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Chemical Technology highlights the latest applications and
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COMMUNICATIONS

1038

Efficient and controlled polymerization of lactide under
mild conditions with a sodium-based catalyst

Hsuan-Ying Chen, Jubo Zhang, Chu-Chieh Lin,*
Joseph H. Reibenspies and Stephen A. Miller*

A common phenolic antioxidant provides the ligand scaffold
in the first discrete sodium-based catalyst for the highly active
and controlled ring-opening polymerization of lactide.
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COMMUNICATIONS

1041

The first solvent-free method for the reduction of esters

James Mack,* Dennis Fulmer, Sam Stofel and
Natalie Santos

We found aldehydes, ketones and esters can be reduced easily
using solvent-free ball milling conditions. To the best of our
knowledge this represents the first solvent-free method for the
reduction of esters.

1044

Dicationic molten salts (ionic liquids) as re-usable media
for the controlled pyrolysis of cellulose to anhydrosugars

Gary N. Sheldrake* and David Schleck

Di-imidazolium dihalides (X = Cl, Br) with short alkyl linker
chains (n = 4–6) are re-usable media for the controlled
pyrolysis of cellulose to anhydrosugars, mainly
levoglucosenone, at relatively low temperatures with no added
acid or base.

PAPERS

1047

Copper catalyzed oxidative alkylation of sp3 C–H bond
adjacent to a nitrogen atom using molecular oxygen in
water

Olivier Baslé and Chao-Jun Li*

A simple and highly efficient C–C bond formation was
developed by the reaction of two sp3 C–H bonds catalyzed by
copper bromide under an oxygen atmosphere in water. The
aerobic and aqueous version of the cross-dehydrogenative-
coupling (CDC) reaction provides formation of b-nitroamines
and b-diester amines under safe and mild conditions.

1051

Synthesis of iron oxide nanoparticles using a freshly-made
or recycled imidazolium-based ionic liquid

Yong Wang, Sean Maksimuk, Rui Shen and Hong Yang

A new solvent recyclable process has been developed for an
imidazolium-based ionic liquid, [BMIM][Tf2N], in the
synthesis of monodisperse superparamagnetic iron oxide
nanoparticles.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1031–1037 | 1033
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PAPERS

1057

Surface modification of lignocellulosic fibres in
atmospheric air pressure plasma

Alexis Baltazar-Y-Jimenez and Alexander Bismarck*

The potential use of atmospheric air pressure plasma as a
swift, economic and environmentally sound surface treatment
for lignocellulosic fibres to improve the interaction to
renewable polymers was studied.

1067

Rapid and clean synthesis of phthalimide derivatives in
high-temperature, high-pressure H2O/EtOH mixtures

Joan Fraga-Dubreuil,* Gürbüz Çomak,
Alasdair W. Taylor and Martyn Poliakoff*

An alternative and clean method for the preparation of a
wide variety of N-substituted phthalimides is reported using
high-temperature, high-pressure water/EtOH mixtures
(HTHP-H2O/EtOH), often yielding pure crystals without
any work up.

1073

Coupling of glycerol processing with Fischer–Tropsch
synthesis for production of liquid fuels

Dante A. Simonetti, Jeppe Rass-Hansen,
Edward L. Kunkes, Ricardo R. Soares and
James A. Dumesic*

Liquid fuels can be produced in a single reactor by coupling
the low-temperature conversion of glycerol to synthesis gas
with the formation of liquid alkanes by Fischer–Tropsch
synthesis.

1084

Synthesis of ionic liquids in micro-reactors—a process
intensification study

Daniel A. Waterkamp, Michael Heiland, Michael Schlüter,
Janelle C. Sauvageau, Tom Beyersdorff and
Jorg Thöming*

To intensify the synthesis of ionic liquids, a continuously
operating micro-reactor system is introduced. As presented for
1-butyl-3-methylimidazolium bromide, a high product purity
could be achieved at a twentyfold increase of space–time–yield
compared to a conventional batch process.

1034 | Green Chem., 2007, 9, 1031–1037 This journal is � The Royal Society of Chemistry 2007
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PAPERS

1091

Bisoxazoline-functionalised enantioselective monolithic
mini-flow-reactors: development of efficient processes
from batch to flow conditions

M. Isabel Burguete, Alfonso Cornejo,
Eduardo Garcı́a-Verdugo,* Juan Garcı́a, Maria José Gil,
Santiago V. Luis,* Victor Martı́nez-Merino,
Jose Antonio Mayoral and Maia Sokolova

Monolithic polymers functionalised with BOX-Cu moieties
can be applied for the cyclopropanation reaction under batch
and flow conditions using either conventional or supercritical
solvents.

1097

Halide-free highly-pure imidazolium triflate ionic liquids:
Preparation and use in palladium-catalysed allylic
alkylation

Loı̈c Leclercq, Isabelle Suisse, Guy Nowogrocki and
Francine Agbossou-Niedercorn*

Several halide free imidazolium triflate salts have been
prepared. The halide free ionic liquids were applied
successfully as solvents in the palladium catalysed allylic
alkylation.

1104

Heterogeneous vanadium catalysts for racemization and
chemoenzymatic dynamic kinetic resolution of benzylic
alcohols

S. Wuyts, J. Wahlen, P. A. Jacobs* and D. E. De Vos

Vanadyl sulfate is a heterogeneous racemization catalyst that
can be combined with a lipase for the dynamic kinetic
resolution of racemic benzylic alcohols.

1109

A microwave approach to the selective synthesis of
v-laurolactam

Tomas D. Conesa, Juan M. Campelo, James H. Clark,
Rafael Luque,* Duncan J. Macquarrie and
Antonio A. Romero*

Different micro- and mesoporous materials were found to be
extremely active in the production of v-laurolactam under
microwave conditions in a very short period of time
(typically 5 min).

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1031–1037 | 1035
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PAPERS

1114

Mild oxidation of styrene and its derivatives catalyzed by
ionic manganese porphyrin embedded in a similar
structured ionic liquid

Ye Liu, Hong-Jiao Zhang, Yong Lu,* Yue-Qin Cai and
Xiu-Li Liu

Multi-component ionic liquids functionalized with manganese
porphyrin were applied as the catalyst for the oxidation of
styrene (derivatives) with the advantages of suppression of
oxidation degradation and self-aggregation, improved
recyclability and no requirement for additional axial ligands
and organic solvents.

1120

A facile approach towards enantiomerically pure masked
b-amino alcohols

Pankaj Gupta, Bhahwal Ali Shah, Rajinder Parshad,
Ghulam Nabi Qazi and Subhash Chandra Taneja*

b-Amino alcohols in the form of phthalimide alcohols
prepared via a fast coupling reaction in an ionic liquid together
with an efficient biocatalytic resolution offer a green
methodology for enantiomers (ee ¢ 99%, 50 g L21).

1126

Iron and vanadium containing molybdophosphoric acid
catalyst for selective oxidation of alcohols with molecular
oxygen

P. Nagaraju, Nayeem Pasha, P. S. Sai Prasad and
N. Lingaiah*

Oxidation of various alcohols over heterogeneous iron and
vanadium containing molybdophoshoric acid catalyst with
molecular oxygen as oxidant afford the corresponding
carbonyl compounds with excellent yields.

1130

Sustainable production of acrolein: investigation of solid
acid–base catalysts for gas-phase dehydration of glycerol

Song-Hai Chai, Hao-Peng Wang, Yu Liang and
Bo-Qing Xu*

Sustainable synthesis of acrolein by catalytic gas-phase
dehydration of biomass-derivate glycerol was attempted using
various solid catalysts with a wide range of acid–base
properties. The most selective catalysts showed Hammett
acidities at 28.2 ¡ H0 ¡ 23.0.

1036 | Green Chem., 2007, 9, 1031–1037 This journal is � The Royal Society of Chemistry 2007
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PAPERS

1137

An efficient microwave-assisted green transformation of
cellulose into levoglucosenone. Advantages of the use of an
experimental design approach

Ariel M. Sarotti, Rolando A. Spanevello and
Alejandra G. Suárez*

The microwave-assisted pyrolysis of cellulose towards its
conversion into levoglucosenone is reported. The optimisation
of the processes was carried out employing an experimental
design approach.

ADDITIONS AND CORRECTIONS

1141

An efficient synthesis of 1,5-benzadiazepine derivatives
catalyzed by silver nitrate

Rupesh Kumar, Preeti Chaudhary, Surendra Nimesh,
Akhilesh K. Verma and Ramesh Chandra
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Simply measuring particle size gives a good estimate of risk

Sizing up the danger of volcanic ash

Ash and dust can cause 
chronic and acute 
respiratory diseases

©The Royal Society of Chemistry 2007

Analysing the grain size of volcanic 
ash particles might provide a quick 
and easy way to calculate their 
potential threat to human health, 
according to a British scientist. 

Although the primary hazards 
of a volcanic eruption, such as 
pyroclastic flows, are of major 
concern after a volcanic eruption, 
secondary hazards, such as the 
short term and long term effects 
of the dust and ash ejected, are 
also a major problem. Volcanic 
ash may cause acute respiratory 
diseases and has the potential to 
cause chronic diseases, such as 
lung cancer. But assessing this risk 
can be difficult, as conventional 
medical studies may take months, 
years or even decades to conclude 
whether a dust is toxic or not. 

What is certain, however, is that 
the ash cannot be harmful if the 
particles are too large to enter the 
lung. Therefore, Claire Horwell at 
the Institute of Hazard and Risk 
Research at Durham University 
developed a method that allowed 
her to estimate the amount of fine 
particles in volcanic ash without 

October 2007  /  Volume 4 /  Issue 10  /  ISSN 1744-1560  /  CTHEC2 /  www.rsc.org/chemicaltechnology

Chemical Technology

Finding fission by-products 
Vaporisation and ICPMS combine to detect radionuclides

Wet, not wet, wet
Smart surface changes hydrophobicity at the flick of a switch

Instant insight: Science and art in harmony
Marc Aucouturier illustrates the benefit of a multidisciplinary 
approach to preserving our cultural heritage

Interview: Chemical conservation
David Saunders explains to Joanne Thomson how chemistry can 
be used to preserve ancient artefacts

In this issue

The latest applications and technological aspects of research across the chemical sciences

Reference
C Horwell, J. Environ. Monit., 
2007, DOI: 10.1039/b710583p

Chem. Technol. , 2007, 4, T73–T80    T73

needing state of the art instruments.
By characterising the grain size 

distribution of volcanic ash after 
eruptions, Horwell developed 
an equation for estimating the 
quantity of health-pertinent 
fractions when state-of-the-art 
techniques are unavailable. By 
focussing on techniques that allow 
cheap and quick assessment of the 
health hazards posed by volcanic 
emissions, Horwell hopes to 
provide hazard managers with a 
new tool to rapidly assess how bad 

an eruption is for the health.
‘At the onset of future eruptions, 

local scientists can simply sieve 
the ash and immediately calculate 
the percentage of ash that is 
fine enough to enter the lung. 
This means that a preliminary 
assessment of the potential health 
hazard can be carried out in a 
matter of minutes rather than 
waiting for laboratory results. 
Hazard managers can then rapidly 
decide whether to distribute dust 
masks to a population or even to 
evacuate an area until ash fall has 
ceased,’ explained Horwell.

Further research is needed 
to establish what actual health 
risk volcanic ash might pose. 
The biggest challenge, however, 
is bringing together scientists 
from across several disciplines 
(such as medics, mineralogists 
or toxicologists) to definitively 
determine the health risks of 
volcanic ash. In the meantime, 
Horwell’s technique may help 
hazard managers make more 
informed decisions.
Edward Morgan
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Bored of bath-cleaning? Wearied 
by window-washing? Thanks to a 
group of scientists in Israel these 
mundane chores could soon be 
consigned to the past. 

Itamar Willner and colleagues at 
the Hebrew University of Jerusalem 
have made a quinine-coated ‘smart 
surface’ whose wettability can be 
switched using either an electrical 
or a chemical trigger. Such surfaces 
are inspired by self-cleaning 
systems in nature. The lotus leaf, for 
example, has a hydrophobic surface 
that allows water droplets to roll 
off the leaf, removing dirt from its 
surface. 

Willner and his team coated a 
gold surface with hydrophobic 
benzoquinone, which is reduced 
to hydrophilic hydroquinone 
using either an applied voltage 
or a chemical reducing agent. 
Hydroquinone has two hydroxyl 
groups that interact strongly with 
the water, causing the surface to 

Smart surface changes hydrophobicity at the flick of a switch

Wet, not wet, wet

A team of UK scientists have 
developed a way of controlling 
the chemical vapour deposition 
of diamond to uniformly coat 
ultramicroelectrodes. These 
electrodes often have a diameter 
of less than 25 microns, ideally 
suited for scanning electrochemical 
microscopy (SECM).

SECM is a type of microscopy that 
images surfaces using a physical 
probe. By mechanically moving 
the probe across a surface, an 
accurate image of the surface can 
be mapped. The electrodes that 
are used as probes are known as 
ultramicroelectrodes (UMEs). 

Diamond is an attractive material 
for electrodes because of its 
electrochemical characteristics 
and chemical inertness. 
However, up until now diamond 
UMEs could not be made using 
conventional chemical vapour 
deposition techniques. The 
team led by John Foord at the 

Ultramicroelectrode probes coated by CVD to give uniform layer

Diamonds are for electron microscopy

Reference 
J Hu, J S Foord and K B Holt,  Phys. Chem. 
Chem. Phys., 2007, DOI: 10.1039/b710241k

Benzoquinone (blue) 
repels water, but the 
reduced hydroquinone 
(red) does not

Reference
A Wieckowska, A B Braun-
schweig and I Willner, Chem. 
Commun., 2007, DOI: 10.1039/
b710540a 
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become ‘wetter’ when reduced. 
‘The hydroquinone/

benzoquinone surface evolved from 
a much more complex system that, 
after a lot of effort, did not work at 
all. We were still surprised with how 
robust the [simple] system [was] 
and how dramatic the changes were 
that we observed,’ said Willner.

The team’s smart surface is 
easily prepared and the small size 

of quinone means that a lot of 
molecules can be packed into the 
surface, causing large macroscopic 
changes in the surface wettability.

Aside from self-cleaning 
applications, these clever surfaces 
may be used in microfluidic devices 
that could provide new analytical 
procedures for clinical diagnostics. 
For example, if the inner part 
of a capillary was coated with a 
conductive film functionalized 
with Willner’s quinine monolayer 
it could be used to suck minute 
volumes of fluid from cells or 
organs.

‘A smart idea to create a 
smart surface,’ said Jilie Kong, 
a microfluidics expert at 
Fudan University, Shanghai. 
‘The reversible change of 
hydrophobicity/hydrophilicity is 
promising in the design of novel 
microfluidic chips or biosensors,’ 
said Kong.
Ruth Doherty

University of Oxford successfully 
modified the deposition process 
to produce diamond-coated 
ultramicroelectrodes. By combining 
efficient nucleation methods and an 
electrochemical bias during growth, 
the electrode can be coated with a 
uniform, polycrystalline diamond 
layer.

The team have been working 
in the area of diamond 
electrochemistry for a number 
of years and aim to produce 
diamond electrodes for probing 
biological media. Foord explained 
the challenge: ‘Conventional 
microelctrodes fail to function 
in biological media because of 
adsorption of biological media, 
which foul the electrode,’ he 
said. Diamond can be chemically 
functionalised to make it more 
stable than other electrodes under 
these conditions, he said, making it 
an ideal target material.

Frank Marken from the 

University of Bath is an expert 
in novel electrode design and 
believes this work could have a wide 
impact. ‘The availability of sharp, 
conducting diamond tools could 
be of wider significance… tools 
to “dissect” and image individual 
biological cells and their content 
could be envisaged as future 
developments,’ he said.

However, Foord believes that 
more work is needed before 
the full potential of these 
ultramicroelectodes is realised.  
A thin insulating coating for the 
body of the electrode is needed, 
which can be removed from the 
electrode tip without damaging it. 
The group are currently exploring 
the use of polymer coatings for this 
purpose.
May Copsey

Diamond’s chemical 
properties make it ideal 
for use as electrodes
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Researchers in Canada have 
developed a method to rapidly 
measure ultra-trace amounts 
of strontium 90 (90Sr) in 
environmental samples.

90Sr is a by-product of the 
fission of uranium and plutonium 
in nuclear reactors and nuclear 
weapons, with a half-life of 29 
years. It was widely dispersed into 
the environment during nuclear 
weapons testing in the 1950s and 
‘60s. It is chemically similar to 
calcium so it accumulates in bone 
and blood-forming tissue. Exposure 
to 90Sr may be linked to certain 
cancers.

Patricia Grinberg and coworkers 
at the Institute for National 
Measurements Standards in Ottawa 
used ICPMS combined with 
electrothermal vaporisation and 
dynamic reaction cell technology 
to measure 90Sr concentrations as 
low as 3.5 picograms per gram. The 
method was tested by measuring 
natural Sr in marine sediments, 

Electrothermal vaporisation and ICPMS combine to detect radionuclides

Finding fission by-products

Swiss chemists have developed a 
greener and more efficient way of 
making an industrially important 
aldehyde.

2-Ethylhexanal is a key 
compound in the manufacture of 
perfumes and paints. Until now, its 
large-scale synthesis was dogged 
by the need for several consecutive 
reaction steps, poor yields or the 
need for large excesses of certain 
reagents.

Carbon dioxide solvent and palladium catalyst improve synthesis

Organic synthesis goes supercritical

Reference 
T Seki, J-D Grunwaldt and  
A Baiker, Chem. Commun., 
2007, DOI: 10.1039/b710129e

Strontium 90 was 
dispersed into the 
atmosphere during 
nuclear testing

Reference
P Grinberg, S Willie and  
R E Sturgeon, J. Anal. At. 
Spectrom., 2007, DOI: 
10.1039/b708018b

Alfons Baiker and his colleagues 
at the Swiss Federal Institute of 
Technology (ETH) in Zürich have 
now developed a method of making 
it in a highly selective way and in 
a single step from crotonaldehyde 
(but-2-enal) using only a small 
excess of hydrogen.

Supercritical carbon dioxide 
(where it is in a fluid state that is 
mid-way in character between a gas 
and a liquid) at 60°C and 16 MPa 

pressure is used as the reaction 
medium for the starting materials, 
and the reaction takes place by 
passing it over a palladium catalyst 
at a constant flow rate.

According to Baiker, ‘the catalyst 
exhibits high activity, selectivity 
and a long lifetime’, adding that the 
only by-product, butyraldehyde, is 
also industrially useful and easily 
separated by distillation.

