entry 5) does not react 
until 150 °C with the molybdenum catalyst, while with both the Re2O7 and 
H2SO4 reaction is observed at 100 °C. For secondary homoallylic alcohol 
substrates (entries 6 and 7), conversions are again lower for the molybdenum 
catalysts, but in the case of 2-octanol (entry 8), the conversion after 24 hours 
is comparable to Re2O7 and H2SO4. 

In terms of product selectivities significant differences are also observed. 
For the tertiary allylic alcohol 1-vinylcyclohexanol (entry 1) and the second-
ary allylic alcohol 1-octen-3-ol, the selectivities with the molybdenum cata-
lyst are in between that of Re2O7 and H2SO4, while with the aliphatic ter-
tiary alcohol 3-ethyl-3-pentanol (entry 2) and the secondary allylic alcohol 
2-cyclohexen-1-ol (entry 4) the selectivities are lower. On the other hand, for 
secondary homoallylic alcohols (entries 6 and 7) mixed results are obtained: 
for 1-octen-4-ol a much lower selectivity is observed, while 1,6-heptadien-
4-ol dehydration results in an excellent selectivity, much higher than with 
Re2O7 or H2SO4. In the industrially most interesting case, 2-octanol, the 
molybdenum catalysts showed good results in terms of selectivity, matching 
that of Re2O7 and surpassing H2SO4.
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Following these observations, an explanation for the poor activity with ter-
tiary alcohols might be found in steric factors, as tertiary alcohols are steri-
cally quite hindered and the molybdenum catalysts are also quite demanding 
in a steric sense, due to the presence of in total four tert-butyl (2) or phenyl 
(3) groups. This could hamper substrate approach and binding and, accord-
ingly, overall catalytic activity. Furthermore, the good initial rates in com-
bination with moderate conversions with some substrates could indicate the 
decomposition of the catalyst under reaction conditions. It is known that 1 
can thermally decompose.30 One of the proposed structures of this decom-
position product is a MoV

2O3(acac)4 species, based on EPR measurements. In 
these measurements also a free radical, possibly an acetylacetone radical, is 
observed.31 Another proposed pathway of decomposition could involve pho-
tochemistry,32 yielding a MoVO2(acac’) species, also via a radical pathway. 
Finally, any type of polyoxomolybdate can also be formed under reaction 
conditions, which are known to give an intense blue color.21 During the dehy-
dration reactions we observed that all tested MoO2(acac’)2 complexes change 
color, in the case of 1 from yellow to green, and in the case of 2 from green to 
dark blue, indicating the transformation or decomposition of the complexes. 
This might be the cause for the moderate conversions in some cases, although 
good conversions are obtained in other cases, indicating that on one hand the 
starting MoO2(acac’)2 complexes may decompose to inactive compounds or 
on the other hand act as precatalysts. 

6.3 Conclusions

We have reported the synthesis of a small series of MoO2(acac’)2 complexes 
and characterized them using various spectroscopic techniques (IR, UV/Vis, 
NMR), high resolution ESI-MS, and for complexes 3, 4, and 8 the solid state 
structure was determined. These complexes were tested in the dehydration 
reaction of 1-phenylethanol to styrene alongside a number of commercially 
available molybdenum materials, and were found to be active in this reaction. 
The most active catalysts tested in this study were MoO2((tBuCO)2CH)2 (2) 
and MoO2((C6H5CO)2CH)2 (3), which accordingly were tested in the dehy-
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dration of an extended series of alcohol substrates, varying from allylic to 
aliphatic and homoallylic, and both secondary and tertiary alcohols. The cat-
alytic performances of both catalysts were compared on the basis of activity 
and selectivity with previously obtained results using either Re2O7 or H2SO4 
as catalyst,15 and were found to give moderate results with some substrates, 
while with other substrates, such as the dehydration of 2-octanol to octenes 
using 2, comparable results to Re2O7 were obtained. Amongst other dehydra-
tive transformations, this opens up the possibility to use a cheaper and more 
abundant metal, such as molybdenum, for the industrially relevant dehydra-
tion of 2-octanol to octenes, without sacrificing selectivity.

6.4 Experimental section

General: Di(p-methoxybenzoyl)methane was prepared via a literature pro-
cedure.33 All other starting materials were obtained from commercial sources 
and used without further purification. Dry diethyl ether and THF were ob-
tained from an mBraun MB SPS-800 solvent purification system, THF-d8 
was dried via distillation from sodium/benzophenone and stored over 4 Å 
molecular sieves. 1H and 13C{1H} NMR spectra were recorded at 298 K on 
a Varian AS 400 MHz NMR spectrometer at 400 MHz and 100 MHz re-
spectively. Chemical shifts are reported in ppm and referenced against re-
sidual solvent signal (3.58 and 67.21 ppm, respectively, for THF-d8). Infrared 
spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer, 
operated in ATR mode. UV-Vis spectra were recorded on an Agilent Cary 50 
UV-Vis spectrometer, wavelengths are reported in nm and extinction coef-
ficients ε are given in brackets in L mol-1 cm-1. ESI-MS spectra were recorded 
in acetonitrile on a Waters LCT Premier XE KE317 Micromass Technologies 
spectrometer. GC analysis was performed on a Perkin-Elmer Autosystem XL 
Gas Chromatograph equipped with an Elite-17 column (30 m × 0.25 mm × 
0.250 μm) and a flame ionization detector. GC-MS analysis was performed 
on a Perkin-Elmer Autosystem XL Gas Chromatograph equipped with an 
AT-50 column (30 m × 0.25 mm × 0.25 μm) and a Perkin-Elmer TurboMass 
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Upgrade. Due to the poor stability of these complexes in solution, as de-
scribed in the Results and Discussion section, no fitting elemental analysis 
was obtained.

General synthesis procedure: An adapted method based on literature meth-
ods was used.19 To a colorless solution of sodium molybdate dihydrate (1.09 
g, 7.65 mmol) in 0.5 mmol L-1 HCl (45 mL, 22.6 mmol) was added during 5 
minutes a solution of dibenzoylmethane (3.38 g, 15.1 mmol) in absolute etha-
nol (60 mL). A yellow precipitate was formed and the suspension was cooled 
to -30 °C overnight. The yellow solution was decanted and the bright yellow 
solid was dried in a vacuum desiccator over phosphorus pentoxide overnight. 
The dried solid was washed three times with diethyl ether until the filtrate 
remained colorless (3 × 15 mL) and the obtained solid was dried in vacuo and 
stored under nitrogen atmosphere.

MoO2((C6H5CO)2CH)2 (3) The desired product was obtained as a bright 
yellow solid (63%, 2.72 g, 4.74 mmol). Single crystals suitable for X-ray crys-
tallography were obtained by slow vapor diffusion of diethyl ether into a di-
chloromethane solution at room temperature.

1H NMR (THF-d8): 7.34 – 7.38 (m, 6H, CH + m-Ar’H ), 7.46 – 7.60 (m, 
8H, m-ArH + p-ArH + p-Ar’H ), 8.02 (d, 3J = 7.6 Hz, 4H, o-Ar’H ), 8.16 (d, 3J 
= 7.7 Hz, 4H, o-ArH ). Assignment confirmed by COSY NMR.

13C{1H} NMR (THF-d8): 97.7 (C(O)C H), 128.7 (o-ArC ), 129.0 (o-Ar’C ), 
129.2 (m-Ar’C ), 129.3 (m-ArC ), 133.1 (p-Ar’C ), 133.8 (p-ArC ), 137.2 (ipso-
Ar’C ), 137.7 (ipso-ArC ), 180.6 (C ’O), 188.4 (C O). 

IR: 3061 (w), 1594 (m), 1544 (s), 1506 (vs), 1474 (vs), 1437 (s), 1354 (m), 
1313 (s), 1290 (vs), 1228 (s), 1063 (m), 929 (m), 898 (vs), 755 (m), 708 (m), 
676 (m). 

UV-Vis (THF): 376 (2.97 × 104), 346 (2.01 × 104). 

ESI-MS [M - O]+ calc: 560.0529, found: 560.0577, [M + H]+ calc: 
577.0556, found: 577.0548, [M + Na]+ calc: 599.0375, found: 599.0496,   [M 
+ MeCN + Na]+ calc: 640.0641, found: 640.0761. 
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MoO2(C6H5COCHCOCH3)2 (4) The general synthesis procedure was fol-
lowed, using 1-benzoylacetone (2.58 g, 5.9 mmol) as the ligand. The desired 
product was obtained as a light green solid (81%, 2.90 g, 6.42 mmol), con-
taining three different conformational isomers. Single crystals suitable for X-
ray crystallography were obtained by slow evaporation of a dichloromethane 
solution at room temperature.

1H NMR (THF-d8): 2.17, 2.24, 2.26, and 2.29 (s, total 6H, CH3), 6.57, 
6.63, 6.66, and 6.67 (s, total 2H, CH ), 7.44 (t, 3J = 7.7 Hz, 2H, m-ArH ), 
7.46 – 7.53 (m, 4H, m-ArH + p-ArH ), 7.89 (t, 3J = 7.6 Hz, 2H, o-ArH ), 7.98 
(t, 3J = 6.6 Hz, 2H, o-ArH ). Assignment confirmed by COSY NMR.

13C{1H} NMR (THF-d8): 25.7, 26.0, 27.1, and 28.2 (C H3), 99.7, 100.7, 
101.2, and 101.3 (C H), 127.6-129.3 (o-ArC + m-ArC overlapping), 132.9, 
133.1, 133.7, and 133.8 (p-ArC ), 136.4, 136.6, 137.1, and 137.2 (ipso-ArC ), 
178.0, 187.0, 187.1, 187.2 187.9, 188.0, 188.1, and 198.0 (Ar–C O + C O–
CH3).

IR: 1592 (m), 1574 (m), 1497 (vs), 1480 (vs), 1450 (s), 1357 (vs), 1283 (vs), 
1103 (m), 927 (vs), 899 (vs), 778 (m), 767 (s), 700 (vs), 683 (vs).

UV-Vis (THF): 346.0 (4.73 × 104).

ESI-MS [M - O]+ calc: 436.0213, found: 436.0232.