‘The … method … may provide 
a promising alternative for the 
industrial production of [these] two 
important aldehydes,’ he said.

Martyn Poliakoff, a fellow of 
clean technology at the University 
of Nottingham and chair of 
Green Chemistry’s editorial 
board, considers Baiker’s work an 
‘interesting development’. He added 
that he saw ‘considerable potential 
for [the development of ] sustainable 
chemical processes’.
David Parker

©The Royal Society of Chemistry 2007      Chem. Technol., 2007, 4, T73–T80    T75

river water and biological material 
and the recovery of 90Sr spikes 
added to the samples.

‘The determination of 90Sr is 
non-trivial both as a consequence 
of its extremely low concentration 
levels and because it suffers 
from interferences, frequently 
necessitating laborious separation 
procedures, which can cause 

contamination and increase the 
analysis time,’ said Grinberg.  

Grinberg’s method takes 
advantage of the ability of 
electrothermal vaporisation 
systems to use thermal 
programming to selectively remove 
interferences and simplify sample 
preparation procedures.

The work is part of a project 
financed by the Chemical 
Radiological and Nuclear Research 
Technology Initiative (CRTI) in 
Canada on the development of new 
technologies for the rapid detection 
and identification of radionuclides.

‘Radionuclides have traditionally 
been measured using radiometric 
techniques which are not ideally 
suited to rapid and/or accurate 
determination,’ said Grinberg. 
‘Rapid determination is crucial in 
the event of a nuclear or radiological 
accident so as to assess and 
minimize adverse health, economic 
and environmental effects,’ she 
continued. Joanna Stevens

One step ahead: previous 
routes have several 
steps or give poor yields

IS
TO

C
K

P
H

O
TO

S

CT.10.07.T75.indd   32 24/09/2007   12:52:49

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
1 

O
ct

ob
er

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
42

02
C

View Online

http://dx.doi.org/10.1039/B714202C


Research by Swiss scientists could 
open the way to better diagnosis 
and treatment for osteoporosis 
sufferers. 

Susanne Schweizer and 
colleagues at ETH Zurich in 
Switzerland have synthesised 
reference materials – or ‘phantoms’ 
– that allow micro-computed 
tomography (µ-CT) to be used 
for measuring mineral content 
of individual bone struts.  Scans 
currently used to diagnose 
osteoporosis measure the mineral 
density of bones over a relatively 
large area. Knowledge of the 
mineral density of patient’s bones 
on a more local scale should aid  
the diagnosis of osteoporosis at  
an earlier stage, and help  
determine the most appropriate 
treatment, explained  
Schweizer.  

Reference materials allow more localized investigation of bone density

The phantom of the bone scanners

Researchers in the UK and New 
Zealand have shown that using a 
membrane could help catalysts 
operating in the same system work 
more efficiently.

The team, led by Paul Taylor at 
the University of Warwick and 
Andrew Livingston at Imperial 
College London, used a membrane 
to keep catalysts in environments 
where they work best. 

Taylor explained that in a process 
where two or more catalytic steps 
are combined in one operation, 
called a tandem catalytic process, 
the catalysts normally have to 
compromise on their performance. 
This is because the same operating 
conditions are imposed on both 
catalysts. ‘We use technological 
tricks to avoid the compromise,’ 
he said, ‘and allow the catalysts 
to operate under their respective 
optimum conditions, while in terms 
of the process they are in the same 
synthetic operation.’ 

The team used the membrane 
in a tandem catalytic process 

Keeping catalysts apart enables them to perform at their best

Membranes do the trick

Reference 
C Roengpithya et al, Chem. Commun., 2007, 
DOI: 10.1039/b709035h

Micro-computed tomography can already image bone in 3D

Reference
S Schweizer et al, Analyst, 2007, DOI: 10.1039/
b703220j

Chemical Technology
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µ-CT is a well established 
research technique for studying 
bones in three dimensions.  
Previous attempts to use it in 
accurate measurements of bone 
density were hindered by a lack of 
good phantoms needed to calibrate 
the machine for this purpose, 
explained Schweizer.  She has now 
overcome the hurdles, making 
phantoms that properly mimic the 
way bones reflect X-rays from the 
scanner.   

Schweizer said that these 
phantoms are already being used in 
µ-CT studies of live rodents, with 
clinical applications being the end 
goal. 
Nina Athey-Pollard

called dynamic kinetic 
resolution, a process used to 
make enantiomerically enriched 
products. Jonathan Williams, 
professor of organic chemistry at 
the University of Bath, explained 
that, although there are many 

opportunities for using catalysts 
in tandem catalytic processes, 
there are practical problems 
associated with their use because 
of the different conditions they 
require. ‘These researchers have 
provided an elegant solution to this 
problem by using a membrane to 
retain an enzyme catalyst in a lower 
temperature vessel whilst metal-
catalysed racemisation occurs in a 
higher temperature vessel, leading 
to an effective dynamic kinetic 
resolution process,’ he said.

The partnership involved 
collaboration between chemists 
interested in tandem catalysis and 
chemical engineers interested 
in membrane technology. Taylor 
explained that the collaboration 
resulted from effective networking 
with colleagues in industry 
interested in membrane separation. 
Katherine Davies

The enzyme stays in 
the cold while the metal 
catalyst feels the heat
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Instant insight

Science and art in harmony
Marc Aucouturier, Centre for Research and Restoration of the Museums of 
France, and Evelyne Darque-Ceretti, Paris School of Mines, illustrate the benefit 
of a multidisciplinary approach to preserving our cultural heritage

©The Royal Society of Chemistry 2007

The understanding and 
preservation of cultural heritage 
has been a major challenge for all 
civilisations. The most modern 
tools of materials science are 
rising to the challenge. Knowing 
the composition and rebuilding 
the history of an artefact needs 
sophisticated laboratory 
instruments and a long enquiry 
involving intensive collaboration 
between materials scientists 
and art historians. Data on the 
physical constitution of an artefact, 
its authenticity, its history, the 
circumstances of its discovery, its 
treatment after being abandoned 
and/or stored, are useful not only 
to increase our knowledge of 
civilisation and art history, but also 
to inform conservation policy.

The study of cultural heritage 
artefacts and their preservation 
and restoration begins with – and is 
often limited to – a comprehensive 
characterisation of their surface 
by non-destructive methods. The 
application of surface science to 
cultural heritage materials has 
undergone a dramatic development 
in the past few decades, thanks 
to the impressive improvement 
of analysis and investigation 
equipment.

One example of objects recently 
submitted to in depth investigation 
are beautiful ancient ceramics 
with a metallic lustre decoration. 
This technique was born in the 9th 
century in factories created by the 
Arabs during their conquests in 
Mesopotamia, Egypt and Persia. 
With the passing of the centuries, 
Arab potters spread their know-
how all over the Islamic world. 
It reached Spain and was finally 
transmitted to the workshops of 
the Italian Renaissance at the end 
of the 15th century, giving rise to 
what is known as majolica ceramics. 

Lustred ceramics attracted the 
attention of conservators and 
scientists on account of the 
structure of the thin surface film 
that is responsible for their specific 
aspect. They exhibit an iridescent 
shine that sometimes imitates a 
gold, silver or copper deposit in 
specular reflection and appears 
from deep red to bright yellow 
by diffused light observation. In 
order to understand this very 
sophisticated technique and trace 
its propagation through the ages, 
a series of investigation were 
conducted in several materials 
science laboratories. They 
showed that the surface film is 
made of vitreous matter in which 
nanoparticles of metallic silver 
and/or copper are embedded. In 
other words, ancient Islamic potters 
invented nanotechnology eleven 
centuries before our solid state 
physicists. 

Another example of an ancient 
decoration technique that is still not 
fully understood is ‘black bronze’. 
It is the result of intentional surface 
treatments by ancient craftsmen in 
order to change the surface aspect 
and colour of bronze artefacts. It 
was discovered on bronze artefacts 
from Egypt (2nd millennium BC), 
the Roman Empire (1st century 
AD), China (4th century AD) and 
Japan (14th century AD). It consists 
of a chemical treatment applied to 

     Chem. Technol., 2007, 4, T73–T80    T77

Reference
M Aucouturier and E Darque-
Ceretti, Chem. Soc. Rev., 2007, 
36, 1605, DOI: 10.1039/
b605304c

All that glitters is not 
gold: the iridescent 
sheen on this pottery 
is the work of ancient 
nanoscientists.

specific copper alloys containing 
always gold (1 to 8 wt%) and/or 
silver (1 to 4 wt%) in order to give 
them a black or velvet colour. A 
comprehensive study has been 
conducted recently on a large body 
of Egyptian and Roman Empire 
pieces from the Louvre museum 
in France. Most of the black patina 
appears to be pure cuprite, Cu2O, 
containing small amounts of gold 
and/or silver. The natural colour 
of cuprite is red, and the research 
on the role of the precious metals 
on its black coloration is still under 
investigation.

Many other examples could 
be given, such as the fruitful 
application of Raman spectroscopy 
to the identification of pigments and 
the restoration of painted artefacts, 
the use of analytical spectroscopy 
to organise a preservation policy 
for the Swedish warship Vasa, the 
study of environmental degradation 
of medieval stained glass windows 
by secondary ion mass spectroscopy 
or the identification of degradation 
mechanisms of old paper 
manuscripts by spectrophotometry 
and atomic force microscopy.

Read the full Tutorial Review ‘The 
surface of cultural heritage artefacts: 
physico-chemical investigations 
for their knowledge and their 
conservation’ in issue 10 of Chemical 
Society Reviews.

InstantInsight10.07-aucouturier.40   40 24/09/2007   12:54:41
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What inspired you to develop a career in the 
analytical sciences?
I was inspired to specialise in chemistry by a 
teacher at school whose enthusiasm for the 
subject caught my imagination. I have also had a 
longstanding interest in museums since my father 
took me to them as a child. 
	 When I was coming to the end of my 
postgraduate studies, I was very interested in 
the way that science is applied to the arts and 
archaeology. When I was doing post doctoral 
work, I saw a job opportunity at the National 
Gallery in London and that was really how I 
started in the field.  

History and not chemistry springs to mind when 
most people think of museums. How big a role does 
chemistry play at the British Museum?
Chemistry is involved in two aspects of the 
museum’s activities. Firstly, it is used in the 
preservation and restoration of the collections. 
Secondly, through the chemical analysis of 
the objects, we bring another aspect into their 
interpretation that augments the history side. We 
can shed light on how objects were made, what 
they’re made of and how cultures have changed, 
developed and traded. Increasingly, we’re finding 
the public are engaged by this type of information. 

What techniques do you use to examine artefacts?
We begin by using simple microscopy to magnify 
an object. We then use scanning electron 
microscopy (SEM) to look at objects at much 
higher magnification. With this we have the 
potential to conduct energy dispersive X-ray 
analysis (SEM-EDX), which is an absolute 
workhorse for the department. This can give us 
some elemental information.

We also use other X-ray techniques like X-ray 
fluorescence and diffraction and X-radiography.  
X-Radiography is very important – we use it 
routinely to look inside objects that we can’t 
otherwise look in.  

We use various spectroscopic techniques, 
including Raman spectroscopy. This has been the 
big new thing for museums in the last 10–15 years, 
particularly Raman microscopy, where the Raman 
is directed through the optics of a microscope. 

The fingerprinting of various materials by 
Raman has become of sufficient significance that 
the organisation that was putting together the 
infrared library of museum-related materials has 
extended it into Raman. 

What is the most rewarding aspect of your work?
It’s adding to the sum total of something that’s 
known about an object. Preservation is, of course, 
enormously important but it is the intellectual 
enquiry that I find most rewarding. I enjoy 
using the documentary sources together with 
the knowledge of specialist art historians and 
archaeologists to piece together what the science 
is telling us about the object with what we know 
about the object from other sources. 

Do you have a message for young scientists?
Don’t get too narrow. Read around; look at what 
is happening in other fields. You can’t be an 
expert in everything but you can have a broader 
knowledge and that’s when you start to see the 
interconnections. Bringing in the best of other 
fields is a terribly important facet of how scientists 
can think within an organisation.

Which scientist do you most admire and why?
Michael Faraday, because he was heavily involved 
in the development of science in museums and 
galleries in Britain. Everyone knows Faraday 
for his very straight scientific work but he got 
involved in everything.  He was involved in the 
commission that looked at relocating museums 
out of London in the mid-19th century because of 
fears about pollution damage to the collections. 
Although he was engaged in very serious study 
in a single area, it didn’t stop him retaining that 
breadth. 

If you weren’t a scientist, what would you be?
I have always regretted giving up history at such 
an early stage. I would quite like to be a historian.  
If I couldn’t give up the science completely, 
perhaps I’d end up doing history of science. 
Maybe I would go the whole way and become an 
art historian or an archaeologist, although the idea 
of being knee deep in mud in an archaeological 
site doesn’t necessarily appeal! 

Chemical conservation
David Saunders explains to Joanne Thomson how chemistry can be used to 
preserve ancient artefacts

Interview

David Saunders is Keeper of the 
Department of Conservation, 
Documentation and Science at 
the British Museum, London. 
His research focuses on the 
scientific examination of 
artefacts, principally using 
non-destructive imaging and 
spectroscopic techniques.

David Saunders

©The Royal Society of Chemistry 2007
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Easier and more 
efficient than
traditional LLE
... SLE+ Supported Liquid
Extraction Plates

Supported Liquid Extraction (SLE) provides an easier

to automate alternative to liquid-liquid extraction (LLE),

with no off-line steps (e.g. mixing or centrifuging)

required. Problems including emulsion formation, and

separation of liquid layers are eliminated. 

ISOLUTE® SLE+ Supported Liquid Extraction Plates are

optimized for simultaneous processing of 96 samples

(extract up to 200 µL of plasma or urine per well),

using a generic methodology for extraction of neutral,

acidic and basic compounds. 

ISOLUTE® SLE+ is available in the industry standard 

2 mL fixed well ‘SPE’ plate format and is compatible

with all commercially available automated liquid 

handling systems.

For more information or to request 

a free sample visit www.biotage.com.

www.biotage.com

NEW! ISOLUTE SLE+ Plates
Improve productivity and maximize analyte 
recovery with this new more efficient alternative 
to traditional liquid-liquid extraction.

• No emulsion formation

• Easy to automate

• Rapidly transfer methods from 
traditional LLE to ISOLUTE SLE+

• Excellent flow characteristics 
improve reproducibility 

Sample Preparation
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Essential elements

Months of hard work were 
rewarded recently as RSC Project 
Prospect was named as winner of 
the 2007 ALPSP/Charlesworth 
Award for Publishing 
Innovation.

In making the award, which 
recognises a significantly 
innovative approach to any 

And the winner is …

You say,  we display ! 

aspect of scholarly publication, 
the judges described RSC Project 
Prospect as ‘the clear winner … 
journals incorporate standard 
metadata within the full text 
of articles and combine this 
with an elegant and intuitive 
on-screen manifestation of 
the advantages of including 

this metadata. As a result, 
sophisticated and effective 
searching of the literature is 
greatly improved and the value 
gained from reading each article 
is significantly enhanced. It is 
delightfully simple to use and 
benefits to authors and readers 
are immediately obvious.’

Receiving the award at the 
ALPSP Annual Dinner in 
London on September 13th, 
project manager Richard Kidd 
declared: ‘RSC Publishing is 
proud to win the 2007 award, 
which is great recognition for 
the work our publishing staff and 
academic partners have put into 
the development and evolution 
of Project Prospect.’ 

This is the first time that RSC 
Publishing has received the 
award for publishing innovation, 
and staff are understandably 
delighted.

Read more about RSC Project 
Prospect on the website:
www.projectprospect.org

Chemical Technology

And finally…
We are pleased to announce 
that the RSC eBook Collection 
has been updated to include the 
first set of 2007 titles.

   Since its launch in March 
2007 the RSC eBook Collection 
has enjoyed a lot of attention 
from libraries across the globe 
keen to expand their chemical 
science book collections.

Access to over 740 high 
quality, digitalised books is 
combined with powerful search 
engines to enable scientists 
to find the information they 
need, when they need it.  Newly 
published books within the 
collection can be found by 
browsing by publication date, or 
alternatively, subject area and 
the first chapter of each book is 
available free for anyone visiting 
the site. Further new titles and 
functionality will be added to 
the RSC eBook Collection at 
different stages throughout the 
year.

To find out more about our 
ebook services visit  
www.rsc.org/ebooks

You told us that you wanted 
direct access to the latest 
research … and now, thanks to the 
latest update of the RSC Journals 
website, that’s exactly what we 
are delivering.

The contents list for each 
current issue now appears on the 
journal’s homepage, delivering 
the content you want to see as 
soon as you arrive at the site.  
Graphical abstracts are included 

as standard, to enable readers 
to browse content much more 
conveniently. A more prominent 
and easy-to-use search box 
also makes finding published 
research much more intuitive.

The changes are being 
introduced following feedback 
from readers and through 
extensive user testing; further 
evidence of the continued 
investment and development of 

our online platform.  Since the 
website re-launch in summer 
2005, RSC Publishing has 
introduced RSS feeds, alerting 
you to new content as and when 
it is published, and the award-
winning RSC Project Prospect 
has provided powerful HTML 
enhancements in journal articles.

To see for yourself visit  
www.rsc.org/journals and select 
your favourite RSC journal.

Left to right - Richard Kidd,  Richard Gedye and Bernard Donovan
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A common phenolic antioxidant provides the ligand scaffold in

the first discrete sodium-based catalyst for the highly active and

controlled ring-opening polymerization of lactide.

The biorenewability, biodegradability, and biocompatibility of

polylactic acid (PLA) have contributed to its increasing number

of applications, many of which are in the medical field.1 The ring-

opening polymerization (ROP) of lactide—commonly made via

glucose fermentation—is the principal method for synthesizing

PLA (Fig. 1).2,3

While aluminum alkoxides4 are effective initiators for the

controlled ROP of lactones, they exhibit low activity in lactide

polymerization. Zinc,5 tin,6 and lanthanide7 derivatives are

effective lactone/lactide ROP initiators, affording polymers with

high molecular weights in high yields. Although Sn(II) initiators

are employed commercially with approval by the U.S. Food and

Drug Administration,8 they are difficult to remove from the

resultant polymer and there are growing concerns about tin

cytotoxicity;1 thus, they have limited utility in the preparation of

medical-grade polymers.9 Efforts to address this issue have resulted

in recent magnesium,5,10 calcium,11 iron,12 and highly active metal-

free13 catalysts that are competent for the ROP of lactide.