MoO2((CH3OC6H5CO)2CH)2 (5) The general synthesis procedure was fol-
lowed, using di(p-methoxybenzoyl)methane (0.48 g, 1.69 mmol) as the li-
gand. The desired product was obtained as an orange solid (52%, 0.31 g, 0.44 
mmol).

1H NMR (THF-d8): 3.77 and 3.88 (s, 12H, OCH3), 6.85 (d, 3J = 9.2 Hz, 
4H, m-ArH ), 7.03 (d, 3J = 8.8 Hz, 4H, m-Ar’H ), 7.19 (s, 2H, CH ), 7.96 (d, 
3J = 8.8 Hz, 4H, o-ArH ), 8.12 (d, 3J = 8.8 Hz, 4H, o-Ar’H ). Assignment 
confirmed by COSY NMR.

IR: 1600 (m), 1544 (m), 1480 (vs), 1456 (vs), 1439 (s), 1300 (m), 1258 (vs), 
1227 (vs), 1169 (vs), 1126 (m), 1021 (m), 926 (m), 899 (m), 842 (m), 787 (vs).

UV-Vis (THF): 380 (4.08 × 104), 363 (4.73 × 104).
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ESI-MS [M + H]+ calc: 697.0980, found: 697.0989 , [M - O]+ calc: 
680.0953, found: 680.0941. 

MoO2((C5H6O)COCH3)2 (6) The general synthesis procedure was fol-
lowed, using 2-acetylcyclopentanone (0.41 g, 3.25 mmol) as the ligand. The 
desired product was obtained as a dark green solid (53%, 0.28 g, 0.74 mmol).

1H NMR (THF-d8): 1.85 – 1.97 (m, 4H, CH2CH2CH2), 2.05, 2.06, 2.09, 
and 2.09 (s, 6H, CH3), 2.29 – 2.56 (m, 4H, CCH2), 2.63 – 2.72 (m, 4H, 
COCH2). Assignment confirmed by COSY NMR.

IR: 3299 (w), 1595 (m), 1489 (vs), 1272 (m), 1241 (s), 935 (s), 901 (vs), 831 
(m), 791 (m), 727 (m).

UV-Vis (THF): 332 (4.38 × 105), 777 (264).

ESI-MS Obs (calc): 444.0285 (444.0324) [M + CH3CN + Na]+. 

MoO2((C6H8O)COCH3)2 (7) The general synthesis procedure was fol-
lowed, using 2-acetylcyclohexanone (1.02 g, 7.28 mmol) as the ligand, with 
the exception that the ethanol was removed in vacuo before cooling over-
night. The desired product was obtained as a dark blue solid (44%, 0.66 g, 
1.61 mmol).

1H NMR (THF-d8): 1.62 – 1.68 (m, 8H, CH2CH2CH2CH2 + 
CH2CH2CH2CH2), 2.06, 2.06, 2.13 and 2.15 (s, 6H, CH3), 2.23 – 2.46 (m, 
8H, COCH2 + CCH2). Assignment confirmed by COSY NMR.

IR: 3351 (br, w), 2959 (w), 2878 (w), 1563 (s), 1474 (s), 1290 (vs), 940 (s), 
893 (vs), 800 (m), 772 (s). 

UV-Vis (THF): 289 (1.65 × 103), 778 (329).

ESI-MS [M + CH3CN + Na]+ calc: 472.0638, found: 472.0552, [M + Na]+  
calc: 431.0372, found: 431.0361. 

MoO2((C12H8O)COCH3)2 (8) The general synthesis procedure was fol-
lowed, using 2-acetyl-1-tetralone (2.48 g, 13.2 mmol) as the ligand. The de-
sired product was obtained as a yellow solid (80%, 2.65 g, 5.28 mmol). Single 
crystals suitable for X-ray crystallography were obtained by slow evaporation 
of a dichloromethane solution at 2 °C. 
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1H NMR (THF-d8): 2.28 (s, 6H, CH3), 2.77 (m, 4H, Ar-CH2), 2.89 (m, 
4H, CCH2), 7.23 (d, 3J = 7.6 Hz, 2H, 5-ArH ), 7.31 (t, 3J = 8.0 Hz, 2H, 
3-ArH ), 7.38 (t, 3J = 7.2 Hz, 2H, 4-ArH ), 7.97 (d, 3J = 7.2 Hz, 2H, 2-ArH ). 
Assignment confirmed by COSY NMR.

IR: 2941 (w), 2890 (w), 2838 (w), 1587 (m), 1562 (m), 1464 (vs), 1448 (vs), 
1357 (s), 1295 (s), 927 (s), 897 (vs), 737 (s), 720 (m). 

UV-Vis (THF): 376 (1.47 × 104).

ESI-MS [M + CH3CN + Na]+ calc: 568.0640, found: 568.0566, [M + Na]+ 

calc: 527.0374, found: 527.0419, [M - O]+ calc: 488.0527, found: 488.0450. 

Crystallography: Single crystals of suitable dimension were used for data col-
lection. Reflections were measured on a Nonius KappaCCD diffractometer 
with rotating anode and graphite monochromator (λ = 0.71073 Å) (com-
pounds 3 and 4) or on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator (λ = 0.71073 Å) (compound 8) up to a 
resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 110(2) K (3) or 150(2) 
K (4 and 8). The reflections were integrated with EVAL1434 (3), EVAL1535 (4) 
or SAINT36 (8) software. Absorption corrections based on multiple measured 
reflections were performed with SADABS.37 The structures were solved with 
Direct Methods using SHELXS-9738 and refined with SHELXL-97 against 
F 2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were located in difference Fou-
rier maps (3 and 4) or introduced in calculated positions (8) and refined with 
a riding model. The structure of 8 was refined as an inversion twin27 resulting 
in a twin fraction of 0.15(2). Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.39

Typical procedure for the dehydration of alcohols to olefins: To the catalyst was 
added a solution of substrate (2 mmol) and pentadecane as internal standard 
(250 μL, 192.3 mg) in toluene (10 mL). The reaction flask was sealed with a 
septum, placed in a pre-heated aluminum block-heater at 100 °C, and stirred 
magnetically. Samples for GC analysis were taken by syringe, filtered over 
Florisil, and eluted with ethyl acetate. For the reactions analyzed by NMR, 
toluene-d8 was used as the solvent and the yield was determined against 
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1,3,5-trimethoxybenzene (0.67 mmol, 112.1 mg) as internal standard. When 
using a liquid catalyst, the same procedure was used, but the catalyst was 
added to the solution by Finnpipette. For the reactions at 150 °C the same 
procedure was used, but in a 50 mL Parr autoclave using a glass insert and 
mechanical stirring.
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7
Biopropionic acid production 
via molybdenum-catalyzed 
deoxygenation of lactic acid

OH

O

OH

O

OH

O O
Mo
O O

2deoxygenation

As the search for non-fossil-based building blocks for chemical industry in-
creases, new methods for the deoxygenation of biomass-derived substrates are 
required. Here we present the deoxygenation of lactic acid to propionic acid, 
using a non-noble and abundant molybdenum-based catalyst under relatively 
mild reactive distillation conditions (200 – 270 °C). High yields of propionic 
acid (up to 82%) can be obtained with either triethylene glycol dimethyl ether 
or water as the solvent in the presence of one equivalent of sodium hydroxide, 
without the use of an external reductant, and starting from an industrially 
relevant feedstock of 44% lactic acid in water. Mechanistic studies show that 
several reactions occur simultaneously, including decarboxylation and decar-
bonylation of the lactic acid, dehydration, and deoxygenation. The major 
pathway of propionic acid formation was determined with isotopic labeling 
studies to proceed via direct C–OH cleavage, and to a lesser extent via a de-
hydration/hydrogenation pathway involving acrylic acid.

Published as: Korstanje, T.J.; Kleijn, H.; Jastrzebski, J.T.B.H.; Klein Gebbink, R.J.M. Green 
Chem., 2013, in press, DOI: 10.1039/C3GC36874B.
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7.1 Introduction

As fossil resources such as oil, coal, and natural gas are becoming scarcer 
and therefore more expensive, the search for alternative feedstocks for the 
chemical industry is more and more increasing. The most important alterna-
tive feedstock that could sustainably provide sufficient carbon-based material 
is lignocellulosic biomass.1 This sustainable feedstock consists of three major 
fractions: cellulose, a polymer of hexoses, hemicellulose, a polymer of pen-
toses, and lignin, a highly branched aromatic polymer. All fractions have a 
oxygen-to-carbon (O : C) ratio of close to one, while fossil feedstocks usually 
have a very low O : C ratio. The major challenge to enable the use of lignocel-
lulosic biomass as a feedstock for chemical industry accordingly lies in the 
(partial) removal of oxygen-containing moieties. One of the most direct ways 
to achieve this is via dehydration and/or deoxygenation of bio-derived alco-
hols, yielding respectively an olefinic or an aliphatic moiety.

One of the examples of biomass-derived molecules with a high O : C ratio 
is lactic acid. Bearing both a hydroxyl and a carboxylic acid functionality, it 
is a highly functionalized molecule, making its selective transformation chal-
lenging. Lactic acid can be obtained from lignocellulosic biomass at a low 
cost via bacterial fermentation. Current worldwide production is estimated 
at 300 kiloton per year and is growing rapidly due to its use as a mono-
mer for polylactic acid production.2 Multiple transformations of lactic acid 
to platform chemicals have been reported, varying from decarboxylation and 
decarbonylation to form acetaldehyde and respectively CO2 and H2 or CO 
and water, dehydration to form acrylic acid and water, and deoxygenation to 
form propionic acid.3-12

Propionic acid is currently produced in ~400 kiloton per year from fossil 
feedstocks, either via oxidation of ethylene, directly or in a two-step manner 
via propional, or as a side product from naphtha oxidation. Its main use is 
as a food preservative for animal feed and grain, and in baked products and 
cheese.13,14 It can also be produced via fermentation of glucose with Propioni-
bacteria, although this is not yet viable for large-scale commercial use.15 Its 
production from lactic acid has already been mentioned in the 19th century 
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using hydriodic acid,16 but the current state of the art is the use of solid acid 
catalysts. Among these are supported nitrate and phosphate salts,3-7 tungsten- 
and molybdenum-based heteropolyacids,8 rare earth metal-doped zeolites,9 
and supported platinum catalysts.10,11 The applied temperature range for these 
catalysts is usually 300 – 400 °C, and the highest reported yield for propionic 
acid is 25% using a Pt/Nb2O5 catalyst at 350 °C and 57 bar H2 pressure. 
Noteworthy is the use of homogeneous precious metal catalysts based on Pt, 
Pd, or Ir. PtH(PEt3)3 can convert lactic acid to propionic acid in up to 50% 
yield at a moderate temperature of 250 °C in water at low pH.17

Here, we present the use of non-noble metal complexes based on molybde-
num and rhenium for the selective deoxygenation of lactic acid to propionic 
acid under relatively mild conditions (200 – 270 °C). Previously, we have 
shown that these complexes are active in the dehydration of a wide variety of 
alcohols, and can surpass common acid catalysts in both dehydration activity 
and olefin product selectivity.18-20

7.2 Results and discussion

In our first attempts to deoxygenate lactic acid we used rhenium(VII) oxide 
(Re2O7) as catalyst and methyl l-lactate as substrate in an autoclave, screen-
ing different solvents and temperatures (Table 1). Methyl lactate was chosen 
to lower the possibility of polymerization of the lactate, a known side reaction 
when using lactic acid or its esters. The initial reaction temperature chosen 
was 150 °C and various solvents were tested (Table 1, entries 1 – 5). Using 
mesitylene, diglyme, or toluene as solvent moderate conversions (53 – 66%) 
were obtained on the basis of GC, while with DMF and DMSO poor to no 
conversion was obtained. No deoxygenated products were obtained, except 
when using toluene as the solvent, where small amounts of methyl acrylate 
(5%) were obtained after 2 hours of reaction time (entry 5). Upon raising the 
temperature to 180 °C and 220 °C full conversion was obtained after 2 hours, 
and at 180 °C 9% methyl acrylate was obtained (entry 6), while at 220 °C no 
deoxygenated products were obtained (entry 7). 
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Table 1. Re2O7-catalyzed methyl lactate dehydration to methyl acrylate.a

O

O
OH

Re2O7 O

O

Entry
Catalyst 
amount 
(mol%)

Solvent Temperature 
(°C)

Time 
(h)

Conversion 
(%)b

Methyl acrylate 
yield (%)b

1 2.5 mesitylene 150 24 66 -

2 2.5 DMF 150 24 0 -

3 2.5 DMSO 150 24 10 -

4 2.5 diglymec 150 24 56 -

5 5 toluene 150 2 53 5

6 5 toluene 180 2 100 9

7 5 toluene 220 2 100 -

a) Reaction conditions: 2 mmol methyl l-lactate, 0.05 – 0.1 mmol Re2O7, 10 mL solvent, 
250 µL pentadecane (IS), air, mechanical stirring, Parr autoclave, autogenic pressure. b) 
Determined by GC. c) Diethylene glycol dimethyl ether.

The high conversions of methyl lactate but low yields of low-boiling prod-
ucts as shown by GC analysis, indicate that the polymerization of either the 
methyl lactate or its deoxygenated monomer is fast under the applied reac-
tion conditions. We, therefore, decided to switch from a batch reactor to a 
continuous distillation setup. We switched to l-lactic acid as substrate, as it 
has a much higher boiling point compared to methyl l-lactate (248 °C versus 
145 °C),21 facilitating higher reaction temperatures in reactive distillation. 
Furthermore, any formed deoxygenated products, such as acrylic acid or pro-
pionic acid, have much lower boiling points and will be removed from the re-
action mixture by distillation, which is likely to prevent their polymerization. 
As a solvent we chose diphenyl ether, as this has a high boiling point of 258 
°C and its aromatic character was expected to enhance reactivity, as we found 
earlier for Re2O7-catalyzed dehydration reactions.18 A gentle flow of nitrogen 
(10 mL min-1) was applied over the solution to enhance vapor transport to 
the distillate.
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Our first results using Re2O7 as the catalyst under continuous distillation 
conditions at 200 – 220 °C showed full conversion of the lactic acid, but 
primarily lactide and lactate polymers were found in the residue as shown by 
1H NMR (Table 2, entry 1). No acrylic acid or propionic acid was observed, 
but trace amounts of acetaldehyde were observed in the distillate together 
with about 4% yield of 2,5-dimethyl-4-dioxolanone. The formation of acet-
aldehyde from lactic acid via either decarbonylation or decarboxylation is a 
known reaction (vide infra).8 The dioxolanone is formed due to a subsequent 
condensation reaction of the acetaldehyde with lactic acid.22 When switching 
the catalyst to ReCl3O(PPh3)2 or ReIO2(PPh3)2 (entries 2 and 3) mostly di-
merization and polymerization of lactic acid is observed, together with trace 
amounts of acetaldehyde and dioxolanone. In this case, trace amounts of pro-
pionic acid were also observed. When using Re2O7 as catalyst and slowly add-
ing lactic acid to the hot catalyst solution, propionic acid is formed in a higher 
yield (6%) and less polymerization occurs. Again acetaldehyde is observed in 
trace amounts and the dioxolanone in a somewhat larger amount (2%). The 

Table 2. Rhenium-catalyzed lactic acid deoxygenation under continuous distillation.a

O
O

OO

OH
OH

[Re], diphenyl ether,
200 - 220 °C, distillation OH

O
+

O
+

H

Entry Catalyst
Catalyst 
amount 
(mol%)

Mass balance 
(%)

Conversion 
(%)b

Yield low Mw products (%)b

PAc Acc DMDOc

1 Re2O7 1 90 >99 - <1 4

2 ReCl3O(PPh3)2 0.25 85 >99 <1 <1 <1

3 ReIO2(PPh3)2 0.5 85 >99 <1 <1 -

4 Re2O7 1 96 73d 6 <1 2

a) Reaction conditions: 4.5 mL l-lactic acid (54 mmol, 90% solution in water), 10 g diphenyl 
ether, 200 – 220 °C, 1h, 10 mL min-1 N2 flow, magnetic stirring, continuous distillation of 
products. b) Determined by 1H NMR, PA and DMDO yield based on the consumption of 2 
equivalents of lactic acid for the formation of 1 equivalent of PA/DMDO. c) PA: propionic 
acid, Ac: acetaldehyde, DMDO: 2,5-dimethyl-4-dioxolanone. d) Slow addition of l-lactic 
acid to catalyst solution. 
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formation of propionic acid is assumed to proceed in a 2:1 stoichiometry with 
respect to lactic acid, as this deoxygenation reaction is a reductive process, in 
which one equivalent of lactic acid is presumably consumed to produce the 
required equivalent of reducing agent (vide infra).

Next, we tested molybdenum-based complexes as catalyst in the deoxy-
genation of lactic acid, as these were also shown to catalyze the dehydration 
of alcohols and can provide a cost-interesting alternative to rhenium-based 
catalysts.20 Initially, we tested four different molybdenum complexes and all 
were found active in the deoxygenation of lactic acid and gave propionic acid 
as the major low-boiling product, varying from trace amounts for Mo(CO)6 
to 12% yield for MoO2(acac)2 (Table 3, entries 1 – 4, acac = acetylacetonato). 
The high conversions observed here (>80%) can primarily be attributed to 
dimerization and polymerization of lactic acid as the major side reaction. We 
also tested two other solvents, ethylene carbonate (EC) and triethylene glycol 
dimethyl ether (TEGDME), and these gave similar results as diphenyl ether 
(entries 4 – 6). We preferred a solvent that could dissolve both water and 
lactic acid, and decided to continue our investigations with TEGDME as the 
solvent and MoO2(acac)2 as the most promising catalyst. We tested slow ad-
dition of the lactic acid solution to the hot catalyst solution (entry 9), which 
yielded more propionic acid (14%) at a lower conversion, likely due to lower-
ing of the lactic acid polymerization. When using a small amount of sodium 
hydroxide (0.2 mol%) the yield increased, and upon combining slow addition 
and the presence of sodium hydroxide, further improvement of the propionic 
acid yield to 16% was obtained (entries 10 and 11). The use of a structurally 
related catalyst, MoO2((tBuCO)2CH)2, under these conditions resulted in a 
lower propionic acid yield (entry 12). The mere presence of sodium hydroxide 
did not yield propionic acid (entry 13).

Despite the use of reactive distillation conditions, considerable amounts 
of di- and polymerization products were observed under all tested condi-
tions. Therefore we tested whether also dl-lactide and polylactate could act 
as a substrate to obtain propionic acid. Using MoO2(acac)2 as the catalyst, 
TEGDME as the solvent and 0.2 mol% of NaOH as additive, dl-lactide was 
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converted in 92% and 10% yield of propionic acid was obtained. Under the 
same conditions, but with the addition of 1 equivalent of water to enhance 
depolymerization, polylactate was converted to propionic acid in only 2% 
yield. Mass transfer limitations may be a limiting factor when polylactate is 
used as substrate, as the polylactate does not completely dissolve in the solvent 

Table 3. Molybdenum-catalyzed lactic acid deoxygenation under continuous 
distillation.a

O

OH
OH

1.25% [Mo], solvent,
200 - 220 °C, distillation OH

O
2

Entry Catalyst Solventb Additive Mass balance 
(%)

Conversion 
(%)c

PA yield 
(%)c

1 Mo(CO)6 DPE - 99 90 1

2 MoO3 DPE - 96 72 2

3 MoO2(acac)2 DPE - 96 95 11

4 MoO2Cl2 DPE - 94 95 6

5 MoO2Cl2 EC - 86 97 4

6 MoO2Cl2 TEGDME - 93 92 7

7 MoO2(acac)2 none - 80 86 6

8 MoO2(acac)2 TEGDME - 94 92 8

9 MoO2(acac)2 TEGDME - 83 89d 13

10 MoO2(acac)2 TEGDME NaOH (0.2 
mol%) 95 95 10

11 MoO2(acac)2 TEGDME NaOH (0.2 
mol%) 97 87d 16

12 MoO2 
((tBuCO)2CH)2

TEGDME NaOH (0.2 
mol%) 92 86d 12

13 none TEGDME NaOH (0.2 
mol%) 88 96d -

a) Reaction conditions: 4.5 mL l-lactic acid (54 mmol, 90% solution in water), 0.67 mmol 
catalyst, 5 g solvent, 200 – 220 °C, 1 hour, 10 mL min-1 N2 flow, magnetic stirring, continu-
ous distillation of products. b) DPE: diphenyl ether, EC: ethylene carbonate, TEGDME: 
triethylene glycol dimethyl ether. c) Determined by 1H NMR, yield based on the consump-
tion of 2 equivalents of lactic acid for the formation of 1 equivalent of propionic acid. d) Slow 
addition of l-lactic acid to catalyst solution.
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mixture, thus hampering reactivity. The fact, however, that propionic acid is 
detected, indicates that indeed polylactate can be converted to propionic acid, 
and thus that dimerization and polymerization of lactic acid is not a dead end 
in the reaction, but can act as a lactic acid reservoir.