Sodium is the most abundant metal in seawater (1.1%), the sixth

most abundant element in the earth’s crust (2.3%), and the ninth

most abundant element in the human body (0.14%).14 The

ubiquity, accessibility, and biocompatibility of sodium are strong

motivations for investigating its potential in ROP catalysis. We

report herein the synthesis, characterization, and catalytic behavior

of the first discrete sodium-based catalyst for the efficient and

controlled ring-opening polymerization of lactide.

Alkali metal alkoxides such as lithium tert-butoxide15 have

shown commendable catalytic activity toward the ROP of lactones

and lactide. However, since these metal alkoxides function as

simple anionic initiators, they typically suffer from undesirable

back-biting and transesterification reactions, leading to macro-

cycles, catalyst inhomogeneity, and broad or multimodal polymer

molecular weight distributions. Such side reactions can be

minimized through the use of sterically demanding ligands. In

consideration of this and our previous studies with lithium,16,17 we

targeted sodium complexes of 2,29-ethylidene-bis(4,6-di-tert-butyl-

phenol) (EDBPH2), which are unknown despite the ligand’s

commercial availability and meagre cost. Moreover, EDBPH2 is

an attractive ligand because it has been approved as an indirect

food additive (as an antioxidant in polymer packaging) by the U.S.

Food and Drug Administration.18

Fig. 2 describes the synthesis of (EDBPH)Na(MeOH)2(THF)2

(1), a bis-methanol adduct19 which can be made directly from

EDBPH2. Recrystallization of 1 afforded the aggregated disodium

complex [(EDBPH)Na(THF)2][Na(THF)(EDBPH)] (2) with loss

of THF and methanol. The solid state structure of 2{ implies

certain structural features to be present in 1, including a mono-

deprotonated bis-phenol ligand.

The ring-opening polymerization of L-lactide employing 1

(2.5 mM) as initiator was systematically examined to produce

the results in Table 1. In toluene, complex 1 is a highly efficient

catalyst, polymerizing approximately 200 equivalents of L-lactide

in 8 minutes at room temperature (20 uC). This turnover frequency

aDepartment of Chemistry, Texas A&M University, College Station,
Texas, 77843-3255, U. S. A. E-mail: samiller@mail.chem.tamu.edu;
Fax: +1-979-845-9452; Tel: +1-979-845-2543
bDepartment of Chemistry, National Chung-Hsing University,
Taichung 402, Taiwan, R. O. C. E-mail: cchlin@mail.nchu.edu.tw;
Tel: +886-4-22840411 ext 718
{ Electronic supplementary information (ESI) available: Catalyst synthesis
and characterization data (including X-ray crystallography for 2), polymer
characterization data and details of the kinetic study. See DOI: 10.1039/
b705622b

Fig. 1 Polylactic acid (PLA) is typically prepared by the ring-opening

polymerization of lactide, catalyzed by various metal-based initiators.

Fig. 2 Synthesis of precatalyst 1, which loses all MeOH and some THF

upon recrystallization to afford 2 (50% probability ellipsoids, hydrogen

atoms omitted except for ArOH).
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of 25 min21 compares favorably with the most heralded (but

synthetically complex) metal-based catalysts and has only been

excelled in a few instances under comparable, mild reaction

conditions: [Ca], 180 min21 (20 uC);11 [Zn], 125 min21 (25 uC);20

[Mg], 96 min21 (20 uC);5 [Mg], 36 min21 (20 uC);11 [Zn], 10 min21

(20 uC);5 [Al], 1.2 min21 (70 uC);21 [Sn], 0.02 min21 (20 uC).22

However, the turnover frequency for 1 is markedly lower

(y3 min21) in polar solvents such as tetrahydrofuran

(entries 6–8) or 1,2-dichloroethane (entries 9–11)—possibly

because of competitive solvent complexation to the sodium

catalyst. For comparison, NaOMe was tested and found to be

essentially inactive in toluene and relatively sluggish in tetra-

hydrofuran, producing PLA in only 20–40% yield under the

conditions of Table 1, entry 8 (y0.02 min21). The previously

reported lithium complex (EDBPH)Li(C6H5CH2OH)(THF)2 was

less active than 1 with 94% conversion in 45 minutes under

conditions similar to those of Table 1, entry 4 (y4 min21).17

The low polydispersity indices (Mw/Mn = 1.11–1.38), linear

relationship between Mn (NMR) and Mn (calculated) (R2 =

0.9885), and high degree of isotacticity ([m] . 98%; Tm = 160–

171 uC) suggest a controlled, sodium-mediated polymerization

mechanism in toluene (entries 1–5). End group analysis by 1H

NMR (Fig. 3, sample from Table 1, entry 1) reveals the presence

of one methyl ester group per polymer chain and a degree of

polymerization approximately half that of the [L-lactide]/[1]

quotient. This is consistent with an initiation mechanism wherein

each of the two methanol molecules of 1 initiates a chain via

ring-opening of lactide.

A kinetic study in tetrahydrofuran at 20 uC was conducted

to establish the reaction order with respect to monomer and

catalyst (aliquots analyzed by 1H NMR). As expected, plots of

ln([lactide]0/[lactide]) vs. time for a wide range of [1] are linear,

indicating the usual first order dependence on monomer con-

centration (Fig. 4a). Thus, the rate expression can be written as

d[lactide]/dt = kp[lactide]1[1]n = kobs[lactide]1, where kobs = kp[1]n. A

plot of ln(kobs) vs. ln[1] (Fig. 4b) allows the determination of kp and

n. The y-intercept of the regression line (6.919) equals ln kp, and

thus the polymerization rate constant, kp, is 1011 M22min21 or

16.9 M22s21. The slope of the regression line (2.03) equals n and

thus the reaction is second order in catalyst, 1. The overall rate

expression d[lactide]/dt = kp[lactide]1[1]2 is quite unusual because of

the second order dependence on the catalyst. Typical lactide ring-

opening polymerizations are first order in monomer and first order

in catalyst, although non-integral orders with respect to catalyst

less than 1.0 and up to 1.56 have been observed.5 Such complex

kinetic orders have been attributed to aggregation of metal

initiators or growing polymer chains.5,20,24 In the present case, the

second order dependence on [1] suggests that two monosodium

species are involved in the transition state for the propagation

event. One mechanistic interpretation is that the chain is appended

to one sodium metal—via the alcohol terminus—and a second

sodium complex activates the lactide monomer via carbonyl

coordination. Additional mechanistic work will be required to

validate this hypothesis.

In conclusion, we have synthesized and employed the first well-

defined sodium-based catalyst for the controlled and highly

efficient ring-opening polymerization of L-lactide.25 It is easily

Table 1 Ring-opening polymerization of L-lactide initiated by 1a

Entry [M]0/[1]0 Time/min Conv. (%)b Mn9 GPCc Mw/Mn
c Mn calc.d Mn NMRb

1 62 8 .99 6500 1.38 4400 5500
2 134 8 99 14 500 1.33 9600 10 100
3 200 3 81 20 300 1.25 11 700 11 800
4 200 8 98 23 100 1.11 14 100 15 300
5 230 8 95 26 500 1.27 15 700 16 000
6e 200 8 11 1600 1.10 1600 2600
7e 200 240 53 5500 1.13 7700 7700
8e 100 1320 96 8900 1.16 6900 8000
9f 200 8 13 1600 1.10 1900 3800
10f 200 240 51 7300 1.08 7400 8500
11f 100 1320 96 9600 1.08 6900 7700
a In 20 mL toluene at 20 uC; 0.034 g 1; quenched with acetic acid in hexane. b By 1H NMR analysis. c GPC vs. calibrated PS standards using a
correction factor of 0.58.23 d By (F.W.lactide[M]0/2[1]0)(% conversion). e In tetrahydrofuran. f In 1,2-dichloroethane.

Fig. 3 1H NMR spectrum of methyl ester terminated PLA (Table 1,

entry 1). [L-lactide]/[1] = 62 and the degree of polymerization is 38,

suggesting that each methanol present in 1 can initiate a chain.

Fig. 4 (a) Linear plots of ln([lactide]0/[lactide]) vs. time demonstrating the

first order dependence on monomer concentration (0.72 mM ¡ [1] ¡

10.0 mM). (b) Linear plot of ln(kobs) vs. ln[1] demonstrating the second

order dependence on catalyst concentration (n = 2.03). All polymerizations

performed in THF at 20 uC with [lactide]0 = 0.20 M.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1038–1040 | 1039
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synthesized in one step from sodium methoxide and a commer-

cially available ligand that is approved for food contact by the

U.S.F.D.A. Under the mild conditions tested (ambient tempera-

ture and pressure), only a few metal-based catalysts are known to

exhibit higher activity, but each of these requires a multi-step

synthesis for its preparation. Since a classical anionic mechan-

ism26–28 is avoided, epimerization and indiscriminate trans-

esterification are minimal—affording isotactic polylactic acid

with a narrow molecular weight distribution. Polymer charac-

terization data are consistent with a controlled polymerization

system wherein chain growth occurs from the alcohol-terminated

polymer, two of which are bound to the sodium catalyst. Initial

kinetic studies have revealed an unprecedented second order

dependence on catalyst concentration. Future mechanistic studies

will be greatly facilitated by the steric and electronic versatility

possible with the ancillary ligand employed. Finally, this sodium-

based catalyst should enable the synthesis of specialized grades of

PLA containing essentially benign residual catalyst.

This research is supported by The Robert A. Welch Foundation

(No. A-1537) and the National Science Foundation (NSF-CHE

CAREER 0548197). H.-Y. C. would like to thank the National

Science Council of the Republic of China for an international

travel fellowship.
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0.71073 Å; graphite monochromator). The molecular structure was solved
by direct methods and was refined employing the SHELXS-97 and
SHELXL-97 programs.29,30 Colorless crystals of 2 were grown from
toluene. Crystal data: monoclinic, P21/n, a = 16.035(5) Å, b = 19.797(5) Å,
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Utilizing the novel technique of high-speed ball milling, we

herein report the first solvent-free reduction of esters.

Introduction

Environmental concerns about solvent-based chemistry have

stimulated a renewed interest in the study of chemical reactions

under solvent-free conditions. Although most of the research

conducted in this area has been performed by using a mortar and

pestle,1–3 high speed ball milling (HSBM) is an attractive solvent-

free method that has started to gain attention. In the HSBM

method, a ball bearing is placed inside a vessel that is shaken at

high speeds.4,5 The high speed attained by the ball-bearing has

enough force to make an amorphous mixture of the reagents

which subsequently facilitates a chemical reaction. This method

has been studied in metal alloying and for the generation of

inorganic salts; however, few organic reactions have been

performed by this process.6–11 We look to further examine the

nuances of this solvent-free technique and apply it directly to

various organic reactions. We recently demonstrated an increase

in rate of the Baylis–Hillman reaction using these unique

conditions.12 In this work, we look to focus on the reduction of

aldehydes, ketones and esters by the HSBM approach.

Results and discussion

Our initial studies focused on the sodium borohydride reduction of

various p-substituted aryl aldehydes (Scheme 1).

The reactions were conducted in a custom made 0.5 6 2.0 inch

screw-capped stainless steel vial and milled with a 0.250 inch

aluminium oxide ball-bearing in a Spex certiprep mixer/mill

8000 M for one hour. At the conclusion of the reaction the

products were washed with 10% HCl and the remaining solids

were dried over a Hirsch funnel. Liquid products were isolated

from extraction with the minimal amount of ethyl acetate instead

of filtration. Upon isolation 1H NMR, 13C NMR and GC-MS

were compared to literature values to confirm product formation.

Our results are summarized in Table 1.

Using one full equivalent of sodium borohydride and milling for

1 h we were able to successfully reduce aldehydes in high yields.

The reduction was also successful with J equivalent of sodium

borohydride; however much longer reaction times were needed in

order to achieve comparable yields.

Given the rapid reduction of aldehydes by HSBM, we next

studied the reduction of ketones (Scheme 2). Toda et al. previously

reported the solvent-free sodium borohydride reduction of

ketones using a mortar and pestle requires five days of grinding,

an inert atmosphere and a large excess of sodium borohydride.13

Conversely, using ball milling in open atmosphere we have been

able to reduce various ketones in six hours in high yields. Our

results are summarized in Table 2.

In addition to this report, other solvent-free methods have been

developed for the reduction of aldehydes and ketones,14–17 yet to

University of Cincinnati, Cincinnati, OH, USA.
E-mail: james.mack@uc.edu; Fax: +1 513 556 9239; Tel: +1 513 556 9249
{ Electronic supplementary information (ESI) available: Spectral data for
all compounds and experimental details. See DOI: 10.1039/b706167f

Scheme 1 Reduction of p-substituted aryl aldehydes by HSBM.

Table 1 Reduction of p-substituted aryl aldehydes with sodium
borohydride

Entry Substrate Time/h % Conversiona % Yieldb

1 1 —c —c

2 1 .95% 70

3 1 .95% 70

4 1 .95% 65

a Conversion data was reported relative to the amount of recovered
starting material. b Isolated yield is reported as the yield after full
work-up. c The solid state reduction of sodium borohydride and
p-nitrobenzaldehyde led to a highly exothermic reaction; neither
isolated yields or % conversion could be accurately attained.
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the best of our knowledge none are known for the reduction of

esters. Unlike aldehydes and ketones, esters are not typically

reduced with sodium borohydride; more powerful and hazardous

reducing agents such as lithium aluminium hydride are generally

necessary. Given our success with the reduction of aldehydes and

ketones using HSBM, we focused our attention on developing a

safe solvent-free method for the reduction of esters (Scheme 3).

Aside from lithium aluminium hydride, lithium borohydride has

been shown to be a powerful reducing agent for esters.18–20

Although lithium borohydride is a powerful reducing agent, it is

expensive,21 cumbersome to prepare18,22 and it has been known to

readily combust in humid air.23 Through the use of high speed ball

milling, we were able to easily generate lithium borohydride from

sodium borohydride and lithium chloride. Using this combination

we reduced esters to their respective alcohol in moderate to

high yields.

The reactions were conducted in a custom made 0.5 6 2.0 inch

screw-capped stainless steel vial and milled with an 0.250 inch

aluminium oxide ball-bearing in a Spex certiprep mixer/mill

8000 M for approximately 17 h. Various p-substituted aryl methyl

benzoates (Scheme 3) were reduced using a 5 : 1 ratio of lithium

chloride : sodium borohydride. At the conclusion of the reaction,

the products were washed with 10% HCl and the remaining solids

were dried over a Hirsch funnel. Liquid products were isolated by

extraction from the minimal amount of ethyl acetate. Upon

isolation 1H NMR, 13C NMR and GC-MS were used to confirm

products which were compared to literature values. Our results are

summarized in Table 3. Similar to the experimental conditions for

the reduction of aldehydes and ketones, all of the ester reductions

were run in open atmosphere with no special precautions taken.

Further, upon quenching the reaction with dilute acid there was no

sign of trace lithium borohydride remaining in the vessel. This

suggests all the lithium borohydride generated is completely

consumed in the reaction. To the best of our knowledge this

represents the first solvent-free method for the reduction of esters.

Conclusion

In conclusion, we report a practical method for the solvent free

reduction of aldehydes and ketones by HSBM in open atmo-

sphere. We further extended our conditions to the reduction of

esters with the addition of lithium chloride. Currently, we are

tailoring our method for the reduction of amides, carboxylic acids

Scheme 2 Reduction of p-substituted aryl ketones by HSBM.

Table 2 Reductions of p-substituted aryl ketones with sodium
borohydride

Entry Substrate Time/h % Conversion % Yield

1 6 .95% 70

2 6 .95% 73

3 6 .95% 70

4 6 .95% 65

Scheme 3 Solvent-free reduction of esters by HSBM.

Table 3 Reactions of p-substituted aryl methyl benzoates with
sodium borohydride and lithium chloride

Entry Substrate Time/h % Conversion % Yield

1 17 .90 69

2 17 .90 85

3 17 .90 67

4 17 38 32
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and nitriles. We are also in the process of developing asymmetric

versions of these conditions for the asymmetric reductions. Ball

milling is a process that can have a large impact on the field of

organic synthesis. We are looking to demonstrate a firm under-

standing of the guiding principles of HSBM. With a firm

understanding we will be able to utilize this process better and

adapt it to various other organic reactions creating more general

environmentally benign reactions.

Acknowledgements

We thank the National Science Foundation (CHE-0548150)

and the URC at the University of Cincinnati for financial

support of this research.

Notes and references

1 K. Tanaka, Solvent-Free Organic Synthesis, Wiley-VCH, Cambridge,
2003.

2 K. Tanaka and F. Toda, Chem. Rev., 2000, 100, 1025–1074.
3 G. Rothenberg, A. P. Downie, C. L. Raston and J. L. Scott, J. Am.

Chem. Soc., 2001, 123, 8701–8708.
4 C. Suryanarayana, Prog. Mater. Sci., 2000, 46, 1–184.
5 L. Takacs, Prog. Mater. Sci., 2002, 47, 355–414.
6 G. Kaupp, Top. Curr. Chem., 2005, 254, 95–183.

7 V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharsky, Chem.
Commun., 2002, 724–725.

8 V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharsky, Chem.
Commun., 2002, 1606–1607.

9 V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharsky, J. Am.
Chem. Soc., 2002, 124, 6244–6245.

10 K. Komatsu, K. Fujiwara and Y. Murata, Chem. Commun., 2000,
1583–1584.

11 K. Komatsu, G.-W. Wang, Y. Murata, T. Tanaka, K. Fujiwara,
K. Yamamoto and M. Saunders, J. Org. Chem., 1998, 63, 9358–9366.

12 J. Mack and M. Shumba, Green Chem., 2007, 9, 328–330.
13 F. Toda, K. Kiyoshige and M. Yagi, Angew. Chem., Int. Ed. Engl., 1989,

28, 320.
14 B. Zeynizadeh and T. Behyar, J. Braz. Chem. Soc., 2005, 16, 1200–1209.
15 G. W. Wang and L. Liu, Chin. Chem. Lett., 2004, 15, 587–590.
16 B. T. Cho, S. K. Kang, M. S. Kim, S. R. Ryu and D. K. An,

Tetrahedron, 2006, 62, 8164–8168.
17 R. S. Varma and R. K. Saini, Tetrahedron Lett., 1997, 38, 4337–4338.
18 H. C. Brown and S. Narasimhan, J. Org. Chem., 1982, 47, 1604–1606.
19 H. C. Brown, S. Narasimhan and Y. M. Choi, J. Org. Chem., 1982, 47,

4702–4708.
20 H. C. Brown and S. Narasimhan, J. Org. Chem., 1984, 49, 3891–3898.
21 Lithium borohydride purchased from Alfa-Aesar is $7.94 for 1 g as

compared to sodium borohydride ($0.45 for 1 g) and lithium chloride
($0.11 for 1 g).

22 H. C. Brown, Y. M. Choi and S. Narasimhan, Inorg. Chem., 1982, 21,
3657–3661.

23 R. F. Nystrom, S. W. Chaikin and W. G. Brown, J. Am. Chem. Soc.,
1949, 71, 3245–3246.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1041–1043 | 1043

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
7 

Ju
ne

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
61

67
F

View Online

http://dx.doi.org/10.1039/B706167F


Dicationic molten salts (ionic liquids) as re-usable media for the
controlled pyrolysis of cellulose to anhydrosugars{

Gary N. Sheldrake* and David Schleck

Received 5th April 2007, Accepted 25th June 2007

First published as an Advance Article on the web 5th July 2007

DOI: 10.1039/b705241c

Molten dicationic imidazolium chloride or bromide salts, with

short alkyl linker chains, have been found to be stable, re-usable

media for the controlled pyrolysis of cellulose without acid pre-

treatment to give anhydrosugars, primarily levoglucosenone, at

a substantially lower temperature (180 uC) than most previously

reported methods (typically . 300 uC).

Lignocellulosic biomass has the potential to provide a large

percentage of the fine chemical requirements for a sustainable

chemical industry based on renewable raw materials. Many

sources, for example the much-quoted road map produced by

the US Department of Energy,1 have identified carbohydrates

derived from cellulose, hemicellulose and starch as by far the major

biomass resource towards this end. There are several potential

approaches to the use of cellulose as a raw material and, given the

complexity of demand of a mature fine chemical intermediates

market, a variety of methods and pathways will be required. The

controlled pyrolysis of cellulose to give anhydrosugars (Scheme 1)

is one method of producing chiral intermediates from cellulose that

has been examined sporadically since the 1970s when much of the

basic chemistry was elucidated by Shafizadeh and others.2

Levoglucosenone 1 is a synthetically versatile cyclic enone, with

D-glucose series stereochemistry, which has been used to prepare

such structurally diverse targets as hongconin,3 (2)-d-multistriatin4

and (2)-tetrodotoxin.5 The lack of free hydroxy groups in

levoglucosenone and the relative stability of the intramolecular

acetal also facilitate the atom efficient preparation of glucose and

glycoside analogues with the minimum of protection/deprotection

cycles.6 However, the synthetic exploitation of levoglucosenone

has been limited and has not led to large-scale, commercialised

processes for a number of reasons. Firstly, levoglucosenone is

not available directly from nature and its preparation from

monosaccharide precursors requires several uneconomic steps.

The only practicable published method for the preparation of

levoglucosenone is by the pyrolysis of cellulose which has been pre-

treated with a mineral acid. This process has been largely confined

to relatively small scale (,1 kg) laboratory preparations7 because

of the high temperatures required (typically . 300 uC), the very

low yields from cellulose (ca. 1–5%), the large amounts of charred

residue and the difficult separation of a product mixture contain-

ing at least four significant by-products. Many attempts have been

made to improve both the conversion and selectivity of cellulose

pyrolysis for levoglucosenone but no published method has

overcome all of the practical difficulties. It has been claimed in

some more recent work8 that there is less or no charring of the

cellulose, and a higher conversion to anhydrosugars, if the cellulose

dissolves in a solvent, e.g. sulfolane, before or during the pyrolysis

reaction. However, the low concentration of cellulose and the

difficulty of separating the products from the solvent limit this as a

preparative approach.

The report by Rogers and co-workers on the dissolution, in

relatively high concentrations, of cellulose in ionic liquids con-

taining halide anions9 suggested to us the prospect of a dissolved-

cellulose pyrolysis with continuous removal of the volatile

anhydrosugar products by vacuum distillation. From the limited

amount of published thermochemical data,10 many ionic liquids

have been reported to be thermally stable over a wide range of

temperatures up to and including the reported onset of cellulose

pyrolysis.

Preliminary investigations using 1-butyl-3-methylimidazolium

chloride and bromide ([C4mim]Cl, 5a, and [C4mim]Br, 5b) were

not encouraging, with the ionic liquids degrading extensively under

the pyrolysis conditions (.250 uC). However, there was more

School of Chemistry and Chemical Engineering, David Keir Building,
Queen’s University of Belfast, N. Ireland, UK.
E-mail: g.sheldrake@qub.ac.uk; Tel: +44 28 9097 4593
{ Electronic supplementary information (ESI) available: General pre-
parative methods for the dicationic salts; NMR spectroscopic data for
compounds 1, 3, 4, 6a–e and 7. See DOI: 10.1039/b705241c

Scheme 1

Fig. 1 Structures of imidazolium salts used.
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success with the dicationic salts 6, first introduced by Armstrong

et al. and reported to have much higher thermal stability.11 Using

[C4(mim)2]Cl2 (Fig. 1){ for the pyrolysis of cellulose gave

levoglucosenone 1 as the main anhydrosugar product at

substantially lower temperatures (optimally 180 uC) than the

conventional acid-promoted process (Table 1). Apart from 1, the

distillate contained only water and two other significant organic

products, the anhydrosugars 1-(2-furanyl)-2-hydroxyethanone 3

and 5-(hydroxymethyl)furfural 4. The distillate did not require the

neutralisation and work-up normally employed for the phosphoric

acid process.7

For analytical purposes, the products were purified by silica gel

chromatography but the distillates were stable without further

treatment for several weeks in a refrigerator. The isolated yields of

levoglucosenone after purification, while still disappointing at this

stage of development, were comparable with many of the reported

mineral acid processes and better than the control reaction in our

apparatus (Table 1, entry 9). Surprisingly, and in contrast to most

previous cellulose pyrolyses, we have been unable to detect

levoglucosan 2 in any of our experiments, either in the distillate or

in the residual salt/char mix.

While dicationic imidazolium salts are prepared atom efficiently

using relatively inexpensive reactants, the process would be

economically unviable and would have no green advantage over

previous methods if the salts required disposal after each pyrolysis.

Addition of water to the viscous black residue dissolved the salt

and allowed removal of the charcoal and other solid cellulose-

derived material by filtration or centrifugation. Removal of water

from the aqueous filtrate/supernatant regenerated the dicationic

salt with 100% mass balance. The salt was unchanged according to

NMR spectroscopic analysis and behaved identically in a second

pyrolysis (Table 1, entry 3). This recycle has now been repeated

four times with no measurable effect on the course of the

subsequent pyrolyses.

The range of anhydrosugar products obtained is consistent with

an acid-catalysed pyrolysis process but without the need for acid

pre-treatment of the cellulose. Imidazolium halide salts are known

to exhibit acidic properties in the liquid phase and it could be

argued that the salts are providing nothing more than general

acid catalysis. However, the significant reduction in pyrolysis

temperature suggests a more direct interaction between the salt

and cellulose. We have examined only a narrow range of salts

so far, but cellulose pyrolysis has only been observed when a

number of key requirements are met. Firstly, an imidazolium

dication is required; the dipyridinium dichloride 7 did not support

pyrolysis (Table 1, entry 10). Secondly, a halide anion is required,

probably to enable dissolution of cellulose; the hydrophobic salt

[C4(mim)2][NTf2]2 (6e) produced no anhydroguar products, but

mixing 6e with [C4mim]Cl (5a) as a halide source produced some

levoglucosenone (Table 1, entry 8). This result is particularly

significant because neither salt supports cellulose pyrolysis on its

own. Thirdly, the length of the alkyl linker chain is important;

[C6(mim)2]Cl2 (6b) and [C6(mim)2]Br2 (6c) both gave anhydro-

sugars, but with reduced yield, and [C9(mim)2]Br2 (6d) gave no

product at all (Table 1, entries 5–7). This result suggests that the

interatomic distance bewteen the cations is important for the

pyrolysis. As yet we can offer no clear mechanistic rationalisation

of these observations and considerably more experimentation is

required.

While there is still considerable scope for further development of

the conversion and yield of this process, the unique properties of

the dicationic molten salts offer several benefits over previous

methods for the pyrolysis of cellulose to anhydrosugars.

Notes and references
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Entry Pyrolysis mediuma T/uC Time/min Yieldb (wt%) 1 (wt%) 3 (wt%) 4 (wt%)

1 6a 180 20 5.5 3.4 1.0 1.0
2 6ac 180 20 5.0 3.0 0.9 0.9
3 6ac,d 180 20 5.0 3.0 0.9 0.9
4 6b 180 20 2.5 1.5 0.5 0.5
5 6c 180 20 2.5 1.5 0.5 0.5
6 6d 190 30 ,0.1 0 0 0
7 6e 190 30 0 0 0 0
8 5a/6ee 180 20 f — —
9 —g 350 20 3.0 1.9 ,0.1 1.0
10 7 220 15 0h — — —
11 5a 180 20 0h — — —
12 5b 180 20 0h — — —
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water. c 10 g cellulose, 30 g molten salt. d Using recycled [C4(mim)2]Cl2. e [C4mim]Cl (10 g), [C4(mim)2](NTf2)2 (1 g), cellulose (0.7 g).
f Levoglucosenone identified in the distillate by NMR spectroscopy and GC-MS but not separated from the ionic liquid decomposition
products. g 3 g cellulose pretreated with 4% (w/w) 90% H3PO4, no other reaction medium. h No anhydrosugars observed, only decomposition
products from the salt.
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A simple and highly efficient C–C bond formation was developed by the activation of two

sp3 C–H.

Environmental consciousness and safety concerns have given

rise to much interest in the use of water as a reaction media in

organic synthesis.1 Due to its unique physical and chemical

properties, water has emerged as a powerful solvent for

intermolecular C–C bond formation by accelerating the rate

and increasing the selectivity of the reaction.2 Nevertheless,

C–C bond formation via catalytic C–H bond activation in

water remains rare. Recently, we3 and others4 described the

Grignard-type addition of alkyne to aldehyde in order to

generate propargyl alcohol via C–H bond activation in water.

Equally important is the three-component aldehyde–amine–

alkyne (A3 coupling) reaction5 to generate the corresponding

propargyl amines. However, to the best of our knowledge,

C–C coupling by the reaction of sp3 C–H bond in water has

never been reported. In recent years, direct functionalizations

of sp3 C–H have received particular interest.6 In our own

studies, we have developed various cross-dehydrogenative-

coupling (CDC) reactions between two different sp3 C–H

bonds by using tert-BuOOH as an oxidizing reagent.7 The

replacement of peroxides by molecular oxygen (and in water)

would offer a more atom-economical and safer process.8

Herein, we report a highly efficient CDC reaction between two

sp3 C–H bonds in water catalyzed by copper bromide under

one atmosphere of oxygen (Scheme 1).

Previously, we reported the CDC reaction between tertiary-

amines and nitroalkane to generate b-nitroamines.7 Such

compounds can be readily reduced to 1,2-diamines,9 which

are important molecules in medicinal chemistry and are useful

ligands for catalysis.10 Tetrahydroisoquinoline, a common

sub-structure in natural products, was the tertiary amine of

choice. Inspired by the work of Murahashi and co-workers

on ruthenium-catalyzed oxidation of tetrahydroisoquinolines

by oxygen,11 we examined the CDC reaction between such

compounds with nitromethane in the presence of 5 mol% of

ruthenium chloride and under one-atmosphere of oxygen gas

in water to give 45% yield of the desired CDC reaction product

in 18 h. Encouraged by this initial result, we began to optimize

the reaction (Table 1). The addition of 1 mol% of CuBr

significantly increased the yield of the desired product (nearly

the same as the result obtained with 10 mol% RuCl3). With

5 mol% RuCl3 and 5 mol% CuBr as co-catalysts, 90% of the

corresponding CDC product was obtained after 18 h.

Interestingly, the use of 5 mol% of CuBr in the absence of

RuCl3 increased the rate of the reaction to generate 90% of the

desired product after 16 h in both methanol and water. It is

important to note that the CDC reaction also proceeded

efficiently in air and water without the need of oxygen gas,

albeit with a reduced reaction rate. After 24 h, 85% of the

desired product was obtained with a 99% conversion of the

starting material.

Subsequently, oxidative cross-dehydrogenative-coupling

between various tertiary amines and nitro-alkanes were

examined under the standard conditions of 1 atm oxygen gas

in water (Table 2). The reaction of 1,2,3,4-tetrahydroisoquino-

line derivatives with two equivalents of nitromethane gener-

ated the desired coupling products 3a and 3e in excellent yield

(entries 1 and 5). Similar excellent results were obtained in the

presence of five equivalents of nitroethane or nitropropane

(the ratio of the two diastereoisomers is 3 : 2) (entries 2, 3, 5

and 6). Substrate 1b with an N-r-methoxyphenyl substituent

was found to be more reactive than the simple phenyl

substituted analog for the CDC reaction. In this case, the

reactions were highly effective, even at 40 uC (entries 4, 5, and

Department of Chemistry, Mcgill University, 801 Sherbrooke Street
West, Montreal, Quebec, H3A 2K6, Canada. E-mail: cj.li@mcgill.ca

Scheme 1 Oxidative cross-dehydrogenative-coupling between two sp3

C–H bonds with oxygen in water.

Table 1 Optimization of reaction conditionsa

Entry Solvent RuCl3 (mol%) CuBr (mol%) Time/h Yieldb

1 H2O 5 0 18 45
2 H2O 10 0 18 67
3 H2O 5 1 18 62
4 H2O 5 2 18 73
5 H2O 5 5 18 90
6 H2O 0 5 16 90
7 MeOH 0 5 16 90
a Tertiary amine (0.2 mmol) and nitroalkane (0.4 mmol) were stirred
under O2 (1 atm) at 60 uC in 0.6 mL of water. b NMR yields based
on tetrahydoisoquinoline using an internal standard.
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6). For the symmetrical N,N-dimethyltoluidine, although there

is a great potential for forming the bisalkylation by-product,

the use of 1 mL (92 equiv.) of nitromethane with 0.2 mmol

of N,N-dimethyltoluidine offered product 3h with good

yield in water (entry 8). Nevertheless, in the case of N,N-

dimethylaniline, the reaction was less efficient. The selectivity

for the formation of the CDC product in the absence

of a 4-substituted N,N-dimethylaniline derivative decreased

considerably.

In addition to nitroalkanes, the oxidative CDC reaction in

water with oxygen was also applicable to dialkyl malonate

derivatives (Table 3).12 The reactions of dimethyl- and

diethylmalonate with 2-phenyl-1,2,3,4-tetrahydroisoquinoline

generated b-diester products in good yields in water and with

oxygen gas.

In order to explore the reaction mechanism, measurement

of the molecular oxygen uptake was undertaken (see

Experimental). This study showed that 0.5 mol of molecular

oxygen is consumed for the oxidation of 1 mol of 2-phenyl-

1,2,3,4-tetrahydroisoquinoline under the standard reaction

conditions. This result suggests that the reaction proceeds

via the copper-catalyzed generation of a possible imine-type

intermediate (6) with half of an oxygen molecule.11

Then, copper also catalyzes a subsequent Henry-type reaction

in situ by facilitating the deprotonation of nitroalkanes to

generate intermediate 7 (Scheme 2), as reported earlier by

Evans.13

In conclusion, a simple and highly efficient C–C bond

formation was developed by the reaction of two sp3 C–H

bonds catalyzed by copper bromide under an oxygen atmo-

sphere in water. The oxidative CDC reaction appears to be a

combination of a copper-catalyzed oxidative transformation

of amines to imine-type intermediates followed by a copper-

catalyzed Henry-type reaction. The scope, mechanism, and

synthetic applications are under investigation.

Table 2 Catalytic CDC reactions between tertiary amines with
nitroalkanes with oxygen in watera

Entry Nitroalkanes T/uC Products
Yield
(%)d

1 MeNO2 2a 60 90 (79)b

2 EtNO2 2b 60 90 (75)

3 PrNO2 2c 60 95 (82)

4 2a 40 95 (72)b

5 2b 40 80 (67)

6 2c 40 85 (69)

7 2a 60 (30)c

8 2a 60 75 (63)c

a Tertiary amine (0.2 mmol), nitroalkane (1 mmol), CuBr (5 mol%),
under O2 (1 atm) at 60 uC for 16 h in 0.6 mL of water.
b Nitromethane (0.2 mmol) was use. c Nitromethane (1.0 mL,
92 equiv) was use. d NMR yields based on tertiary amines with an
internal standard (isolated yield are given in parentheses).

Table 3 CDC reaction of tetrahydroisoquinoline with malonatea

Products (isolated yields %)b

a Terahydoisoquinoline (0.2 mmol) and malonate (0.2 mmol) under
O2 at 60 uC for 24 h in water. b NMR yields based on tertiary
amines with an internal standard (isolated yield are given in
parantheses).

Scheme 2 Possible mechanism.
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Experimental

1H NMR spectra were recorded on Varian 300 and 400 MHz

spectrometers in CDCl3 solution and the chemical shifts

were reported in parts per million (d) referenced to the

internal solvent signal (peak at 7.26 ppm). 13C NMR were

obtained at 75 MHz and referenced to the internal solvent

signal (central peak is 77.00 ppm). MS data were obtained

by Agilent 6890N Network GC/System/Agilent 5973 Mass

Selective Detector. HRMS were made by McGill University.

IR spectra were recorded by an ABB Bomem MB100

instrument. Flash column chromatography was performed

over SORBENT silica gel 30–60 mm. Thin layer chromato-

graphy was performed using Sorbent Silica Gel 60 F254

TLC plates and visualized with ultraviolet light. All

reagents were weighed and handled in air, and backfilled

under an inert atmosphere of nitrogen at room tem-

perature. All reagents were purchased from Aldrich and

Acros and used without further purification. 2-Aryl-1,2,3,4-

tetrahydro-isoquinolines were prepared by the literature

method.14

General procedure

To a mixture of CuBr (1.4 mg, 0.01 mmol), 2-phenyl-

tetrahydroisoquinoline (42 mg, 0.2 mmol), 0.6 mL of distilled

water and (21.5 mL, 0.4 mmol) CH3NO2 was added. Then the

20 mL test-tube was sealed and filled up with molecular

oxygen. The reaction was stirred using a magnetic stirrer at

60 uC for 16 h. The resulting mixture was extracted with ethyl

acetate and filtered through a short layer of silica gel and

eluted with ethyl acetate. Solvent was evaporated and the

residue was purified by column chromatography on silica gel

(eluent: hexane–ethyl acetate = 5 : 1), and the fraction with an

Rf = 0.5 was collected and concentrated to give the desired

product 3a.