As the addition of a small amount of sodium hydroxide was found to be 
beneficial, we tested the addition of one equivalent of sodium hydroxide, 
combined with the slow addition of lactic acid. The in situ formed sodium 
lactate was found to convert smoothly to sodium propionate. As the salts are 
non-volatile, we decided to completely distill off the solvent, raising the tem-
perature at the end of the reaction to 270 °C. This resulted in a mixture of so-
dium lactate, sodium propionate, and small amounts of sodium acetate in the 
red-brown residue, with 86% conversion and 79% sodium propionate yield 
(Table 4, entry 1). In the absence of the molybdenum catalyst only minor 
amounts of sodium propionate were detected (entry 2), and when performing 
the reaction under reflux conditions instead of distillation of the solvent, no 
sodium propionate was formed and only starting material was retrieved (entry 
3). As the temperature during distillation (220 – 270 °C) is much higher than 
the reflux temperature, it is likely that the reflux temperature is insufficient 
for deoxygenation to occur. When adding the lactic acid solution directly at 
the start of the reaction instead of slowly adding it to the hot catalyst solution, 
the conversion increased to 95%, but the sodium propionate yield dropped to 
51% (entry 4). Switching to diphenyl ether or water as the solvent increased 
the conversion, but a slightly lower yield of sodium propionate was obtained 
compared to when TEGDME was used as solvent (entries 5 and 6). When 
performing the reaction without any additional solvent, the yield of sodium 
propionate dropped considerably to 29% (entry 8). The use of a feed of 44% 
lactic acid in water gave somewhat better results than the use of a 90% solu-
tion. The 44% lactic acid solution is of interest from an industrial viewpoint, 
as this is a much-used technical grade lactic acid stream.23 Another raw mate-
rial that can be supplied from lactic acid production is calcium lactate, which 
is obtained during a purification step towards concentrated lactic acid. We 
performed the reaction with calcium lactate in water without the addition 



chaPter 7

143

of NaOH, but due to the very poor solubility of calcium lactate in water the 
reaction was sluggish, and a calcium propionate yield of approximately 40% 
was obtained. 

Table 4. MoO2(acac)2-catalyzed deoxygenation of in situ formed sodium lactate af-
ter complete distillation of solvent.a

O

OH
OH

1.25% MoO2(acac)2, solvent,
1 eq NaOH, 200 - 270 °C, 

distillation of solvent
ONa

O
2

Entry Solventb Mass balance (%) Conversion (%)c Sodium propionate yield (%)c

1 TEGDME 79 86 79

2 TEGDMEd 90 74 3

3 TEGDMEe 86 - -

4 TEGDMEf 94 95 51

5 DPE 89 84 66

6 H2O 94 81 69

7 H2O
e 98 - -

8 none 88 85 29

9 H2O
g 92 85 82

a) Reaction conditions: 0.67 mmol MoO2(acac)2, 55 mmol NaOH, 5 g solvent, slow addi-
tion of 4.5 mL l-lactic acid (54 mmol, 90% solution in water), 200 – 270 °C, 10 mL min-1 
N2 flow, magnetic stirring, complete distillation of solvent within 1 hour. b) TEGDME: 
triethylene glycol dimethyl ether, DPE: diphenyl ether. c) Determined by 1H NMR, yield 
based on the consumption of 2 equivalents of lactic acid for the formation of 1 equivalent of 
propionic acid. d) No catalyst present. e) Reflux instead of distillation. f ) Direct addition of 
lactic acid and no N2 flow. g) 44% lactic acid solution in water used. 

We also performed some experiments in a batch fashion in a Parr autoclave 
using molybdenum-based catalysts in either the presence or absence of ad-
ditional hydrogen. In the absence of hydrogen and a reaction temperature of 
270 °C for 1 hour in TEGDME, we obtained 58% propionic acid yield at 
82% conversion. In the presence of 10 bar of hydrogen a very similar amount 
of propionic acid was obtained, with a somewhat higher conversion of 92%. 
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As the deoxygenation of lactic acid to propionic acid requires one equivalent 
of reducing agent, it is surprising that the extra addition of hydrogen in these 
batch reactions did not enhance the formation of propionic acid.

7.3 Mechanistic studies

In order to get a better understanding of the observed reactivities, we per-
formed mechanistic studies on the molybdenum-catalyzed lactic acid de-
oxygenation. The first relevant observation is the formation of several side 
products. One of the first side products to be observed was acetaldehyde and 
its condensation product with lactic acid, 2,5-dimethyl-4-dioxolanone. The 
formation of the dioxolanone was only observed when using diphenyl ether 
as the solvent, which does not mix with water. In the presence of water the 
condensation reaction is reversible and the dioxolanone decomposes to acet-
aldehyde and lactic acid. 

The formation of acetaldehyde from lactic acid has previously been observed 
as a product from both decarbonylation and decarboxylation.4,5,8 In the first 
case carbon monoxide and water are formed, in the latter case carbon dioxide 
and hydrogen. Both processes could provide an explanation for the formation 
of propionic acid, as this requires one equivalent of reducing agent, which 
could be provided by both carbon monoxide and hydrogen. To distinguish 
between these two processes, we performed GC analysis on the headspace 
of the autoclave after the lactic acid deoxygenation reaction in TEGDME at 
270 °C under autogenic pressure. This reaction produced 11 bar of gas at the 
end of the reaction, estimated to be equivalent to 13.5 mmol of gas, which 
is approximately 13% yield based on the starting amount of lactic acid and 
the formation of 2 equivalents of gas from 1 equivalent of lactic acid. By GC 
analysis H2, CO, CO2, as well as methane were detected, indicating that both 
the decarbonylation and the decarboxylation pathway are active under the 
given reaction conditions. 
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By means of 1H and 13C NMR the formation of small amounts of acetic 
acid in this reaction were detected. Both the formation of acetic acid and 
methane has previously been attributed to secondary reactions of acetalde-
hyde, either via hydration/dehydrogenation or C–C cleavage.12,17 The former 
would yield another equivalent of hydrogen, while the latter would release 
another equivalent of CO, in both cases increasing the amount of reducing 
agent formed from lactic acid.

Other products that were detected by NMR analysis after the reaction are 
lactide and oligo- or polylactate, both originating from self-esterification of 
the lactic acid. These compounds have been tested as starting materials in the 
deoxygenation and show conversion towards propionic acid, thus showing 
that neither is a dead end for the reactivity in the deoxygenation reaction.

One of the proposed intermediates in the formation of propionic acid is 
acrylic acid, formed via dehydration of lactic acid and subsequent hydrogena-
tion. We have, however, never observed traces of acrylic acid or its sodium salt 
during any of our reactive distillation experiments. An alternative route for 
the formation of propionic acid is the direct deoxygenation via cleavage of the 
C–OH bond and subsequent protonation. To distinguish between these two 
pathways, we have performed deuterium labeling studies, using deuterium 
gas in an autoclave experiment and monitored the incorporation of deuterium 
at both the α- and β-carbon of the propionic acid product (Scheme 1). From 
these experiments we found that at both positions deuterium enrichment oc-
curs, although not in equal amounts, as would be expected when acrylic acid 
is an intermediate. At the α-carbon a 24-fold enrichment compared to natu-
ral abundance is observed, while at the β-carbon only a 9-fold enrichment is 
observed. This indicates that the predominant process for the formation of 
propionic acid is the direct deoxygenation of lactic acid, as this would only 
incorporate deuterium at the α-carbon. The fact that we also find isotopic 
enrichment at the β-carbon, indicates that the dehydration/hydrogenation 
pathway with acrylic acid as an intermediate is occurring, but to a lesser ex-
tent. The relatively low enrichments observed (0.5% of the total amount of 
propionic acid formed) can be explained by slow hydrogen-deuterium ex-
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change at a possible molybdenum hydride intermediate (vide infra) compared 
to hydrogen transfer to the propionic acid. This difference also explains the 
observation that added hydrogen does not enhance the yield significantly. 

OH

O

OH

OH

O

+ H2O

OH

O

D

OH

O

D
D

D2

D2

C-OH
cleavage

hydrogenation

dehydration

Scheme 1. Two possible pathways for deuterium incorporation in propionic acid 
using D2 gas.

We did not observe any acrylic acid in the catalytic experiments, and the 
deuteration experiments indicated that the rate of hydrogenation is (much) 
higher than the rate of dehydration. Therefore, we have further investi-
gated this by testing the hydrogenation of acrylic acid in the presence of 
MoO2(acac)2 under 8 bar of hydrogen at 220 °C for 1 hour. In this experi-
ment acrylic acid mostly polymerized, while only a minor amount (2%) was 
converted to propionic acid. This can be attributed to the slow activation of 
hydrogen by the molybdenum catalyst, as molybdenum is an early transition 
metal in a d0 configuration and is thus not a good hydrogen activator. It is 
reported that molybdenum(VI)-oxo complexes are able to activate hydrogen 
with participation of the oxo ligand, to form a hydrido-hydroxy species, al-
beit with a relatively high activation energy.24 Another possibility would be 
the formation of a molybdenum hydride species via a similar pathway. 
Molybdenum hydrides, although relatively rare, are known in litera-
ture, and especially oxomolybdenum complexes can be protonated to a 
hydroxomolybdenum intermediate, which can subsequently rearrange 
to form an oxomolybdenum hydride species.25,26 
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We also tested the involvement of acrylic acid by starting with a 1:1 mixture 
of lactic acid and acrylic acid under reactive distillation conditions in TEG-
DME as solvent and in the presence of MoO2(acac)2 and NaOH. Under these 
conditions the acrylic acid is consumed for 71%, and the lactic acid is con-
sumed for 80%, while propionic acid is formed in 60% yield (based on the 
amount of lactic acid plus acrylic acid and the requirement of one equivalent 
of reductant). When acrylic acid would be completely inactive in this reac-
tion, the maximum theoretical yield would be 50%, thus showing that under 
the given reaction conditions acrylic acid is indeed one of the intermediates, 
confirming the results of the isotope labeling studies.