1,2,3,4-Tetrahydro-1-(nitromethyl)-2-phenylisoquinoline (3a)7

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.5). 1H NMR (400 MHz, ppm) d 7.25–

7.20 (m, 2H), 7.18 (dd, J = 4.4, 1.6 Hz, 1H), 7.16–7.13 (m, 2H),

7.08 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 8.0 Hz, 2H), 6.81 (dd, J =

7.4, 7.4 Hz, 1H), 5.51 (dd, J = 7.6, 6.8 Hz, 1H), 4.81 (dd, J =

12.0, 7.6 Hz, 1H), 4.50 (dd, J = 12.0, 6.8 Hz, 1H), 3.64–3.53

(m, 2H), 3.04 (ddd, J = 14.0, 8.6, 5.2 Hz, 1H), 2.74 (dt, J =

16.4, 4.8 Hz, 1H).

1,2,3,4-Tetrahydro-1-(1-nitroethyl)-2-phenylisoquinoline (3b)7

The ratio of isolated diastereoisomers is 1.7. Isolated by

flash column chromatography (hexane–ethyl acetate = 5 : 1,

Rf = 0.6). The major isomer: 1H NMR (300 MHz, ppm)

d 5.21 (d, J = 7.8 Hz, 1H), 5.03 (dq, J = 8.4, 6.6 Hz, 1H),

3.62–3.49 (m, 2H), 1.53 (d, J = 6.6 Hz, 3H); The minor

isomer: 1H NMR (300 MHz, ppm) d 5.24 (d, J = 7.8 Hz,

1H), 4.87 (dq, J = 8.7, 6.9 Hz, 1H), 3.82 (ddd, J = 13.5, 8.1,

5.7 Hz, 2H), 1.69 (d, J = 6.9 Hz, 3H); Other overlapped

peaks: 1H NMR (300 MHz, ppm) d 7.28–7.18 (m), 7.16–

7.06 (m), 7.00–6.95 (m), 6.83–6.76 (m), 3.09–2.99 (m),

2.94–2.81 (m).

1,2,3,4-Tetrahydro-1-(1-nitropropyl)-2-phenyl-isoquinoline (3c)

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.6). The ratio of diastereomers is 1.4.

IR (neat liquid): nmax 3061, 3036, 3024, 2973, 2936, 2879, 2856,

1598, 1577, 1549, 1503, 1494, 1475, 1457, 1438, 1390, 1370,

1346, 1320, 1298, 1269, 1218, 1149, 1122, 1111, 1081, 986

cm21; The major isomer: 1H NMR (400 MHz, ppm) d 5.15 (d,

J = 9.6 Hz, 1H), 4.88 (t, J = 9 Hz, 1H), 3.88–3.83 (m, 1H); 13C

NMR (75 MHz, ppm) 149.4, 135.8, 132.8, 129.7, 129.5, 128.9,

128.4, 126.2, 119.7, 116.1, 93.3, 62.5, 42.6; The minor isomer:
1H NMR (400 MHz, ppm) d 5.26 (d, 9.6 Hz, 1H), 4.67 (t, 9 Hz,

1H). 13C NMR (75 MHz, ppm) d 149.3, 135.0, 134.2, 129.6,

128.9, 128.5, 127.5, 126.9, 118.9, 114.4, 96.4, 61.0, 43.8, 27.1,

25.3, 11.0. Other overlapped peaks: 1H NMR (400 MHz, ppm)

d 3.71–3.51 (m), 3.13–2.85 (m), 2.27–2.09 (m), 1.88–1.80 (m),

0.98–0.93 (m); 13C NMR (75 MHz, ppm) d 129.9, 129.6, 129.5,

128.9, 128.9, 128.5, 128.4, 127.5, 126.9, 126.2, 27.1, 26.0, 25.3,

24.9, 10.9. MS (EI) m/z (%) 296, 221, 208, 165, 115, 128, 104,

89, 77, 51; HRMS calcd for C18H20O2N2: 296.1525; found:

296.1511.

1,2,3,4-Tetrahydro-2-(4-methoxyphenyl)-1-(nitromethyl)-

isoquinoline (3d)7

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.4). 1H NMR (400 MHz, ppm) d 7.24–

7.17 (m, 2H), 7.16–7.11 (m, 2H), 6.89 (d, J = 8.8 Hz, 2H), 6.79

(d, J = 8.8 Hz, 2H), 5.37 (dd, J = 8.4, 6.0 Hz, 1H), 4.80 (dd, J =

12.0, 8.8 Hz, 1H), 4.54 (dd, J = 12.0, 6.0 Hz, 1H), 3.73 (s, 3H),

3.60–3.50 (m, 2H), 3.00 (ddd, J = 16.4, 8.8, 6.4 Hz, 1H), 2.68

(dt, J = 16.4, 4.0 Hz, 1H).

1,2,3,4-Tetrahydro-2-(4-methoxyphenyl)-1-(1-nitroethyl)-

isoquinoline (3e)7

The ratio of isolated diastereoisomers is 1.7. Isolated by flash

column chromatography (hexane–ethyl acetate = 5 : 1, Rf =

0.4). The major isomer: 1H NMR (300 MHz, ppm) d 3.72 (s,

3H), 3.53–3.44 (m, 2H), 1.52 (d, J = 6.6 Hz, 3H); The minor

isomer: 1H NMR (300 MHz, ppm) d 4.85 (dq, J = 8.6, 6.6 Hz,

1H), 3.81–3.75 (m, 2H), 3.74 (s, 3H), 1.67 (d, J = 6.9 Hz, 3H);

Other overlapped peaks: 1H NMR (300 MHz, ppm) d 7.25–

7.07 (m), 7.01–6.98 (m), 6.92–6.87 (m), 6.83–6.75 (m), 5.06–

4.93 (m), 3.02–2.92 (m), 2.84–2.72 (m).

1,2,3,4-Tetrahydro-2-(4-methoxyphenyl)-1-(1-nitropropyl)-

isoquinoline (3f)

Isolated by flash column chromatography (eluent: hexane–

ethyl acetate = 5 : 1, Rf = 0.4). The ratio of diastereomers is

1.4. IR (neat liquid): nmax 3062, 3042, 3021, 2952, 2932, 2852,

2834, 1607, 1581, 1556, 1553, 1549, 1514, 1506, 1493, 1463,

1441, 1386, 1371, 1347, 1293, 1267, 1246, 1183, 1146, 1120,

1038 cm21; The major isomer: 1H NMR (300 MHz, ppm) d

4.93–4.8 (m, 2H); 13C NMR (75 MHz, ppm) d 154.1, 136.0,

132.8, 129.0, 128.3, 126.1, 119.4, 114.7, 93.5, 63.2, 55.8, 43.8,

25.6, 24.9, 11.0. The minor isomer: 1H NMR (300 MHz, ppm)

d 5.03 (d, J = 9 Hz, 1H), 4.67 (m, 1H). 13C NMR (75 MHz,

ppm) 153.5, 135.1, 134.0, 129.1, 127.5, 126.8, 117.8, 115.0,

96.3, 61.8, 55.9, 44.9, 26.5, 25.2, 10.9. Other overlapped peaks:

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1047–1050 | 1049

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
9 

Ju
ly

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
77

45
A

View Online

http://dx.doi.org/10.1039/B707745A


1H NMR (300 MHz, ppm) d 7.26–7.18 (m), 7.16–6.74 (m),

3.87–3.72 (m), 3.61–3.47 (m), 3.06–2.95 (m), 2.83–2.73 (m),

1.86–1.80 (m), 0.97–0.94 (m); 13C NMR (75 MHz, ppm) d

144.0, 129.7. MS (EI) m/z (%) 326, 251, 236, 206, 193, 149, 128,

115, 103, 77, 54; HRMS calcd for C19H22O3N2: 326.1630;

found: 326.1617.

N-Methyl-N-(2-nitroethyl)benzenamine (3g)7

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.4). 1H NMR (300 MHz, ppm) d 7.28–

7.22(m, 2H), 6.78 (dd, J = 7.2, 7.2 Hz, 1H), 6.72 (dd, J = 9.0,

0.9 Hz, 2H), 4.56(t, J = 6.3 Hz, 2H), 4.00 (td, J = 6.6 Hz, 2H),

2.98 (s, 3H).

N,4-Dimethyl-N-(2-nitroethyl)benzenamine (3h)7

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.5). 1H NMR (300 MHz, ppm) d 7.05

(d, J = 8.7 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H), 4.52 (t, J = 6.3 Hz,

2H), 3.93 (t, J = 6.3 Hz, 2H), 2.92 (s, 3H), 2.25 (s, 3H).

2-(2-Phenyl-1,2,3,4-tetrahydro-isoquinolin-1-yl)-malonic acid

dimethyl ester (5a)12

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.5). 1H NMR (400 MHz, CDCl3,

25 uC, ppm) d = 7.23–7.17(m, 3H), 7.14–7.05(m, 3H), 6.98(d,

J = 8.0 Hz, 2H), 6.76(dd, J = 7.2, 7.2 Hz, 1H), 5.70(d, J =

9.2 Hz, 1H), 3.95(d, J = 9.2 Hz, 1H), 3.76–3.60(m, 2H), 3.66(s,

3H), 3.55(s, 3H), 3.08(ddd, J = 16.0, 8.4, 6.3 Hz, 1H), 2.90(dt,

J = 16.0, 5.1 Hz, 1H).

2-(2-Phenyl-1,2,3,4-tetrahydro-isoquinolin-1-yl)-malonic acid

diethyl ester (5b)12

Isolated by flash column chromatography (hexane–ethyl

acetate = 5 : 1, Rf = 0.5). 1H NMR (300 MHz, CDCl3,

25 uC, ppm) d = 7.24–7.05 (m, 6H), 6.96 (d, J = 8.1 Hz, 2H),

6.72 (dd, J = 7.2, 7.2 Hz, 1H), 5.71 (d, J = 9.3 Hz, 1H), 4.17–

3.93 (m, 4H), 3.88 (d, J = 9.0 Hz, 1H), 3.74–3.58 (m, 2H),

3.06(ddd, J = 15.9, 8.7, 6.3 Hz, 1H), 2.87 (dt, J = 16.5, 5.1 Hz,

1H), 1.16 (t, J = 7.2 Hz, 3H), 1.08 (t, J = 7.2 Hz, 3H).

Measurement of oxygen uptake for copper-catalyzed oxidative

alkylation of sp3 C–H bond adjacent to a nitrogen atom using

molecular oxygen in water

In a 10 mL schlenck flask equipped with a magnetic stirring

bar and connected to a gas pressure sensor (Vernier; GPS-

BTA), CuBr (1.4 mg, 0.01 mmol) was added. After the reaction

was flashed with molecular oxygen (1 atm), methanol (0.6 mL)

was added. After the flask was immersed in an oil bath at 60 uC

for 1 h to stabilize, 2-phenyl-1,2,3,4-tetrahydro-isoquinoline

(0.042 g, 0.2 mmol) dissolved in nitromethane (54 mL, 5 eq.)

was injected with a 100 mL syringe to start the reaction. The

consummation of oxygen was monitored every minute using

Logger Pro 3.0. The absorption of O2 stopped after 0.1 mmol

was consumed (ca. 16 h).
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This paper reports the synthesis of iron oxide nanoparticles using a freshly-made or recycled

1-butyl-3-methylimidazolium bis(triflylmethylsulfonyl)imide ([BMIM][Tf2N]) ionic liquid (IL).

Iron pentacarbonyl (Fe(CO)5), which dissolves in [BMIM][Tf2N], thermally decomposed and

subsequently oxidized to form iron oxide nanoparticles. These nanoparticles separated out

automatically from the imidazolium-based ionic liquid mixtures. Multiple additional runs

were tested in making iron oxide nanoparticles using recycled ionic liquid. The iron oxide

nanoparticles made were characterized with transmission electron microscopy (TEM), high

resolution TEM (HR-TEM) and powder X-ray diffraction (PXRD). The structure and

thermal stability of the IL was examined using Fourier transform infrared (FT-IR) spectroscopy

and thermal gravimetric analysis (TGA). We found that iron oxide nanoparticles with a narrow

size distribution could be obtained. The [BMIM][Tf2N] ionic liquid showed no degradation based

on the TGA and FT-IR study. The solvent-recyclable process of making size-controlled

nanoparticles should have a broad impact on the application of imidazolium-based ionic liquids

in the synthesis of nanomaterials.

Introduction

Room temperature ionic liquids (ILs) are salts that exist in

liquid form typically at below 100 uC. They can be used as

thermally stable and non-volatile solvents, which can be

beneficial to the reduction of solvent emission in comparison

to conventional volatile organic compounds (VOCs), although

the full environmental impact of ILs is still a debatable

issue.1 Several imidazolium-based ionic liquids, including

[BMIM][Tf2N], are not only non-flammable but also stable

in a broad temperature range-from room temperature to over

400 uC.1,2 Recent research results suggest that ionic liquids

are quite useful in the synthesis of nanostructured materials

because of their unique solvent properties, such as extended

hydrogen bonding.3 They have been used in making several

classes of nanostructured materials including mesoporous

metal oxides, metal nanoparticles and sheets, microrods, and

composition-controlled metal alloys.4 In some of these

examples, the structures and compositions have not been

obtained readily in conventional solvents.

Imidazolium-based ionic liquids are immiscible with a

number of conventional non-polar organic solvents.1d,2

Noticeably, both polar solvents, such as water, and non-polar

organic media, such as hexane, are poorly soluble in

[BMIM][Tf2N]. This rather interesting solubility or solvation

property has been used to facilitate the post-synthesis separa-

tion of metal nanoparticles made from [BMIM][Tf2N] IL

mixtures.4e The observation that high-quality and surfactant

capped nanoparticles can be readily separated out from the

[BMIM][Tf2N] IL through a settling process without the use

of any antisolvent suggests that it may be feasible to develop

a solvent-recyclable process of making nanoparticles using

imidazolium-based ionic liquids. In comparison with some

other synthetic methods of nanoparticles in ILs, this newly

developed approach can produce monodisperse nanoparticles,

which also have an excellent dispersity in a number of

conventional molecular solvents because of the surfactant

capping groups. Such a process should have broad ramifica-

tions in applying ionic liquids in material processing.

Iron oxide particles are an important class of magnetic

materials.5 They have been widely used in ferrofluids

for sealing and precision polishing, dampers and shock

absorbers.6 It has been demonstrated that iron oxide

nanoparticles are the essential components in the design of

recyclable catalytic systems.7 Iron oxide nanoparticles have

also been used in different biological applications, which

include detection of interactions between single molecules

in living systems, imaging and separation of proteins and

DNAs.6,8 As size and size distribution are important in

determining the property of magnetic nanoparticles, new

opportunities can be expected with the availability of high

quality magnetic nanoparticles. In the past several years,

various progresses have been made in making monodisperse

iron oxide nanoparticles through the non-hydrolytic solution

phase reaction.6,9 Development of a solvent-recyclable method

further increases the possibility for a broader application of

these ionic liquids.

This paper presents the first synthesis of iron oxide

nanoparticles in a [BMIM][Tf2N] ionic liquid. We show

that this ionic liquid can be recycled and reused without

detrimental effects on size and size distribution of the

particles made.
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Experimental

Chemicals

Iron pentacarbonyl (99.999%), oleic acid (99.99%), oleylamine

(70%, tech. grade), 1,2-hexadecanediol (90%, tech. grade),

hexane (anhydrous, 95+%), and lithium bistrifluoromethane-

sulfonimidate (¢99.95%) were purchased from Aldrich.

Acetone (HPLC grade), 1-chlorobutane (99.5+%), and

1-methylimidazole (99%) were provided by Alfa Aesar. All

reagents were used as received without further purifications.

[BMIM][Tf2N] was made in-house as reported elsewhere.4g Its

structure was confirmed by proton NMR. The water content

in freshly made [BMIM][Tf2N] was less than 0.03%, deter-

mined by the Karl Fisher coulometry method. The chlorine

content was not detectable (,0.3% by weight) using potentio-

metric titration with silver nitrate.

Synthesis of iron oxide nanoparticles in freshly-made IL

In a typical synthesis of iron oxide nanoparticles, freshly dried

and colorless [BMIM][Tf2N] (5 mL) was mixed with iron

pentacarbonyl (Fe(CO)5, 33 mL or 0.25 mmol) in a 25 mL

three-neck flask at room temperature. The bright yellowish

reaction mixture was stirred vigorously using a magnetic

stirrer. This mixture was heated at 2 uC min21 with a heating

mantle controlled by a J-KEM 210 temperature controller in

an argon atmosphere. The reaction mixture gradually turned

brown, and then black at 150–160 uC. Oleic acid (120 mL or

0.38 mmol) was injected into the vessel at 165 uC using a micro-

syringe. Black products deposited on the wall of the flask

quickly after the injection of oleic acid. This mixture was

heated to 280 uC and kept at this temperature for another 1 h

before the reaction was terminated. A transparent light yellow-

ish liquid could be readily separated out from the black solid on

the wall by decantation. The solid product was collected by

washing with 4 mL of hexane that contained 40 mL of oleic acid.

A suspension of the product in hexane (0.2 mL) was further

diluted with 0.3 mL of hexane and then mixed with 1.5 mL of

ethanol, followed by centrifuging at 5000 rpm for 7 min. The

black precipitant was collected and re-dispensed in hexane.

The effect of secondary capping agents on the particle size

was examined using a reaction mixture of 33 mL (0.25 mmol) of

Fe(CO)5, 64 mL (0.20 mmol) of oleic acid, 13 mL (0.03 mmol)

of oleylamine, and 98 mg (0.34 mmol) of 1,2-hexandecandiol

in 5 mL of [BMIM][Tf2N]. In a typical procedure, freshly dried

[BMIM][Tf2N] (5 mL) was mixed with oleic acid, oleylamine

and 1,2-hexadecanediol in a flask. This mixture was heated

with a heating mantle under the protection of argon and

stirred vigorously by a magnetic stirrer. The mixture turned

into a colorless transparent solution at 75 uC after 1,2-hexa-

decanediol dissolved. Iron pentacarbonyl (33 mL or 0.25 mmol)

was then added into the flask at 110 uC using a micro-syringe.

The reaction was conducted using the same heating profile

described previously, so was the procedure for recovering the

nanoparticles.

Synthesis of iron oxide nanoparticles in recycled IL

The IL collected after each synthesis was distributed into five

2 mL centrifuge tubes and then mixed with equal volume of

hexane, respectively. These mixtures were agitated by a vortex

mixer (VWR) for several minutes before they were centrifuged

at 11 000 rpm for ten minutes. After centrifuging, the IL and

hexane separated into two layers, the top hexane layer was

replaced by equal amount of new hexane. The above pro-

cedures were repeated for two additional cycles. The resultant

IL was treated under vacuum to remove hexane. In general, at

least 90% (v/v) of the original ionic liquid used in the reaction

could be recovered using this procedure. The loss of IL was

mainly due to the transfer of ILs between containers. In the

following round of synthesis, 100% recycled IL was used to

synthesize nanoparticles while keeping all chemical concentra-

tions constant. Synthesis of nanoparticles in 60% (v/v) recycled

IL was also tested using the similar procedures.

Characterization

Specimens of nanoparticles were prepared using their corre-

sponding suspensions in hexane. The transmission electron

microscopy (TEM) images and electron diffraction (ED)

patterns were recorded on a JEOL JEM 2000EX microscope

at an accelerating voltage of 200 kV. High resolution TEM

(HR-TEM) images were recorded on a FEI Tecnai G20

transmission electron microscope operating at 200 kV. Powder

X-ray diffraction (PXRD) patterns were recorded on a Philips

MPD diffractometer with a Cu Ka X-ray source (l =

1.54056 Å). The PXRD patterns were fit using the Xfit

software program. The FT-IR spectra were collected on a

Shimadzu FTIR 8400S spectrometer. The thermal gravimetric

analysis (TGA) was conducted on a Q600 SDT DSC-TGA

system from TA Instrument. The magnetic properties of iron

oxide nanoparticles were determined using a Quantum Design

AC and DC Superconducting Quantum Interference Device

(AC/DC SQUID; Model MPMS XL) magnetometer with a

field scan range between ¡55 kOe. FT-IR spectra in the range

of 500–4000 cm21 were collected on a Shimadzu FTIR-8400S

spectrophotometer. Thirty-two scans at an effective resolution

of 2 cm21 were measured for each sample. The particle size

analysis was done by measuring about 200 particles on each

specimen using the ImageJ.

Results and discussion

Iron pentacarbonyl was used as the precursor because of its

good solubility in imidazolium-based ionic liquids.10,11 In this

synthetic procedure, oleic acid was in excess and saturated in

[BMIM][Tf2N]. Under such reaction conditions, the concen-

tration of oleic acid in the IL remained constant during the

reaction. After [BMIM][Tf2N] IL was mixed with Fe(CO)5 in a

flask, a transparent bright-yellow solution formed. With the

increase of temperature, the reaction mixture gradually turned

brown and eventually black at 160 uC. This observation

indicated the decomposition of Fe(CO)5 to intermediate

products that were stable in [BMIM][Tf2N]. Upon adding

oleic acid at 165 uC, a black solid formed immediately and

settled out from the reaction mixture, a sign typically

indicating the formation of nanoparticles. After the tempera-

ture of the mixture reached at 280 uC, the reaction was

allowed to continue for about an hour. We observed that the

nanoparticles could separate out from [BMIM][Tf2N] ILs
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automatically through a settling process after the reaction

was completed, similar to the case for surfactant-capped

metal particles,4e and the ILs could be readily recovered

by decantation. The formed nanoparticles were typically

deposited on the wall of reaction flask and could be collected

using various common solvents, such as hexane.

Fig. 1 shows representative TEM images of the nano-

particles obtained from three consecutive syntheses at Fe(CO)5

concentration of 0.05 M and Fe(CO)5/oleic acid molar ratio of

0.66. The hexagonal array of nanoparticles could be readily

observed, indicating a narrow size distribution and excellent

solvent dispersity of these nanoparticles. The ease of such

particles in dispersing in an organic solvent was most likely

due to oleic acid capping agents, which made the surface of

these iron oxide nanoparticles hydrophobic and protected

them from aggregating in non-polar organic solvents. Thus,

surfactant played an important role in this separation process,

which differed from those methods without the use of capping

agents. In the latter case, the particles tend not to disperse well

in conventional solvents. For those nanoparticles obtained

using freshly-prepared [BMIM][Tf2N] ionic liquid as solvent,

the average diameter was 10.6 ¡ 1.6 nm. Fig. 1B and 1C show

TEM images of the nanoparticles made using IL recovered

from the second and third rounds of syntheses, respectively.

The particle size analysis shows the average diameters of the

nanoparticles were 11.1 ¡ 1.3 and 10.8 ¡ 1.6 nm, respectively.

The observed size and size distribution could be considered the

same, within the error of measurement, to those made by using

freshly made [BMIM][Tf2N]. Fig. 1D shows a HR-TEM image

of a representative nanoparticle. The particle was highly

crystalline, even though it had a sphere-like shape. The two

sets of lattice fringes were normal to each other and with the

distances of 3.4 Å and 5.9 Å, respectively. They could be

indexed to (1-12) and (110) planes of maghemite (c-Fe2O3).

To systematically examine both the nanoparticles and the

ILs recovered from the corresponding reaction mixtures, we

also made the particles using ionic liquids at 60% (v/v)

recycling ratio, and kept the remaining ionic liquids for

characterization. Fig. 2 shows the TEM images of particles

made in three consecutive runs using such partially-recycled

ionic liquids. The overall average diameter of the particles

obtained was 10.6 ¡ 1.7 nm for these three runs. The average

diameters of the nanoparticles ranged between 9.7 and 11.9 nm

with an average size distribution within 15% in all these

samples. Particles that were made in the first round of recycled

IL shown in Fig. 2A had a slightly larger average diameter

than those obtained from the other rounds, but well within

the experimentally controllable size range. The high level of

control over the size and size distribution could arise from the

observations that oleic acid remained oversaturated in the IL

mixtures throughout the reaction and the particle could settle

out from the solution phase once they reached a certain size

governed by the reaction conditions and reactant ratios.

Fig. 3 shows the PXRD patterns of the iron oxide

nanoparticles obtained using the freshly-made and 60% (v/v)

recycled ILs. The two sets of X-ray diffraction patterns were

identical in the entire measurement range. The formation of

maghemite from iron carbonyl happened most likely through

air oxidation similar to those reported by Cheon and co-

workers.8k Iron diffusion from the core to the surface of the

nanoparticles was thought to be involved in the oxidation

process.12,13 As the freshly-made [BMIM][Tf2N] IL was heated

to 110 uC under vacuum prior to the reaction and water

content in such IL was less than 0.03% determined by the Karl

Fisher coulometry method, the potential effect of moisture

on the composition of iron oxide should be limited. Uniform

spherical nanoparticles could still be made from Fe(CO)5 in

[BMIM][Tf2N] IL under ambient air condition; while poly-

dispersed nanoparticles formed in this IL over-saturated with

Fig. 1 TEM images of the nanoparticles obtained using (A) freshly-

made, (B) first and (C) second recycled [BMIM][Tf2N] ionic liquids,

and (D) HR-TEM image of a maghemite nanoparticle showing the

lattice fringes.

Fig. 2 TEM images of the iron oxide nanoparticles obtained from

60% (v/v) recycled ILs after (A) first, (B) second and (C) third uses,

respectively. (D) The average sizes and size distributions.
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water. Thus, the major sources for the oxidation of mono-

disperse iron oxide nanoparticles could be air or the trace

amount of oxygen in argon. The use of oleic acid did not seem

to prevent the oxidation.

The formed nanoparticles had a fixed average diameter for a

reaction mixture under a given condition. The main reason for

this size focusing could be due to the settling process of the

particles from IL mixtures. We therefore examined if other

sizes of iron oxide nanoparticles could be obtained by

changing the reactants of the mixtures, since the most stable

size of the nanoparticles should be controllable by using

different capping agents. Oleylamine and 1,2-hexandecandiol,

the two other common additives, were used for this purpose.

The reaction was conducted using a modified procedure,

where the capping reagents were first mixed with the IL at

room temperature and then 0.25 mmol of Fe(CO)5 was added

at 110 uC in 5-mL IL at a Fe(CO)5 : hexadecanediol : oleic

acid : oleylamine molar ratio of 2 : 2.7 : 1.6 : 0.2. Relatively

uniform nanoparticles could be generated readily, as indicated

in the TEM image shown in Fig. 4A. These particles could also

be oxidized into maghemite, judging by the PXRD pattern,

Fig. 4B. The nanoparticles had a similar shape as those

obtained with only oleic acid used, but with an average

diameter of 8 ¡ 1 nm.

The magnetic properties of the 8 nm nanoparticles were

examined using a SQUID magnetometer with a measurement

field range between ¡55 kOe. Fig. 5 shows the field cool/zero

field cool (FC/ZFC) magnetization versus applied field curves,

and the hysteresis loops of these nanoparticles at two different

temperatures. They exhibited the typical superparamagnetic

behavior with a blocking temperature, TB of 88 K. Based on

the equation Ku = 25kBTB/V, where V is the volume of a

single particle and kB is the Boltzmann constant (1.38 6
10223 m2 kg s22 K21 or 1.38 6 10216 erg K21), we obtained

the crystalline magnetoanisotropy constant, Ku, to be 1.4 6
104 kg s22 m21 or 1.4 6 105 erg cm23. The Ku for bulk and

nanoparticles c-Fe2O3 were reported to be 4.7 6 104 erg cm23

and 3.0 6 105 erg cm23, respectively.14,15 The coercivity of

these nanoparticles was 360 Oe at 5 K, Fig. 5B. The saturated

magnetization, Ms, was found to be y50 emu g21 at 5 K.

These values were within the range typically observed for

spherical c-Fe2O3 nanoparticles of this size.

The chemical and physical properties of freshly-made

[BMIM][Tf2N] and the IL mixtures after the reactions were

examined using colorimetric photography, TGA and FT-IR

spectroscopy. A gradual but slight coloration of IL was

observed after the repeating cycles of synthesis, Fig. 6A. The

Fig. 3 PXRD patterns of maghemite nanoparticles made using (A)

freshly-made and (B) 60% (v/v) recycled [BMIM][Tf2N] ionic liquids,

respectively.

Fig. 4 (A) TEM image and (B) PXRD pattern of 8 nm iron oxide

nanoparticles made in the presence of 1,2-hexadecanediol, oleic acid

and oleylamine.

Fig. 5 (A) The FC/ZFC curve and (B) magnetic hysteresis loops of

8 nm iron oxide particles measured using a SQUID magnetometer

(model: MPMS XL). The applied external field was 100 Oe for the

field-cooled measurement.
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colorless ionic liquid became slightly yellow after subsequent

cycles of reaction. The coloration was generally attributed to

the existence of even trace amount of impurities.1a The thermal

property of the recycled ionic liquids was examined using

TGA, as the onset temperature of thermal decomposition of

ILs was a good indicator of their thermal stability, Fig. 6B.

The onset for pure [BMIM][Tf2N] was measured to be 439 uC,

similar to those reported in the literature. There was no

obvious change in the TGA curve after the first or fourth use

of this IL. The onset temperature for decomposition of the IL

remained the same as the freshly made one, inset of Fig. 6B.

The coloration apparently did not affect of the thermal

stability of this ionic liquid, nor did it cause the changes in size

and size distribution of the nanoparticles.

FT-IR spectroscopy was used to examine the interactions

between different species and changes in chemical composi-

tions of the mixtures. Fig. 7 shows the FT-IR spectra for

freshly-made [BMIM][Tf2N] IL, Fe(CO)5/IL mixture, and the

recycled IL after being used in the third cycle. The concentra-

tion of Fe(CO)5 used was the same as those for the synthesis

of 11 nm particles. Besides the different stretch modes from

the various segments of [BMIM][Tf2N], the symmetric and

asymmetric stretching modes for the carbonyls could be

observed at 2000 and 2021 cm21, respectively, for the mixture

of Fe(CO)5 and [BMIM][Tf2N] IL.11,16 They shifted slightly in

comparison to those in toluene, which were centered at 1999

and 2017 cm21. Such shifts have been attributed to the

interaction between [BMIM]+ cation and the carbonyl groups

of Fe(CO)5. This interaction might facilitate the dissolution of

Fe(CO)5 in [BMIM][Tf2N] IL. The IR spectra of the IL

mixture after the reactions show an almost identical pattern

with that of pure [BMIM][Tf2N]. Oleic acid did not cause

noticeable changes in the FT-IR spectrum of IL after the

reaction, suggesting the limited solubility of oleic acid in this

ionic liquid. The relatively good miscibility of Fe(CO)5 and

low solubility of oleic acid in [BMIM][Tf2N] could contribute

to the settling process, as iron oxide nanoparticles were stabilized

by oleic acid. The oleic acid capped nanoparticles could not

disperse well in the [BMIM][Tf2N] IL mixture partially due to

the low solubility of oleic acid. Thus, upon the completion of

reaction the ionic liquid contained only a small amount of

saturated oleic acid. FT-IR spectrum was also used to study the

surface chemistry of the resultant iron oxide nanoparticles,

Fig. 8. The characteristic bands of the imidazole ring and

bistrifluoro-methanesulfonimidate ion were not observed, sug-

gesting that the particles obtained from this process should be

free from IL.17,18 The observed strong bands from aliphatic

chain and –CLO on carboxylic group indicates the presence of

oleic acid on the surface of these iron oxide nanoparticles.16

Conclusions

In summary, uniform maghemite nanoparticles can be

synthesized in a freshly-made or recycled [BMIM][Tf2N] ionic

liquid. The nanoparticles obtained exhibited well-controllable

size and size distribution. The recycling procedure is simple

Fig. 6 (A) Photograph and (B) TGA traces of freshly-made and the

recycled [BMIM][Tf2N] ILs. The vials from the left to right shown in

Panel A were the freshly-made IL and those after first, second, third,

fourth and fifth usages at 60% (v/v) recycling ratio, respectively. Inset

of Fig. 6B is the enlarged TGA data between 350 and 450 uC.

Fig. 7 FT-IR spectra of (A) freshly-made [BMIM][Tf2N] IL, (B) the

mixture of IL and Fe(CO)5, and (C) the [BMIM][Tf2N] IL recovered

from the third usage.

Fig. 8 FT-IR spectrum of the iron oxide nanoparticles.
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and the recycled IL keeps its excellent thermal stability. The

feasibility of using both freshly-made and recycled ionic liquids

as solvents in making high quality nanoparticles may pave the

way for the development of ionic liquid-based technology for

particle processing.
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New applications of lignocellulosic fibres have been driven by numerous factors, including

pressure from environmental groups, stringent environmental laws, waste minimisation efforts,

recycling and cost reduction initiatives and responsible social awareness. However, the exploitation

of such fibres in, for instance, fibre-reinforced composites or in the textile industry is hindered by the

presence of waxy layers on the surfaces of lignocellulosic fibres. Many surface treatments are

traditionally used to optimise the surface properties of natural fibres. A potential and

environmentally sound surface treatment regards the use of atmospheric air pressure plasma

(AAPP). The surfaces of various lignocellulosic fibres were modified using AAPP. We investigated

the effect of AAPP treatment duration (i.e. 1 min and 3 min) on the surface properties of the

lignocellulosic fibres using wetting and electrokinetic measurements. The critical surface tension of

the untreated and AAPP-treated fibres was determined from wetting measurements using the

capillary rise technique, whereas the changes in the surface chemistry were characterised by means

of zeta (f)-potential measurements. A slight increase in the critical surface tension of the

lignocellulosic fibres was found with prolonged treatment time, with the exception of abaca fibres.

The post-treated fibres show a larger degree of hydrophilicity measured from the difference, Df, in

the decay of the f-potential measured as function of time, with the exception of hemp fibres. Finally,

f-potential measurements as function of pH validated the performance of both AAPP treatments.

1.0 Introduction

Lignocellulosic fibres, such as abaca, flax, hemp and sisal are

agro-based resources that offer several advantages over their

synthetic counterparts, especially with respect to their low cost,

low density, high strength-to-weight-ratio, renewability and

recyclability. New applications for these kinds of fibres have

been driven by increasingly more stringent environmental

laws, such as the European Directives 2000/53/EC on the

disposal of end-of-life vehicles and 1999/31/EC on the landfill

of waste, which aim to serve the environment by enforcing

waste minimisation and increased levels of recycling and

recovery. Despite the apparent advantages of lignocellulosic

fibres, their high water absorption causes the fibres to swell

and their low microbial resistance affects the fibre’s properties

and the performance of the composites reinforced with them.

Moreover, their biggest drawback is their inherent variability

of their dimensions and mechanical properties.1

At a microscopic level, lignocellulosic fibres themselves are

composites which are primarily composed of highly crystalline

cellulose fibrils, providing stiffness and strength, which are

surrounded by a complex matrix composed of amorphous

hemicelluloses, hollocelluloses and lignin, with minor amounts

of free sugars, starch, proteins, other organic and inorganic

mineral salts.2 The chemical composition of the lignocellulosic

fibres varies from plant to plant, and even within different

parts of the same plant. Moreover, the time of harvest, as well

as the method used to extract (retting) and separate the fibres

affects the chemical composition, strength, fineness and colour

of the lignocellulosic fibres.3 The different retting methods are

discussed elsewhere.4

Low-pressure plasma treatments have been reported in the

past as a cost effective surface modification methods to

chemically modify or clean the surface of a wide range of

materials, including natural fibres.5 Atmospheric air pressure

plasma (AAPP) is a promising surface modification method

to reduce, as far as possible, the negative effects on the

environment of other commonly used methods, such as caustic

treatment (NaOH), acetylation, silanisation, polymer grafting,

etc. Plasma treatment techniques remove the need of exposing

lignocellulosic fibres to solvents and solutions that otherwise

need to be disposed of after treatment.

It is usually accepted that during any plasma treatment at

least two combined effects take place: an etching process that

sputters the surface and removes weakly attached layers, such

as oils and waxes adhering to the material being treated, and

the formation of new functional groups6. The nature of these

functional groups created depends on the feed gas used to

produce the plasma.

Of particular interest is the possibility of improving the

wetting behaviour and the adhesive properties of ligno-

cellulosic fibres using AAPP treatments to remove non-

cellulose substances attached to the surfaces of the plant cell

walls. We characterised the effectiveness of AAPP treatment
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on different lignocellulosic fibres by means of the capillary rise

and the streaming potential measurements.

2.0 Experimental

2.1. Materials

A variety of commercially important lignocellulosic fibres

including abaca, flax, hemp and sisal were selected in order to

compare the effects of AAPP treatment duration (i.e. 1 min

and 3 min) on the wettability and electrokinetic properties.