Regarding the role of sodium hydroxide, it is likely that it is required to 
shift the coordination equilibrium towards the most reactive molybdenum 
lactate species. It is known that a bisoxomolybdenum(VI) dilactate species 
can be formed, which has its optimum stability at pH = 4.7.27 The pH of 
our solution in water was determined to be 5.5 at room temperature, which 
decreases upon heating due to the increasing self-ionization constant of water 
at higher temperature, making it plausible that this dilactate molybdenum 
species is a relevant intermediate in the catalytic cycle.

Scheme 2 summarizes the mechanistic implications of our observations. 
Lactic acid can be reversibly converted to both lactide and oligo- or poly-
lactate, can be both decarboxylated and decarbonylated to form acetalde-
hyde and, respectively, CO2 and H2 or CO and H2O, and can also be both 
dehydrated to acrylic acid and deoxygenated to propionic acid. Secondary 
reactions also occur, such as condensation of lactic acid with acetaldehyde to 
2,5-dimethyl-4-dioxolanone, and hydrogenation of acrylic acid to propionic 
acid. Furthermore secondary reactions involving acetaldehyde are observed, 
yielding methane and acetic acid.
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Scheme 2. Reaction overview of lactic acid degradation using MoO2(acac)2. 

7.4 Conclusions

In conclusion, we have presented a catalytic system capable of deoxygenat-
ing lactic acid, using a catalyst based on the non-noble and relatively abun-
dant metal molybdenum. With either triethylene glycol dimethyl ether or 
water as solvent under reactive distillation conditions and in the presence of 
1 equivalent of sodium hydroxide, good yields of propionic acid (up to 82%) 
were obtained without the addition of an external reductant. An industri-
ally relevant feedstock of 44% lactic acid in water was found to give the best 
results.

Mechanistic studies have shown that several reactions occur simultaneously, 
among which di- and polymerization, decarboxylation and decarbonylation, 
and dehydration and deoxygenation reactions. Secondary reactions such as 
condensation and hydrogenation reactions were also found to occur. Isoto-
pic labeling studies with deuterium gas showed that the major pathway for 
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the formation of propionic acid proceeds via direct deoxygenation (C–OH 
breakage). The dehydration/hydrogenation pathway involving acrylic acid as 
intermediate was found to be active as a minor reaction pathway.

Overall, our system opens up the pathway for the production of bio-based 
propionic acid from lactic acid, applying an abundant metal as the catalyst at 
relatively mild conditions. 

7.5 Experimental section

All chemicals were obtained from Sigma-Aldrich or Acros and used with-
out further purification. 1H and 13C{1H} NMR spectra were recorded on a 
Varian 400 MHz spectrometer in D2O or CDCl3 at 400 and 100 MHz, re-
spectively, and referenced against residual solvent signal (7.26 and 77.16 ppm, 
respectvely, for CDCl3 and 4.79 ppm for D2O). 2H{1H} NMR spectra were 
recorded on a Varian 400 MHz spectrometer at 61 MHz in H2O.

Batch experiments were performed in a 50 mL Parr autoclave with glass 
insert, by mixing MoO2(acac)2 (0.22 g, 0.67 mmol), solvent (10 g), l-lactic 
acid (4.5 mL, 54 mmol, 90% solution in water) and, where applicable, NaOH 
(2.2 g, 55 mmol). The autoclave was, where applicable, flushed three times 
with hydrogen or deuterium and pressurized, and the mixture was heated to 
the desired temperature under mechanical stirring (1500 rpm). The desired 
temperature was maintained for 1 hour, after which the autoclave was cooled 
to room temperature using an ice bath.

A typical reactive distillation reaction was performed by dissolving 
MoO2(acac)2 (0.22 g, 0.67 mmol) and NaOH (2.2 g, 55 mmol) in trieth-
yleneglycol dimethyl ether (5 g) in a 50 mL three-neck round-bottom flask, 
fitted with a gas inlet, a septum and a distillation setup. The distillation setup 
was cooled with water and the distillate was collected in a two-neck round-
bottom flask, connected to an additional cooler, containing acetone / dry ice. 
The solution was heated with a heating mantle to 220 °C under magnetic 
stirring and a nitrogen flow of 10 mL min-1, and l-lactic acid (4.5 mL, 54 
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mmol, 90% solution in water) was slowly added by syringe over the course of 
10 minutes. After complete addition of the lactic acid, the temperature was 
further increased to distill off all volatiles to an endpoint of ~270 °C. 

Yields and conversions were determined by NMR by dissolving an aliquot 
from both the distillate and the residue in D2O (CDCl3 when using diphenyl 
ether as solvent) and adding sodium acetate as external standard.
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Summary

As the supply of fossil feedstocks is diminishing, and the consequences 
thereof are increasing, also the urgency for research into alternative feed-
stocks is increasing. To provide building blocks for the chemical industry 
in sufficient amounts and in a sustainable manner, only one alternative re-
source is available: biomass. The major source of biomass is lignocellulosic 
biomass, originating from plant material. Lignocellulosic biomass consists 
of three fractions: cellulose, hemicellulose, and lignin. The former two are 
carbohydrate polymers built up from hexoses (C6 sugars) and pentoses (C5 
sugars), respectively, while the latter is an aromatic polymer, built up from 
coniferyl, sinapyl, and coumaryl alcohol. Chemically, lignocellulosic biomass 
is completely different from fossil-based feedstocks. Where fossil feedstocks 
are under-functionalized and virtually oxygen-free, lignocellulosic biomass 
and the materials derived from it have a very high oxygen content and are 
over-functionalized with hydroxyl groups. To obtain suitable building blocks 
for the chemical industry from lignocellulosic biomass or its derivatives, these 
hydroxyl groups need to be (at least partially) removed or converted. The 
most direct way to remove hydroxyl groups is via a dehydration reaction, 
wherein an alcohol is converted into an olefin, expelling one equivalent of 
water (Scheme 1).

R'

OH
R R'

R[cat] + H2O

Scheme 1. Alcohol-to-olefin dehydration reaction.
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The traditional way to perform a dehydration reaction is through the use of 
strong Brønsted acid catalysts, such as sulfuric acid, p-toluenesulfonic acid, 
zeolites, acid resins, or clays. Due to their corrosive nature, however, many 
of these catalysts pose safety, environmental, and reactor technological is-
sues. These catalysts also cope with selectivity issues in dehydration reactions, 
due to polymerization and isomerization of the desired olefin, as well as side 
reactions due to a limited functional group tolerance. Therefore research into 
alternative catalysts is desirable. In this thesis, the use of rhenium- and mo-
lybdenum-based catalysts for selective dehydration reactions has been inves-
tigated and the application of these catalysts in the dehydration of bio-based 
alcohols is described.

Rhenium-based catalysts have been applied previously in the deoxygenation 
of bio-based alcohols. In Chapter 1 an overview is given of the current status 
of this field of research. First, the general synthesis of organotrioxorhenium 
complexes, a widely used class of rhenium catalysts, is described. Subsequent-
ly, research into two classes of deoxygenation reactions using rhenium cata-
lysts is described, i.e. deoxydehydration reactions and dehydration reactions. 
The use of rhenium catalysts for deoxydehydration reactions, wherein a diol is 
converted into an olefin, has been explored to quite some extent, while few in-
vestigations have been reported on rhenium-catalyzed dehydration reactions.

Our first investigations into the rhenium-catalyzed dehydration reaction 
of benzylic alcohols to styrenes are described in Chapter 2. A broad range 
of commercially available rhenium compounds was tested in the dehydra-
tion of 1,2,3,4-tetrahydronaphthol and 1-phenylethanol, yielding respec-
tively 1,2-dihydronaphthalene and styrene. Amongst the compounds tested, 
rhenium(VII) oxide (Re2O7) was found to display the highest catalytic ac-
tivity, followed by methyltrioxorhenium (CH3ReO3, MTO) and perrhenic 
acid (HReO4). Remarkably, these catalyst work under relatively mild reaction 
conditions, i.e. technical toluene as the solvent, ambient atmosphere, and 100 
°C. Re2O7 was subsequently used as a catalyst for the dehydration of vari-
ous benzylic alcohols to the corresponding styrenes. In comparison with the 
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benchmark catalyst sulfuric acid, Re2O7 showed a higher catalytic activity 
and, in particular, a higher olefin product selectivity (90 – >99%) with most 
benzylic alcohols tested.

Extension of the scope of the dehydration reaction to non-benzylic alco-
hols, using Re2O7 as the catalyst, is described in Chapter 3. Various allylic, 
aliphatic, and homoallylic alcohols, both secondary and tertiary, were used as 
substrate in the dehydration reaction. The allylic alcohols and the tertiary ali-
phatic and homoallylic alcohols react to the corresponding olefins at 100 °C, 
while for the secondary aliphatic and homoallylic alcohols 150 °C is required 
as the reaction temperature. Terpene alcohols, bio-alcohols bearing similar 
alcohol fragments, can also be dehydrated to the corresponding terpenes in 
40 – 96% yield using this protocol. The catalytic performance of Re2O7 using 
the different substrates was compared to sulfuric acid, as well as various solid 
acid catalysts, and was found to surpass all in both activity and selectivity. 
Furthermore, the recyclability of Re2O7 was evaluated and the catalyst was 
found to be reusable up to seven runs, although with some loss of activity due 
to catalyst loss. Finally, a proof-of-principle for the catalytic upgrading of es-
sential oils, the natural source of terpene alcohols and terpenes, is described. 
Here, all terpene alcohols in tea tree oil were converted into terpenes already 
present in the oil, giving a less complicated mixture of compounds and thus 
an oil of higher value.