Only technical grade fibre bundles were analysed. Abaca

(Musa textilis Nee) fibres were kindly supplied by Heritage

Arts & Crafts (Kalibo, Aklan, the Philippines) obtained from

local growers of the Aklan province. The fibres were extracted

and separated from the woody core of the plant by hand

pulling, washed and sun-dried for one day (Legaspi, 2005,

2006, Heritage Arts & Crafts, personal communication). Dew-

retted flax (Linum usitatissimum) fibres were obtained from

Belgian producers and supplied by Wigglesworth & Co.

(London, UK) and dew-retted sisal (Agave sisalana) fibres

were obtained from a local market in San Luis Potosi, Mexico.

During dew retting the fibres are partially rotten, softened and

separated by leaving the crop in the field for 3 to 4 weeks in

order to allow the combined action of temperature, moisture,

bacteria and fungi to remove the cellulose fibres from the

surrounding cementing substances, mainly hemicelluloses,

lignin and pectins.7 In the case of flax, the fibres were

separated from the stalk by a breaking, scutching and hackling

process (Paula Brazier, 2004, Wigglesworth & Co, personal

communication). Sisal fibres were separated from the leaves of

the crop by placing them individually in a rudimentary tool

made of wood where the fibres were pulled out by hand,

washed and sun-dried for one day.

Decorticated hemp (Cannabis sativa) fibres were kindly

provided by Hemcore Ltd (Bishops Stortford, Hertfordshire,

UK) from plants harvested near Colchester in the UK (Hobson,

2004, Hemcore Ltd, personal communication). During the

decortication process, the wooden stems of hemp have to be

disaggregated in order to loosen the adhesion between the fibres

and the woody stalk. This is performed by using automated

paired breaking rollers and carding systems (Hobson, 2006.

Hemcore Ltd, personal communication). The fibres extracted

using this method were predominantly short fibres of approxi-

mately 1 cm in length mixed with some woody core.

Before any measurement, all fibres were rinsed with distilled

water for 10 min to remove water-soluble matter and sub-

sequently vacuum-dried for 48 h at 70 uC. The properties of the

test liquids, such as the surface tension, density and viscosity,

used for the characterisation of the wetting behaviour of the

fibres can be found elsewhere.8

2.2 Atmospheric air pressure plasma treatment

An Openair plasma system (Plasmatreat GmbH, Steinhagen,

Germany) was used to functionalise the surface of ligno-

cellulosic fibres. The AAPP treatment was carried out at

maximum power (10 kW), with duration of 1 min and 3 min.

A small number of technical fibres (approx. 3 g) were fixed

longitudinally inside an inverted glass T-piece. The middle

inlet was positioned under the plasma nozzle in an attempt to

confine the active plasma species around the fibres during the

duration of the treatment. The distance between the plasma

nozzle and the fibres inside the glass cylinder was set to 30 mm

in order to avoid the thermal degradation which took place at

shorter distances between the fibres and the nozzle.

2.3 Determination of wetting properties and fibre surface tension

The wetting behaviour of a packed bed of lignocellulosic fibres

can be characterised using the capillary rise method, which is

based on the Washburn equation for single capillary combined

with the Laplace equation and the Hagen–Poiseuille equation

for steady flow conditions.8 A tensiometer (K100, Krüss

GmbH, Hamburg, Germany) was used to measure the weight

gain as function of time of at least five fibre bed samples

(0.5 ¡ 0.05 g) packed inside a cylindrical holder (Krüss

GmbH, Hamburg, Germany) at 20 uC. The precise procedure

used can be found in ref. 8. It is possible to obtain the critical

surface tension of the fibres cc in analogy to a Zisman plot by

determining the maximum of a plot of the normalised wetting

rate over the surface tension of the test liquids by Gaussian fit

to the experimental data.8

2.4 f-Potential measurements

The f-potential of the untreated and AAPP-treated ligno-

cellulosic fibres was measured using the streaming potential

method applied in an electrokinetic analyser (EKA) (Anton

Paar KG, Graz, Austria). A dry fibre sample (ca. 2.5 g)

was equilibrated in a 1 mM KCl supporting electrolyte solu-

tion by means of a single long time f-potential measurement

at 20 uC.

During the measurement, the electrolyte solution is forced

through the packed fibre bed formed between two perforated

Ag/AgCl electrodes in a cylindrical cell, which partially shears

off the diffusive part of the electrochemical double layer giving

rise to the streaming potential. The streaming potential is

related to the f-potential.9 In order to exclude any overlaid

effects due to swelling or extraction into the electrolyte

solution, f = f(pH) was measured after f = f(t). The pH-

dependence of the f-potential is measured by changing the pH

of the solution. The pH-value is varied in a range of 3 , pH ,

10 by adding 0.1 M HCl or KOH. The theoretical background

and further experimental details are reported elsewhere.9

Lignocellulosic fibres swell in water, causing a decay of f =

f(t) that can be described according to Kanamaru10 by the

following equation:

{
df

dt
~k ft{f?ð Þ (1)

which leads to:

{ ln
ft{f?
f0{f?

~kt (2)

where ft is a measured f-potential value at time t, k is the

relative rate constant of the swelling process, f‘ is the f-

potential value which approaches the function f = f(t)

asymptotically and f0 is the starting f-potential value of the
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dry material measured immediately after the fibres are

contacted with the electrolyte solution.

2.5 Scanning electron microscopy

A JEOL-SM 5610LV was employed to observe the changes

of the fibre surface morphology after exposure to AAPP

treatment with an initial accelerating voltage of 15 kV. Prior

to the examination, the samples were gold sputtered in an

EMITECH K550 for 3 min to ensure good conductivity.

3.0 Results and discussion

The results reported here correspond to a series of optimised

plasma treatment parameters obtained initially through

empirical optimisation and later through Taguchi’s design of

experiments (DOE) methodology. The parameters investigated

were: (a) distance between the plasma nozzle to the substrate,

(b) treatment time and (c) effect of the feed gas pressure

(oxygen, nitrogen and pressurised air were used as feed gases)

on the critical surface tension of the lignocellulosic fibres

investigated.

The distance between the fibres to be treated and the plasma

nozzle was first optimised. In our system, distances smaller

than 30 mm resulted in thermal degradation of the ligno-

cellulosic fibres, leading to changes in colour and carbonisa-

tion of the fibres, whereas distances of 50 mm and 70 mm

resulted only in minor changes of the wetting behaviour of the

fibres. Treatment times of 1, 3, 15 and 25 min were investigated

at fixed distances of 30 mm, 50 mm and 70 mm. However, it

was found that treatment times exceeding 3 min resulted in a

significant loss in the mechanical properties of the ligno-

cellulosic fibres as measured according to ASTM D 3822-01.11

Moreover, the feed gas composition used to create the plasma

jet affected the wetting behaviour of the fibres. It was found

that oxygen and nitrogen plasma lead to a reduction of the

critical surface tension of the lignocellulosic fibres investigated,

mainly due to its etching effect, which becomes more severe

with prolonged treatment times. Therefore, we selected

compressed air as the medium to generate the plasma and

overcome, as far as possible, the negative impact of nitrogen

and oxygen plasma on the lignocellulosic fibres. From the

initial experimentation, it was concluded that the best

parameters for AAPP treatment were 1 min and 3 min using

atmospheric air as feed gas at a distance of 30 mm between the

plasma nozzle and the fibres.

Atmospheric air pressure plasma (AAPP) provides the

possibility of modifying the surface of any kind of ligno-

cellulosic fibres in addition to removing contaminant sub-

stances attached to the surface in an environmentally sound

manner. However, this has some limitations because ligno-

cellulosic fibres undergo severe mass loss above 180 uC,12

whereas the temperature of the plasma jet during AAPP

treatment ranged from 140 uC to 180 uC measured by

means of a thermocouple. Only abaca fibres showed a faint

change in colour after AAPP treatment, possibly due to the

thermal degradation of the fibres during the plasma, which

dehydrated the fibres. Although no further degradation was

observed, chemical and hence mechanical, degradation may

have taken place.

3.1 Wetting properties and fibre surface tension

Fig. 1 shows typical weight gain curves for the untreated, 1 min

and 3 min AAPP-treated sisal fibres. The mass of test liquid

imbibed into the packed bed of fibres increases with increased

AAPP treatment time. The function m2 = f(t) equals the

wetting rate of the lignocellulosic fibres.

The study of fibre wettability has important implications in

detergency, dyeing of textiles, coating processes and the design

of fibre-reinforced composite systems, among other processes.

The determination of the wetting behaviour of the ligno-

cellulosic fibres using the capillary rise method may be affected

by the swelling of the fibres when these are exposed to polar

liquids. However, this process is not immediate as it is reported

to take between 20 to 40 s.13 As can be seen in Fig. 1, most

measurements required less than 2 s to reach steady state. Fig. 2

shows a significant increase of the normalised wetting rate

[m2/t][g/r2] of the AAPP treated sisal fibres with increased

treatment time. The normalised wetting rate was obtained by

multiplying the fibre wetting rate [m2/t], which is the initial

slope of the function m = f(t), with the factor containing the

liquid properties. The critical solid–vapour surface tension cc

of the lignocellulosic fibres can be estimated form the highest

Fig. 1 Typical weight rise curves of dimethyl sulfoxide (DMSO) into

a packed sisal fibre bed. The initial slope of the function m2 = f(t) is

shown.

Fig. 2 Normalised wetting rate of untreated, 1 min and 3 min AAPP

treated sisal fibres.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1057–1066 | 1059
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point in each Gaussian fit to the normalised wetting rate, which

equals Cclcosh, as a function of the liquid surface tension cl.

Table 1 summarises the critical solid-vapour surface tension

cc for the rest of the lignocellulosic fibres studied. Similar

values in the range of 35 mN m21 and 51 mN m21 have been

reported for untreated flax fibres8 and pure cellulose.14 A

marginal increase in the value of cc can be seen for most the

AAPP treated lignocellulosic fibres. The exception is abaca

fibres, for which cc reduces progressively from approx.

43 mN m21 (untreated fibres) to 36 mN m21 and then to

33 mN m21, after 1 min and 3 min AAPP treatment, respec-

tively. Despite the reduction in the critical surface tension of

abaca fibres with longer AAPP treatment duration, the

normalised wetting rate increases in the inverse direction,

meaning that the abaca fibres absorb more liquid, particularly

after 3 min of AAPP treatment. It should also be noted that the

normalised wetting rate distribution, i.e. the half-width at half

maximum, of plasma treated abaca fibres becomes narrower,

which indicates that the fibres become more homogeneous so

that the critical surface energy distribution narrows (Fig. 3).

Fig. 4 and 5 show a marginal increase in the normalised

wetting rate of the untreated, 1 min and 3 min AAPP treated

flax and hemp fibres, respectively. Both AAPP treatments

resulted only in a marginal increase of the critical surface

tension of these fibres, however the normalised wetting rate is

much lower than for sisal and abaca fibres (Fig. 2 and 3),

meaning that the AAPP treatment did not increase the liquid

retention capabilities of flax and hemp fibres to the same

extent as it occurred for sisal and abaca.

In the case of hemp fibres the normalised wetting rate

(Fig. 5) shows the inverse trend to the rest of the fibres. The

normalised wetting rate reduces with increasing AAPP

treatment time, but at the same time, the critical surface

tension cc increases marginally with longer treatment duration.

Tentatively, this may be due to: (a) crosslinking of the surface

of the hemp fibres which may have occurred during AAPP

treatment, which consequently restricted the swelling of the

fibres as the AAPP treatment time increased and (b) AAPP

plasma treatments induced decomposition of hydrophobic

compounds, which re-deposited on the fibre surface forming a

denser hydrophobic protecting layer. In the case of abaca, flax

and sisal fibres the increased wetting is due to an increase in

the critical surface tension due to the modification of the

surface chemistry through the introduction of various func-

tional groups, most likely oxygen and nitrogen containing

species,6{ as well as the possible removal of non-cellulose

substances.

Table 1 Critical surface tension cc of untreated, 1 min and 3 min
AAPP treated lignocellulosic fibres.

AAPP treatment
time

Critical Surface Tension/mN m21

Original 1 min 3 min

Abaca 43.4 ¡ 0.3 36.4 ¡ 0.7 33.2 ¡ 0.8
Flax 33.6 ¡ 0.3 33.8 ¡ 0.9 34.2 ¡ 1.2
Hemp 31.0 ¡ 0.2 33.7 ¡ 0.8 34.8 ¡ 0.8
Sisal 33.1 ¡ 0.2 34.3 ¡ 0.6 34.8 ¡ 0.7

Fig. 3 Normalised wetting rate of the untreated, 1 min and 3 min

AAPP treated abaca fibres.

Fig. 4 Normalised wetting rate of the untreated, 1 min and 3 min

AAPP treated flax fibres.

Fig. 5 Normalised wetting rate of the untreated, 1 min and 3 min

AAPP treated hemp fibres.

{ Examples may include: carboxyl (R-COOH), peroxy (R-OO-R),
hydroperoxy (R-OOH), amine (R-NH2) and nitroso (R-NLO) groups.
However, the direct quantification by X-ray photoelectron spectro-
scopy (XPS) is difficult due to the obvious similarity of the substrate
and the AAPP modified fibres.
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3.2 SEM analysis

Figs. 6–9 show the SEM micrographs of the surface for the (a)

untreated, (b) 1 min and (c) 3 min AAPP-treated technical

grade lignocellulosic fibres investigated. The untreated fibres

(Figs. 6a–9a) are relatively more homogeneous than the

surfaces of the AAPP-treated fibres. The deterioration of the

morphology of all the fibres as the AAPP treatment time

increased from 1 min to 3 min is obvious; after 1 min of

treatment (Figs. 6b–9b), the fibres are etched, roughed and the

corrugations are much deeper. After 3 min of AAPP treatment

(Figs. 6c–9c), a large amount of fissures, pits and torn

microfibrils are evident because the longer treatment time

intensifies the combined effect of etching and dehydrating of

plasma. The etching effect of plasma, seem to have reduced the

hydrophilic nature of hemp fibres, which is most likely due to

the migration of hydrophobic compounds from the fibre bulk

to the surface.

3.3 Time-dependent f-potential: swelling behaviour of the fibres

Fig. 10a–d show the time-dependent f-potential for the

untreated, 1 min and 3 min AAPP-treated fibres. Several

factors have an effect on the decay of the f-potential measured

Fig. 6 Surface morphology for the (a) untreated, (b) 1 min and (c)

3 min AAPP-treated abaca lignocellulosic fibres investigated. SEM

magnification (6330).

Fig. 7 Surface morphology for the (a) untreated, (b) 1 min and (c)

3 min AAPP-treated flax lignocellulosic fibres investigated. SEM

magnification (6330).
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as function of time for the untreated and AAPP-treated fibres,

such as the chemical composition, polarity, porosity, swelling

behaviour, macro- and microfibril structure of the ligno-

cellulosic fibres.15 All untreated fibres display initially a

negative f0-value that increases asymptotically to a constant,

but larger f‘-value on different time scales, with the exception

of flax fibres, whose initial value f0 = f(t) is positive and

decreases with time to a much smaller but constant negative

f‘-value. Comparable trends with an initially positive f0-value

have been previously reported for untreated lignocellulosic

fibres, such as jute,16 flax and cornhusk.17 The initially positive

f0-value of the untreated flax fibres is most likely due to the

presence of amino acids and proteins such as glutamic acid

(pKa = 2.2, 4.2, 9.6), hydroxyproline (pKa = 1.92, 9.73), glycine

(pKa = 2.34, 9.6), proline (pKa = 2.0, 10.6) and glycoproteins18

(for the pKa values see ref. 19).

The decay in the modulus of the f-potential as function of

time is larger with prolonged AAPP treatment time, as shown

in Fig. 10a–d. The change in f = f(t) can be seen for the 1 min

and 3 min AAPP-treated fibres. The f-potential value of flax

(Fig. 10b), hemp (Fig. 10c) and sisal (Fig. 10d) fibres decreases

from a positive f0-value, rather than from a negative f0 as for

the untreated hemp and sisal fibres, and decreases asympto-

tically to a constant but smaller f‘-value. In contrast, the

Fig. 8 Surface morphology for the (a) untreated, (b) 1 min and (c)

3 min AAPP-treated hemp lignocellulosic fibres investigated. SEM

magnification (6330).

Fig. 9 Surface morphology for the (a) untreated, (b) 1 min and (c)

3 min AAPP-treated sisal lignocellulosic fibres investigated. SEM

magnification (6330).
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abaca fibres (Fig. 10a) show a much more negative f0-value

which increases asymptotically to a less negative f‘-value. The

larger positive f0-values of flax, hemp and sisal fibres after

both AAPP treatments are due to the introduction of

dissociable nitrogen-containing functional groups into the

fibres after AAPP treatment. However, it is also possible that

the apparent modification of the superstructure of the fibres

leads to the exposure of amino acids and proteins naturally

present in these fibres at the fibre/electrolyte interface. The

amount exposed increases as function of the AAPP treatment

duration. The formation of the electrochemical double

layer depends strongly on the hydrophilicity of the surfaces,

meaning that hydrophilic solid materials, like lignocellulosic

fibres, will exhibit smaller f-potential values due to their strong

water uptake behaviour. This is because the adsorption of ions

determine the f-potential and occur in competition with the

adsorption of water, but the concentration of the dissociable

groups does not change,20 therefore fewer ions can be

adsorbed and the f-value reduces. The re-adsorption of

charged species into the electrochemical double layer and the

removal of water-soluble ionic components (soluble metal

salts making up the ash content)21 might also affect the

f-potential.16,22 It is known that multivalent ions particularly

affect the formation of the electrochemical double layer and,

therefore, the measured f-potential. However, this effect is

expected to be rather small as the fibres swell in water and

so cause a shift of the shear plane from the fibre surface

into the liquid phase, which causes the reduction of the

measured f-potential.23

f-Potential measurements have been used in the past10 to

successfully verify the effectiveness of a surface modification

treatment through the determination of any change in the

surface charge of materials before and after treatment, as

well as to determine any change in the water uptake

behaviour (Df = (f0 2 f‘)/f0) of the material at 100% relative

humidity. The quotient (f0 2 f‘)/f0 is directly proportional

to the water adsorption of the material investigated at

100% relative humidity.15 If indeed the surface of the fibres

were modified after AAPP treatment and became more

hydrophilic, they should be able to adsorb more water than

the untreated fibres.