During the investigations reported in Chapters 2 and 3, a number of 
indications for the mechanism of the catalyzed dehydration reactions were 
obtained. In Chapter 4 the reaction profiles, electronic influences of the 
substrate on the reactivity, product selectivities, and reactivity trends of the 
rhenium-catalyzed dehydration reactions are described, all of which point to 
the involvement of a carbenium ion in the reaction mechanism. Furthermore, 
indications for the rate-determining step of the catalytic cycle were obtained 
by determination of the reaction orders (first order in both catalyst and al-
cohol), deuterium kinetic isotope effects (KIE), and measurement of the ac-
tivation energy. Quantum chemical calculations applying density functional 
theory (DFT) and using MTO as the catalyst and 1-phenylethanol as the 
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substrate confirm these experimental data. The first step of the catalytic cycle 
was found to be the coordination of the alcohol to the rhenium center, involv-
ing proton transfer from the hydroxide moiety to an additional alcohol mol-
ecule and from that alcohol molecule to a rhenium oxo group, yielding the 
alkoxy hydroxy rhenium species CH3ReO2(OH)(OCH(CH3)Ph) (Scheme 2). 
The second step is the breakage of the C–O bond of the alkoxide, stabilized 
by water and an extra alcohol molecule, yielding anionic [CH3ReO3(OH)]– 
and the carbenium ion [PhCHCH3]

+. The final step is another proton transfer 
from the β-position of the carbenium ion to a water molecule and from the 
hydronium ion to an oxo group of the anionic rhenium intermediate. This 
step yields the desired olefin and CH3ReO2(OH)2, which subsequently expels 
water to recover the catalyst CH3ReO3.
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Scheme 2. MTO-catalyzed alcohol dehydration mechanism.

In search of new and improved dehydration catalysts based on rhenium, 
a number of rhenium complexes bearing the bis(phosphinomethyl)pyridine 
PNP-pincer ligand and either a ReO2X or a ReOX2 core (X = Cl, I, or PPh3) 
are described in Chapter 5 (Figure 1, 1 – 4). The PNP-pincer ligands are 
known for their non-innocent behavior in catalysis and were anticipated 
to enforce different reaction pathways in dehydration reactions. The non-
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innocent behavior of the PNP-pincer rhenium complexes was investigated 
by means of deprotonation and cyclic voltammetry (CV) experiments. The 
deprotonation experiments showed the possibility of double deprotonation 
of 2 at the benzylic arms, while CV showed reversible oxidation for 3 and 4, 
indicating the possibility for non-innocent behavior in catalysis with these 
compounds.

N
PPh2Ph2P Re

PPh3

O

O

I

1

N
P(tBu)2(tBu)2P Re

O

O I

2

N
PPh2Ph2P Re

OCl

Cl

Cl

3

N
PCy2Cy2P Re

OCl

Cl

Cl

4

Figure 1. Synthesized PNP-pincer rhenium complexes.

Next to rhenium-based catalysts, catalysts based on the more abundant 
and cheaper metal molybdenum were investigated. In Chapter 6, the syn-
thesis, characterization, and catalytic performance of a series of bisoxomolyb-
denum complexes bearing two acetylacetonato-type ligands (MoO2(acac’)2) 
is described. Alongside a number of commercial molybdenum complexes, 
these complexes were tested in the dehydration of 1-phenylethanol to sty-
rene. The two most active and selective complexes, MoO2((PhCO)2CH)2 
and MoO2((tBuCO)2CH)2, were tested further in the dehydration of a broad 
range of different alcohols. Their activity and selectivity was found to be in-
termediate between that of Re2O7 and sulfuric acid. For the industrially rel-
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evant dehydration reaction of 2-octanol to octenes, however, similar results 
as with Re2O7 were obtained, showing the potential of these complexes as 
dehydration catalyst.

Finally, the catalyzed deoxygenation of lactic acid as a relevant bio-based 
alcohol deoxygenation reaction is described in Chapter 7. While our initial 
aim was the dehydration of lactic acid to acrylic acid, the optimization of 
both catalyst and reaction conditions led to the development of a catalyt-
ic procedure for the production of propionic acid starting from lactic acid. 
Amongst the various rhenium- and molybdenum-based catalysts tested, 
MoO2(acac)2 was found to give the best results. The use of one equivalent 
of sodium hydroxide, water as the solvent, and full distillation of the solvent 
at 220 – 270 °C, yielded propionic acid as the major product in 82% yield, 
based on the consumption of 2 equivalents of lactic acid for the production 
of 1 equivalent of propionic acid. The reducing equivalent required for the 
conversion of lactic acid to propionic acid was obtained via decarbonylation 
and/or decarboxylation of lactic acid, giving either CO and H2O or CO2 and 
H2, together with acetaldehyde. Secondary reactions involving acetaldehyde 
are able to produce another equivalent of reducing agent.

General conclusion and perspective

We have demonstrated in Chapters 2 and 3 of this thesis that rhenium-
based complexes are highly potent catalysts in the dehydration reaction of 
various alcohols, ranging from benzylic to allylic, aliphatic, and homoal-
lylic alcohols. The most active catalyst, Re2O7, surpasses all tested Brønsted 
acid catalysts, either homogeneous or heterogeneous, in both activity and 
selectivity, and was found to be recyclable. Molybdenum-based complexes, 
reported in Chapter 6, were also found to be active catalysts in the dehydra-
tion reaction of these alcohols. These combined results show that transition 
metal-based catalysts can provide an alternative for Brønsted acid catalysts in 
the dehydration reaction. For the deoxygenation of bio-based alcohols, the 
dehydration of terpene alcohols to the corresponding terpenes as well as the 
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catalytic upgrading of an essential oil is described in Chapter 4 and in Chap-

ter 7 the molybdenum-catalyzed deoxygenation of lactic acid to propionic 
acid is described.

Due to the decreasing supply of fossil resources, it is expected that in the fu-
ture chemicals derived from (lignocellulosic) biomass will be more and more 
required from both an economical and environmental viewpoint to supply 
the chemical industry with sufficient building blocks. The research described 
in this thesis has contributed hereto by showing that transition metal cata-
lysts can replace and even surpass Brønsted acid catalysts in the dehydration 
reaction of various types of alcohol. As the dehydration reaction is one of the 
most fundamental reactions for the lowering of the oxygen-to-carbon ratio of 
chemicals, it is of great importance for the processing of biomass and its de-
rivatives. It is our belief that the research described in this thesis could func-
tion as a basis for further research into the use of transition metal catalysts, in 
particular rhenium- and molybdenum-based, for the deoxygenation of bio-
based alcohols and in particular for the production of olefins from biomass.
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Samenvatting

Vanwege het afnemen van de voorraad aan fossiele grondstoffen en de toe-
nemende gevolgen hiervan, neemt ook de noodzaak voor onderzoek naar al-
ternatieve grondstoffen toe. Om de chemische industrie zowel in voldoende 
mate als op een duurzame manier van bouwstenen te kunnen voorzien, is er 
maar één bron beschikbaar: biomassa. De belangrijkste bron van biomassa is 
lignocellulose, afkomstig van plantmateriaal. Lignocellulose bestaat uit drie 
fracties: cellulose, hemicellulose en lignine. De eerste twee zijn koolhydra-
ten, dit zijn polymeren opgebouwd uit respectievelijk hexoses (C6 suikers) 
en pentoses (C5 suikers). De laatste is een aromatisch polymeer, opgebouwd 
uit coniferyl, sinapyl en coumaryl alcohol. Chemisch gezien is lignocellulose 
compleet anders dan fossiele grondstoffen. Fossiele grondstoffen zijn onder-
gefunctionaliseerd en bevatten vrijwel geen zuurstof, terwijl lignocellulose en 
verbindingen die daarvan afgeleid zijn een zeer hoog zuurstofgehalte hebben 
en overgefunctionaliseerd zijn met hydroxylgroepen. Om geschikte bouwste-
nen voor de chemische industrie te verkrijgen uit lignocellulose en daarvan 
afgeleide materialen moeten deze hydroxylgroepen (tenminste gedeeltelijk) 
vervangen of verwijderd worden. De meest directe manier om een hydroxyl-
groep te verwijderen is met behulp van een dehydratatiereactie. Hierin wordt 
een alcohol omgezet naar een olefine, waarbij één equivalent water vrijkomt 
(Schema 1).

R'

OH
R R'

R[cat] + H2O

Schema 1. De alcohol-naar-olefinedehydratatiereactie.
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De traditionele manier om deze dehydratatiereactie uit te voeren is met be-
hulp van Brønsted zure katalysatoren, zoals zwavelzuur, p-tolueensulfonzuur, 
zeolieten, zure hars of klei. Vanwege hun corrosieve eigenschappen leveren 
veel van deze katalysatoren echter veiligheids-, milieu- en reactortechnische 
problemen op. Daarnaast kampen deze katalysatoren in de dehydratatiereac-
tie met selectiviteitsproblemen vanwege polymerisatie en isomerisatie van de 
gewenste olefinen, alsmede met nevenreacties door een beperkte tolerantie van 
functionele groepen. Daarom is onderzoek naar alternatieve katalysatoren ge-
wenst. In dit proefschrift wordt onderzoek naar het gebruik van katalysatoren 
op basis van renium en molybdeen voor de dehydratatiereactie beschreven, 
alsook hun toepassing in de dehydratatie van bio-gebaseerde alcoholen.

Katalysatoren op basis van renium zijn eerder toegepast in de deoxygenering 
van bio-gebaseerde alcoholen. In Hoofdstuk 1 wordt een overzicht gegeven 
van de huidige staat van dit onderzoeksveld. Allereerst wordt een algemene 
methode beschreven voor de synthese van organotrioxoreniumverbindingen, 
een veelgebruikte klasse van reniumverbindingen. Vervolgens wordt onder-
zoek naar twee soorten deoxygeneringsreacties gekatalyseerd door renium 
verbindingen beschreven: deoxydehydratatiereacties en dehydratatiereacties. 
Naar het gebruik van reniumkatalysatoren in deoxydehydratatiereacties, 
waarbij een diol wordt omgezet naar een olefine, is relatief veel onderzoek 
gedaan, terwijl naar renium-gekatalyseerde dehydratatiereacties vrij weinig 
onderzoek gedaan is.

Onze eerste bevindingen op het gebied van de renium-gekatalyseerde de-
hydratatie van benzylische alcoholen naar styrenen worden beschreven in 
Hoofdstuk 2. Een uitgebreide serie van commercieel verkrijgbare renium-
verbindingen is getest in de dehydratatiereactie van 1,2,3,4-tetrahydronaftol 
en 1-fenylethanol naar respectievelijk 1,2-dihydronaftaleen en styreen. Deze 
reacties zijn uitgevoerd in technische tolueen als oplosmiddel, bij 100 °C als 
reactietemperatuur en aan de lucht. Onder deze milde omstandigheden bleek 
renium(VII) oxide (Re2O7) de meest actieve katalysator, gevolgd door methyl-
trioxorenium (CH3ReO3, MTO) en perreenzuur (HReO4). Re2O7 is vervol-
gens gebruikt als katalysator in de dehydratatie van verscheidene benzylische 
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alcoholen naar styreenverbindingen. In vergelijking met de standaardkataly-
sator, zwavelzuur, overtreft Re2O7 deze in zowel activiteit als selectiviteit (90 
– >99%) bij vrijwel alle geteste benzylische alcoholen.

De uitbreiding van het toepassingsgebied van de dehydratatiereactie met 
het gebruik van Re2O7 als katalysator naar niet-benzylische alcoholen wordt 
beschreven in Hoofdstuk 3. Verscheidene allylische, alifatische en homoal-
lylische alcoholen, zowel secundair als tertiair, zijn getest als substraat in deze 
dehydratatiereactie. De allylische en tertiaire alifatische en homoallylische 
alcoholen reageren bij 100 °C, terwijl voor de omzetting van secundaire alifa-
tische en homoallylische alcoholen een temperatuur van 150 °C vereist is. Ter-
peenalcoholen, dit zijn bio-alcoholen met vergelijkbare alcohol fragmenten, 
kunnen ook gedehydrateerd worden naar de corresponderende terpenen met 
40 – 96% opbrengst met behulp van dit protocol. De katalytische prestaties 
van Re2O7 met deze substraten zijn vergeleken met zwavelzuur en verschei-
dene vaste zuren, waarbij Re2O7 al deze katalysatoren bleek te overtreffen in 
zowel activiteit als selectiviteit. Het hergebruik van Re2O7 is ook onderzocht 
en deze katalysator bleek tot zeven maal herbruikbaar, al ging dit wel gepaard 
met enige verlies aan activiteit, veroorzaakt door katalysatorverlies. Tenslotte 
wordt ook de mogelijkheid beschreven om etherische oliën, de bron van ter-
peenalcoholen en terpenen, katalytisch te veredelen. Hierbij werden alle in 
theeboomolie aanwezige terpeenalcoholen omgezet in terpenen, die al aan-
wezig zijn in de olie, waardoor een minder ingewikkeld mengsel en dus een 
waardevollere olie verkregen werd.

Tijdens het onderzoek beschreven in Hoofdstuk 2 en 3 zijn diverse aanwij-
zingen voor het mechanisme van de dehydratatiereactie gevonden. In Hoofd-

stuk 4 worden reactieprofielen, elektronische invloed van het substraat op de 
reactiviteit, productselectiviteiten en trends in de reactiviteit van substraten 
beschreven. Al deze indicaties wijzen op de betrokkenheid van een carbeni-
umion bij het mechanisme. Verder zijn ook aanwijzingen voor de snelheidsbe-
palende stap in het reactiemechanisme gevonden door de reactieordes (eerste 
orde in zowel substraat als katalysator), kinetische isotoopeffecten van vervan-
ging van waterstof door deuterium in de substraten en activeringsenergieën te 
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bepalen. Quantumchemische berekeningen met behulp van dichtheidsfunc-
tionaaltheorie (DFT), waarbij MTO als katalysator fungeert, komen goed 
overeen met deze experimentele gegevens. De eerste stap van de katalytische 
cyclus is de coördinatie van het alcohol aan het reniumcomplex, waarbij een 
protonoverdracht van de alcohol OH-groep naar een ander alcoholmolecuul 
en van dit alcoholmolecuul naar een reniumoxogroep plaatsvindt, waarbij de 
alkoxyhydroxyreniumverbinding CH3ReO2(OH)(OCH(CH3)Ph) verkregen 
wordt (Schema 2). De tweede stap is het verbreken van de koolstof-zuur-
stofbinding van het alkoxide, gestabiliseerd door water en een extra alco-
holmolecuul, waarbij het anionische [CH3ReO3(OH)]– en het carbeniumion 
[PhCHCH3]

+ gevormd worden. De laatste stap in de cyclus is opnieuw een 
protonoverdracht, ditmaal van de β-positie van het carbeniumion naar een 
watermolecuul, gevolgd door een protonoverdracht van het hydroniumion 
naar het anionische reniumintermediair. Hierbij wordt het gewenste olefine 
gevormd alsmede CH3ReO2(OH)2, dat verder kan reageren onder vorming 
van water en CH3ReO3, de begintoestand van de katalysator.
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Op zoek naar een ander type reactiviteit dan die verkregen met de hiervoor 
beschreven reniumcomplexen, worden vier nieuwe reniumcomplexen met 
een bis(fosfinomethyl)pyridine-PNP-tangligand en een ReO2X- of ReOX2-
kern (X = Cl, I, PPh3) beschreven in Hoofdstuk 5 (Figuur 1, 1 – 4) . De PNP-
tangliganden zijn bekend vanwege hun niet-onschuldige gedrag in katalyse, 
en de verwachting was dat het niet-onschuldige gedrag van deze PNP-tangre-
niumcomplexen nieuwe reactiepaden in de dehydratatiereactie mogelijk zou 
maken. Het niet-onschuldige gedrag van de PNP-tangreniumcomplexen is 
onderzocht door middel van deprotonerings- en cyclovoltammetrie-experi-
menten. De deprotoneringsexperimenten toonden de mogelijkheid van dub-
bele deprotonering op de benzylische arm aan in het geval van complex 2, 
en de cyclovoltammetrie-experimenten toonden een reversibele oxidatie voor 
complexen 3 en 4. Dit geeft aan dat niet-onschuldig gedrag in katalyse mo-
gelijk zou kunnen zijn met deze complexen.

N
PPh2Ph2P Re

PPh3

O

O

I

1

N
P(tBu)2(tBu)2P Re

O

O I

2

N
PPh2Ph2P Re

OCl

Cl

Cl

3

N
PCy2Cy2P Re

OCl

Cl

Cl

4

Figuur 1. Gesynthetiseerde PNP-tangreniumcomplexen.

Naast de katalysatoren gebaseerd op renium, zijn ook katalysatoren op basis 
van het meer beschikbare en goedkopere metaal molybdeen onderzocht. In 
Hoofdstuk 6 worden de synthese, karakterisering en katalytische eigenschap-
pen van verscheidene bisoxomolybdeencomplexen met twee acetylacetona-
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to-type liganden (MoO2(acac’)2) beschreven. Samen met twee commercieel 
verkrijgbare complexen zijn deze complexen getest als katalysator in de de-
hydratatie reactie van 1-fenylethanol naar styreen. De twee meest actieve en 
selectieve complexen, MoO2((PhCO)2CH)2 en MoO2((tBuCO)2CH)2, zijn 
verder onderzocht in de dehydratatie van verscheidene andere alcoholen. De 
activiteit en selectiviteit verkregen met deze katalysatoren ligt voor de meeste 
alcoholen tussen die van Re2O7 en zwavelzuur in. In het geval van de indus-
trieel relevante dehydratatie van 2-octanol naar octenen is echter een verge-
lijkbaar resultaat verkregen als met Re2O7, waarmee het potentieel van deze 
complexen als dehydratatiekatalysatoren is aangetoond.

Tenslotte wordt de katalytische deoxygenering van melkzuur als relevante 
bio-gebaseerde alcoholdeoxygeneringsreactie beschreven in Hoofdstuk 7. 
Hoewel ons eerste doel de dehydratatie van melkzuur naar acrylzuur was, 
leidde optimalisatie van zowel de katalysator als de reactieomstandigheden tot 
de ontwikkeling van een katalytisch protocol voor de productie van propion-
zuur uit melkzuur. Onder de verscheidene renium- en molybdeen-gebaseerde 
katalysatoren die getest zijn, gaf MoO2(acac)2 de beste resultaten. Het gebruik 
van één equivalent natriumhydroxide, water als oplosmiddel en volledige des-
tillatie van het oplosmiddel bij 220 – 270 °C leverde propionzuur als belang-
rijkste product op in 82% opbrengst, gebaseerd op de consumptie van twee 
equivalenten melkzuur voor de productie van één equivalent propionzuur. 
De reductor die nodig is voor de conversie van melkzuur naar propionzuur 
wordt verkregen door decarbonylering en/of decarboxylering van melkzuur, 
waarbij koolstofmonoxide en water of koolstofdioxide en waterstof gevormd 
wordt, samen met acetaldehyde. Bij secundaire reacties van acetaldehyde kan 
bovendien nog een extra equivalent reductant gevormd worden.
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Algemene conclusies en vooruitzicht

In Hoofdstuk 2 en 3 hebben we laten zien dat complexen gebaseerd op re-
nium zeer krachtige katalysatoren zijn voor de dehydratatie van verscheidene 
alcoholen, variërend van benzylische tot allylische, alifatische en homoally-
lische alcoholen. De meest actieve katalysator, Re2O7, overtreft alle onder-
zochte Brønsted zuren, zowel homogene als heterogene, wat betreft activiteit 
en selectiviteit, en is bovendien herbruikbaar. Ook de complexen gebaseerd 
op molybdeen, beschreven in Hoofdstuk 6, zijn actieve katalystatoren voor 
de dehydratatie van deze alcoholen. Deze resultaten laten zien dat overgangs-
metaal-gebaseerde katalysatoren een alternatief kunnen bieden voor Brønsted 
zure katalysatoren in dehydratatiereacties. Betreffende de deoxygenering van 
bio-gebaseerde alcoholen, wordt de dehydratatie van terpeenalcoholen naar 
de respectievelijke terpenene en de katalytische veredeling  van een etherische 
olie beschreven in Hoofdstuk 4 en wordt de deoxygenering van melkzuur 
naar propionzuur beschreven in Hoofdstuk 7.

Vanwege de afnemende voorraad fossiele grondstoffen mag verwacht wor-
den dat in de toekomst chemicaliën afgeleid van lignocellulose, vanuit zowel 
economisch als milieutechnisch oogpunt, meer en meer nodig zullen zijn 
om de chemische industrie van voldoende bouwstenen te voorzien. Het on-
derzoek beschreven in dit proefschrift heeft hieraan bijgedragen door aan te 
tonen dat overgangsmetaal-gebaseerde katalysatoren Brønsted zure katalysa-
toren kunnen vervangen en zelfs overtreffen in de dehydratatiereactie van 
verscheidene soorten alcoholen. Aangezien de dehydratatiereactie één van de 
meest fundamentele reacties is om het zuurstofgehalte van verbindingen te 
verlagen, is dit van groot belang voor het verwerken van biomassa en afgelei-
den daarvan. Wij zijn ervan overtuigd dat het onderzoek beschreven in dit 
proefschrift als basis kan fungeren voor verder onderzoek naar het gebruik 
van overgangsmetaal-gebaseerde katalysatoren, in het bijzonder renium- en 
molybdeen-gebaseerde, in de deoxygenering van bio-gebaseerde alcoholen 
voor de productie van olefines uit biomassa.
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Dankwoord

Zo. Na ruim 4½ jaar, honderden experimenten, ruim 7300 GC-metingen,  
bijna 600 NMR metingen en een kleine 400 DFT-berekeningen, is het nu 
tijd om het laatste en meestgelezen stuk van m’n proefschrift te schrijven. En 
zoals een onderzoek drijft op eerder onderzoek en een steen in een steenman-
netje op andere stenen rust, zo is een promovendus niets zonder zijn omge-
ving.

Op de eerste plaats staat natuurlijk mijn promotor: beste Bert, zo’n 5 jaar 
geleden vroeg je me of ik interesse had om bij jou te komen promoveren. Ik 
heb daar toen niet lang over na hoeven denken en ik heb in die 5 jaar ook 
geen moment spijt gehad van m’n besluit. Ik wil je erg bedanken voor de 
vrijheid die je me gegeven hebt om de dingen op mijn eigen manier te doen 
en de ruimte om me te ontplooien en te ontwikkelen. Na werkbesprekingen 
kwam ik altijd met nieuwe energie en ideeën uit jouw kantoor, mede dankzij 
jouw input en enthousiasme ligt hier nu een proefschrift waar ik trots op ben.

Johann, jou wil ik graag bedanken voor alle momenten dat ik zomaar bij je 
binnen kon lopen voor vragen en advies. Ik weet dat je meer tijd had willen 
hebben voor begeleiding, maar de algemene vraagbaak die je was heeft mij 
meer dan eens weer op gang geholpen. Bovendien heb ik door jou de Mac 
dusdanig weten te waarderen, dat ik niet meer naar een Windows-computer 
terug wil.

Een lab is onthand zonder een goede technicus. En een goede technicus, 
dat ben je, Henk! Dankzij jou telt dit proefschrift 7 hoofdstukken in plaats 
van 6, en daar ben ik je erg dankbaar voor. Daarnaast zorgde je altijd voor de 
nodige gezelligheid met al je verhalen over lang vervlogen tijden en discussies 
over meer recente dingen tijdens de koffiepauzes.
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Een andere onmisbare factor is de secretaresse. Milka, ik ben je erg dank-
baar, in het bijzonder in de laatste weken, voor al het werk dat je verzet hebt 
en alle keren dat ik in lichtelijke paniek bij je binnen kwam omdat er iets 
mis ging in het proces. Gelukkig weet jij altijd feilloos de manier om dingen 
geregeld te krijgen en mede dankzij jou is dit proefschrift nu ook echt klaar. 

Een organometaalchemicus wordt altijd blij wanneer er een kristalstructuur 
binnenkomt. Martin, dankzij jouw toverkunsten met mijn, vaak gebrekkige, 
kristallen staan er in dit proefschrift een paar mooie structuren vermeld.

De nodige input is er ook gekomen vanuit mijn User Committee van de 
CatchBio. Ik wil graag alle leden daarvan bedanken en in het bijzonder prof. 
dr. Jean-Paul Lange (Shell & Universiteit Twente) vanwege de interesse en het 
actieve meedenken bij mijn project. 

Also within the CatchBio consortium, a contribution was made by dr. Ev-
geny Pidko (TU Eindhoven). Evgeny, although our cooperation was short-
lived, your input was appreciated and helped me back on track for the DFT 
calculations. Another short yet important contribution to the DFT part was 
made by dr. Marc-Etienne Moret. Marc-Etienne, I’m happy you joined the 
group recently. Your knowledge of DFT helped me a lot in writing that part 
of my thesis, thank you for that.

Uiteraard zijn er ook de nodige studenten die hebben bijgedragen aan mijn 
werk. Jurian, Joen, Mathijs, Norbert, Esther, Minke, Mark, Rachel, Maar-
ten en Jelle, allemaal hebben jullie een bijdrage geleverd, waarvan sommigen 
verwerkt in dit proefschrift. M’n enige masterstudent wil ik apart bedanken: 
Emma, je begon 3½ jaar geleden als masterstudent aan mijn project, wat heel 
hoofdstuk 6 heeft opgeleverd. Sindsdien ben je uitgegroeid tot een zeerge-
waardeerde collega en een goede vriendin. Dankjewel voor de nodige steun 
de afgelopen maanden en ik ben blij dat je op 17 april achter me staat als m’n 
paranimf.
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(Z)Jacco! Ik had nooit gedacht dat jij tegen de tijd van mijn promotie nog 
rond zou hangen. Daar ben ik erg blij mee, want behalve alle Brabantse ge-
zelligheid die je al die tijd hebt meegebracht, o.a. tijdens de vele Dagelijkse 
Doses Dumpert en de mooie hakkûh momentjes, was het ook fijn dat jij dit 
hele pad al een keer bewandeld had en me daarbij kon en kan helpen, tot op 
de dag van m’n promotie aan toe als paranimf.

De andere Brabantse input kwam natuurlijk van (S)Niels(ke). Niels, veel 
van wat ik geleerd heb op het lab, heb ik van jou geleerd in de eerste maanden 
van mijn promotie. De politieke discussies en alle andere lol (zie bovenstaand) 
leverde bovendien altijd erg veel gezelligheid op in good old Z809. Dankjewel 
daarvoor!

Aangekomen bij Z809 komt vanzelf Morgane aan bod (hoe goed is je Ne-
derlands nog?). Morgane, het was een plezier je kamergenoot en butt-mate 
in het lab te zijn. Dankzij jou heb ik vele Franse woorden geleerd, die ik hier 
maar niet zal herhalen...

The French connection isn’t complete without Yves. Yves, we started on the 
same day and I’ve learnt a tremendous amount from you during the 2½ years 
we shared in the lab. Apart from all the things on the lab you taught me, you 
also introduced the DFT calculations to me, which resulted in an important 
part of chapter 4. Thank you for all that.

En dan mijn “brother in oil”: Marcel, jouw gezelligheid op Zuid I heb ik 
altijd erg gewaardeerd. Altijd was er tijd voor een praatje of wat praktische 
hulp. Zet nog even door en dan hoop ik binnenkort ook jouw proefschrift te 
mogen lezen!

The group naturally is bigger than the above-mentioned colleagues. I also 
want to thank all other colleagues that formed the Organic Chemistry & 
Catalysis group, in which I worked with great pleasure for all those years. 

Naast de chemie is er natuurlijk meer in het leven. Een belangrijk deel van 
die tijd heb ik besteed eerst op, en later naast, het Merwedekanaal. Als lid 
van de Algemene Utrechtse Studenten Roeivereniging ORCA heb ik in die 
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(bijna) 12 jaar, mede dankzij al m’n ploeggenoten, coaches, coachkindjes, 
medecoaches en mede-MAC’ers, een onschatbare hoeveelheid aan ervaring 
en vrienden opgedaan.

Een ander onschatbaar deel van mijn leven wordt gevormd door m’n fami-
lie. Op de eerste plaats mijn ouders: lieve papa, mijn gevoel voor chemie en 
exacte wetenschappen kan ik van niemand anders dan van jou hebben geërfd. 
Dat je na het lezen van m’n eerste paper een relevante vraag stelde, vind ik 
nog steeds erg gaaf. De manier waarop je jouw tijd in het ziekenhuis bent 
doorgekomen vind ik bewonderenswaardig, en dat maakt me erg trots jouw 
zoon te zijn. Daarom is dit proefschrift aan jou opgedragen. Lieve mama, je 
bent de perfecte aanvulling op papa. Jouw gevoelige kant en eeuwige interesse 
in alles wat ik doe en meemaak (en de bijbehorende projecten die je daarvan 
maakt) zorgen ervoor dat ik nooit alleen sta en me altijd in alles gesteund heb 
gevoeld.

Lieve Jan-Wiebe en Lydi, jullie hebben het promotiepad al voor mij ge-
baand, al was dat dan bij een pak cornflakes. Jullie interesse in hoe het ervoor 
stond met m’n promotie heb ik altijd erg fijn gevonden. En Wieb, de nietjes 
bleken niet nodig, de drukker had er nog genoeg liggen.

En last but certainly not least: lieve Suzan, zonder jou was dit proefschrift 
er misschien wel nooit geweest (ook al mag ik dat niet van je zeggen). Zeker 
is wel dat de afgelopen 6 jaar zonder jou een stuk minder fijn zouden zijn 
geweest. Ik heb ‘t je het afgelopen jaar niet altijd makkelijk gemaakt, maar 
mede dankzij jouw steun en liefde is het nu klaar. Dankjewel voor alles wat 
je voor me betekent.
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