Table 2 shows the value and standard deviation of the f0, f‘

and Df measured for the untreated, 1 min and 3 min AAPP-

treated lignocellulosic fibres after both treatment times. The

different magnitude in the Df-values reflects different degrees

of hydrophilicity among the untreated fibres. Additionally, the

Df-value of the fibres increases further with prolonged AAPP

treatment time, except for hemp. It seems that the hydrophilic

character of hemp reduces after exposure to AAPP. We also

found a reduced liquid uptake for hemp fibres during the

Fig. 10 Time-dependent f-potential for the untreated, 1 min and 3 min AAPP treated technical grade (a) abaca, (b) flax, (c) hemp and (d)

sisal fibres.
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wetting measurements, shown in Fig. 5. Tentatively, the

change in the structure of hemp fibres after AAPP treatment

(Fig. 8a–c) seems to have been favourable for the formation of

a denser hydrophobic protecting layer, possibly formed by

linoleic and linolenic fatty acids,24 as well as other fats, fatty

alcohols and waxes.2

3.4 f-Potential: pH-dependent

Fig. 11a–d show the f = f(pH) measured for the untreated,

1 min and 3 min AAPP-treated lignocellulosic fibres. The

electrochemical double layer that forms at the interface

between the lignocellulosic fibres and the electrolyte solution

is due to the dissociation of functional groups according to

their pKa values and the adsorption of ionic species. The small

and negative fplateau in the more basic pH range of the

untreated fibres is also due to the dissociation of different

acidic functional groups. The presence of functional groups in

natural fibres is strongly associated to its chemical com-

position. Lignocellulosic fibres have a predominant presence

of weak acids, e.g. R–OH, R–COOH, uronic acids and

glutamic acid.25,26

In addition, ionic compounds like proteins and amino acids

contain both acidic and basic groups27 which produce a

zwitterionic surface, thus the surface charge and f-potential is

pH-dependent.28,29 It is likely that the zwitterionic compounds

present in the lignocellulosic fibres investigated become more

readily available at the interface of the electrolyte solution

after AAPP treatment. The f = f(pH) changes drastically after

exposure to AAPP at low acidic pH values, giving rise to a

more negative f-potential for all the lignocellulosic fibres

investigated. This peak becomes more negative after extending

Table 2 Summary of the f0, f‘ and Df and standard deviation of the untreated, 1 min and 3 min AAPP treated fibres

AAPP treatment
time

Abaca Flax Hemp Sisal

0 min 1 min 3 min 0 min 1 min 3 min 0 min 1 min 3 min 0 min 1 min 3 min

f0 28.7 246.6 263.4 7.0 83.5 95.3 23.2 36.5 77.1 212.3 90.4 70.2
f‘ 21.0 21.0 23.7 20.9 11.1 14.1 20.5 5.2 3.3 21.2 14.2 12
Df 0.88 1.02 1.06 1.14 1.15 1.17 1.18 1.16 1.04 1.10 1.18 1.20

Fig. 11 pH-dependent f-potential for the untreated, 1 min and 3 min AAPP treated technical grade (a) abaca, (b) flax, (c) hemp and (d) sisal

fibres.
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the AAPP treatment time. A similar behaviour has been

reported for other but untreated, lignocellulosic fibres includ-

ing sisal,1 jute16 and flax.30 This behaviour points to the

tentative explanation that zwitterion compounds, which

dissociate completely at excess HCl cause a preferential

adsorption of Cl2 anions on to the positive end of the

hydroxyl dipole of cellulose.29,30 Examples of zwitterion

compounds in lignocellulosic fibres are carboxylic and amine

surface groups. Bismarck et al.30 also suggested a pH induced

Cl2 adsorption on positively charged surface sites.

An increased concentration of positively charged surface

functional groups available at the AAPP-treated fibre/electro-

lyte interface is evident from the increasing fplateau compared

with the fplateau of the untreated fibres. This is due to the air

plasma functionalisation and/or the plasma induced change of

the surface morphology, which resulted in an increased

exposure and accessibility of zwitterionic functional com-

pounds. The isoelectric point (iep), where the f-potential is

zero, could be determined only for untreated abaca and sisal

fibres to be pH 3.0 and 3.4, respectively, because the swelling

of the fibres causes a zero f-potential value for the other

untreated fibres. The low iep values of abaca and sisal are

caused by the low pKa values of the functional groups present,

such as carboxyl groups (pKa # 4.00)31,32 and uronic acids

(pKa between 3.0 and 3.4).26,33 In the case of abaca, the iep

value increases after the exposure to AAPP from 3.0 to pH 3.5

after 1 min and 3.8 after 3 min exposure to AAPP, which

confirms the reduction of the surface acidic character by

introducing nitrogen containing functional groups. After

exposure to AAPP the f-potential is positive over a wide pH

range for the other fibres, except for abaca; this points to the

presence of nitrogen containing positively charged surface

functional groups. In the case of 1 min AAPP treated fibres,

the iep was determined to be 3.8 for flax, 4.0 for hemp and 4.3

for sisal fibres. After 3 min of AAPP treatment, the iep shifted

towards even higher pH values, to 4.0 for flax, 4.2 for hemp

and 4.8 for sisal fibres, which confirms the increased basic

character of the AAPP treated fibres but also the acid induced

change of the surface charge.

4.0 Conclusions

We studied the effects of atmospheric air pressure plasma

(AAPP) treatment on the surface properties of abaca, flax,

hemp and sisal fibres. Wettability measurements to determine

the fibre surface tension and f-potential measurements as a

function of time and pH were performed in order to verify

the effectiveness of the AAPP treatments. Untreated ligno-

cellulosic fibres are inherently hydrophilic, as found by the

small f-potential equilibrium values (f‘) and Df measured in

the decay of the f-potential measured as a function of time.

Prolonged exposure to AAPP causes the hydrophilic beha-

viour of abaca, flax and sisal fibres to increase. The exception

are the hemp fibres. Tentatively, this may be due to: (a)

crosslinking of the surface of hemp fibre may have occurred

during AAPP treatment, which consequently restricted the

swelling of hemp fibres as the AAPP treatment time increased

and/or (b) AAPP plasma treatments induced decomposition of

hydrophobic compounds of the fibre and re-deposition of an

apparently denser hydrophobic protecting layer. However,

more research is necessary to find out the true cause of such

behaviour.

The f = f(t) reversal of the f-sign is due to nitrogen-

containing groups introduced by plasma or exposed by change

in the surface morphology. The zwitterionic behaviour of the

surface amine and carboxyl groups present in the ligno-

cellulosic fibres modifies their surface charge and f-potential

as a function of pH, consequently having an effect on the

sign and magnitude of the surface charge of this kind of

natural fibres. Longer exposure to AAPP causes a shift

of the f-potential reversal to higher pH. Finally, the SEM

micrographs of the surface morphology of the AAPP-

treated fibres show damages the macrofibril structure of

the lignocellulosic fibres, which intensifies with prolonged

treatment times.
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Sao Carlos - S.P., Brazil, 1st edn, 2000, pp. 115–134.

3 I. A. Tarchevsky and G. N. Marchenko, in Cellulose: Biosynthesis
and Structure, ed. L. V. Backinowski and M. A. Chlenov, Springer,
Berlin, 1991, pp. 9–31.

4 F. Munder, C. Fürll and H. Hempel, in Natural Fibres,
Biopolymers and their Composites, ed. A. K. Mohanty, M. Mirsa
and L. T. Drzal, CRC Press, Boca Raton, 1st edn, 2005,
pp. 109–140.

5 X. Yuan, K. Jayaraman and D. Bhattacharyya, J. Adhes. Sci.
Technol., 2002, 16, 703–728.

6 A. Bismarck and J. Springer, in Encyclopedia of Surface and
Colloid Science, ed. A. Hubbard, Marcel Dekker, New York,
1st edn., 2002, vol. 2, pp. 2471–2789.

7 R. B. Dodd and D. E. Akin, in Natural Fibres, Biopolymers and
their Composites, ed. A. K. Mohanty, M. Mirsa and L. T. Drzal,
CRC Press, Boca Raton, 1st edn, 2005, pp. 141–157.

8 I. Aranberri-Askargorta, T. Lampke and A. Bismarck, J. Colloid
Interface Sci., 2003, 263, 580–589.

9 H. J. Jacobasch, F. Simon, C. Werner and C. Bellmann, Tech.
Mess., 1996, 63, 447–452.

10 K. Kanamaru, Kolloid-Z., 1960, 168, 115–121.
11 A. Baltazar-y-Jimenez, M. Bistritz, E. Schulz and A. Bismarck,

Compos. Sci. Technol., 2007, DOI: 10.1016/j.compscitech.
2007.04.028.

12 S. Kumar and I. Varma, J. Marcromol. Sci. Phys., 2006, 45,
153–164.

13 S. Q. Shi and D. J. Gardner, J. Adhes. Sci. Technol., 2000, 14,
301–314.

14 J. M. van Hazendonk, J. C. van der Putten, J. T. F. Keurentjes and
A. Prins, Colloids Surf., A, 1993, 81, 251–261.
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A variety of phthalimide derivatives have been synthesised effectively in high-temperature, high-

pressure H2O/EtOH mixtures (HTHP-H2O/EtOH) as the solvent. This clean method is based on

the condensation of o-phthalic acid and amines and affords phthalimide compounds as pure

crystals in most cases, because of the dehydrating effect and change in solvation properties of

H2O/EtOH at high pressures and temperatures. After conducting a series of model reactions, it

was found that a mixture, 1/1 v/v H2O/EtOH, was appropriate for obtaining good yields

combined with high purity of the phthalimides. Moderate to excellent yields were obtained

depending on the nature of the amine. Aromatic amines generally afforded higher yields than

aliphatic ones except for 3-hydroxypropylamine, where a yield up to 95% was obtained.

Introduction

Phthalimide derivatives have been used extensively in synthetic

chemistry, with a wide range of applications, particularly in

biological chemistry. For example, properties such as anti-

convulsant,1 anti-inflammatory,2–4 analgesic,5 herbicidal6 and

insecticidal7 have been reported. Typically, phthalimide

derivatives are synthesised via the condensation of amines

with phthalic anhydride in refluxing organic solvents. High

boiling point solvents such as acetic acid,3,8,9 DMF,10 and

dioxane11 are commonly used. Synthesis in solvent-free

conditions can be achieved by refluxing a mixture of phthalic

anhydride with the amine1,2 or by using a catalyst such as

DABCO at room temperature.12 There has also been work on

using microwave irradiation as a heating method both in the

presence13,14 or absence15–17 of organic solvents. Microwave-

mediated and/or solventless syntheses give generally high

yields of phthalimides within just a few minutes; however

most of the traditional methods are not entirely satisfactory

due to lengthy reaction times, the use of organic solvents or

other auxiliary reagents.

In this paper, we propose an alternative, fast and clean

method using high-temperature high-pressure water/ethanol

as the solvent (HTHP-H2O/EtOH) to produce phthalimide

derivatives from o-phthalic acid and amines as the reagents

(Fig. 1).

The literature mentions very few examples of phthalimides

synthesised in H2O18 or EtOH.19,20 Once again, anhydrides

are the preferred starting materials, due to their higher

reactivity compared to their corresponding acids and their

higher solubility in organic solvents.21 There are just a few

reports of the use of o-phthalic acid as starting material,22,23

with two steps sometimes being required to obtain the target

phthalimide from phthalic acid derivatives.11,14

The preparation of anhydrides generally requires long

reaction times in an organic solvent under reflux conditions,24

and furthermore, anhydrides are known to undergo hydrolysis

in hot water.25 Therefore, we decided to study the reaction

with o-phthalic acid as reactant instead. Our group has

previously reported the continuous catalytic oxidation of

o-xylene to o-phthalic acid in HTHP-H2O.26,27

Although several mechanisms have previously been pro-

posed,8,28 it is likely that the formation of the phthalimide

proceeds in two steps (Fig. 1), starting with the nucleophilic

attack of the amine on one of the carbonyl groups of the

diacid, pathway (i), which releases the first molecule of water.

Then, ring closure occurs leading to the formation of

phthalimide together with a second molecule of water,

pathway (ii). Other reactions can occur, such as bis-amida-

tions, pathway (iii), possibly followed by an intramolecular

deamination to give the final product, pathway (iv).29

However, the acid–base neutralisation of the carboxylic acid

aSchool of Chemistry, University of Nottingham, Nottingham, UK
NG7 2RD. E-mail: Martyn.Poliakoff@nottingham.ac.uk
bDepartment of Chemistry, Faculty of Sciences & Arts, University of
Çukurova, Adana, 01330, Turkey

Fig. 1 Possible reaction sequence for the formation of N-substituted

phthalimides, 3, in HTHP-H2O/EtOH.
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could be problematic depending on the nature of the amine

used, because the corresponding ammonium salts formed

would prevent the amine from reacting further, pathways (v)

and (vi).11 This problem could be overcome in the HTHP-H2O

environment because the acidity of o-phthalic acid is expected

to decrease, thereby displacing the equilibrium towards the

lefthand side.

Thus, there is scope for an efficient and rapid synthesis via

the condensation reaction in Fig. 1, utilising HTHP-H2O as

the solvent because this reaction produces H2O as a byproduct.

Water is perhaps the cheapest, most readily available and

innocuous solvent. It is not truly an ‘‘alternative’’ solvent,

having been used in industry for a long time, but only

relatively recently has its potential as a solvent for synthetic

organic chemistry been explored. Reactions carried out in

HTHP-H2O cover most major areas of organic synthesis, even

reactions involving water-sensitive compounds.30,31

As the temperature of liquid water is increased, both the

density and viscosity of the fluid fall and this has a large

effect on its solvating properties. As the density decreases,

H-bonding becomes less prevalent and water exists as a

collection of dimers or monomers rather than an extended

framework. This behaviour is reflected in the fall in the

dielectric constant, e, from about 80 at room temperature to

27.5 at 250 uC and to 6 at the critical point.31 Thus, near-

critical water and supercritical water can act as non-polar

solvents which dissolve organic compounds and gases that are

insoluble under ambient conditions. Also, as the heated water

cools, its organic solvating power decreases leading, to phase

separation of solvent and solute.

Condensation reactions have been achieved in HTHP-H2O,

as it has shown, rather surprisingly, to be a good medium for

dehydration reactions. The Fischer Indole synthesis, a staple of

synthetic organic chemistry, has been achieved in a reasonable

yield (67%) without additional acid at 222 uC.32 In our

laboratory, a range of benzimidazole compounds have also

been synthesised in good yield in HTHP-H2O using a batch-

type reactor by the condensation of 1,2-phenylenediamine and

various carboxylic acids.33 Interestingly, some of the benzi-

madoles were isolated from the reaction mixture as pure

crystalline products without the need for any work-up.

Most of the reported procedures for preparing phthalimides

use a purification method via recrystallisation, particularly in

EtOH or in water.1–3,12,15,16,17,22 In addition, near-critical and

supercritical EtOH have been suggested as interesting media

both for chemical reactions and separations and also for

replacing environmentally undesirable organic solvents.34

Consequently, we decided to investigate the possibility of

synthesis of phthalimide derivatives in H2O/EtOH mixtures

as potential new ‘‘reaction/crystallisation’’ solvents in a high-

temperature high-pressure batch reactor.

Results and discussion

A series of experiments was performed in order to optimise the

reaction conditions and particularly to investigate the role of

the solvent used. The ratio of H2O/EtOH was varied using two

model starting amines, aniline and benzylamine (Table 1). The

results suggested that the reaction is very fast and is completed

within approximately 5 min plus the time the reactor takes to

cool. We found that the ratio 1/1 v/v H2O/EtOH gave high

purity crystals combined with good yields with both substrates

(Fig. 2).

In order to check the viability of this method, the stability

of the isolated N-benzylphthalimide, 3a was also investigated

by prolonged heating (20 min) at 360 uC and 3600 psi with the

1/1 v/v H2O/EtOH mixture. The compound appeared to be

unaffected by the reaction conditions (neither hydrolysis nor

esterification was observed) and was fully recovered.

From Table 1, it can be seen that the yield of the

N-phenylphthalimide, 3b decreased from 65 to 45% as the

percentage of water was increased. With pure water, a non-

crystalline product was obtained. In the case of benzylamine,

there was no obvious difference in yields (ca. 80%) obtained

with H2O/EtOH ratio, between 50/50 and 90/10. However,

with a ratio of 90/10 H2O/EtOH or with pure water, the

N-benzylphthalimide product was non-crystalline and had to

be extracted with Et2O to isolate the product in good yield.

This extraction afforded ¡94% yield of phthalimide. Analysis

Table 1 Results obtained with N-phenylphthalimide and N-benzyl-
phthalimide at different H2O/EtOH ratios after 5 min of heating

Phthalimide Tmax/uC pmax/psi
H2O/EtOH
ratio (v/v)

Yielda

(%)
Crystalline
(Y/N)

263 1310 0/100 5 Y
300 1560 50/50 77 Y
303 1610 75/25 78 Y
300 1640 90/10 80 N
332 1700 100/0 94b N

274 1240 50/50 65 Y
307 1515 75/25 59 Y
311 1650 100/0 45 N

a Isolated yield of the phthalimide. b Product was extracted with
Et2O.

Fig. 2 Photo taken from the top of an opened autoclave showing

N-benzylphthalimide as pure, white crystals at the bottom.
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of the solid by mass spectrometry indicated that it contained

traces of the corresponding bis-amide (see pathway (iii), Fig. 1).

A reaction can often be improved by carrying it out under

single rather than multi-phase conditions since the reactants

interact better. However, according to the T/p profile of these

experiments (Fig. 3) and the pressure-composition isotherms

of H2O/EtOH reported,35 it is likely that our reaction mixtures

are biphasic (gas and liquid) or close to the phase boundary for

50/50 H2O/EtOH, if the effects of the dissolved reactants/

products are neglected.

By contrast, reactions in pure EtOH should be in a single

phase (Tc = 241 uC, pc = 890.5 psi), but the yield of N-benzyl

phthalimide was very poor, only 5%. Although EtOH is

a better solvent than H2O for o-phthalic acid and most of

the amines used in this work,36,37 the presence of water

appears to be important for the success of the reaction,

possibly because H2O/EtOH provides more rapid heat transfer

than pure EtOH.

In Table 1, the Tmax and pmax observed after 5 min increased

with increasing proportion of water in the solvent. Also, in our

previous work on the synthesis of benzimidazoles in a range of

solvents including EtOH,33 we found that the lower acidity

of the high-pressure high-temperature EtOH compared to

H2O was insufficient to catalyse this type of reaction. Many

phthalimide derivatives have already been characterised

crystallographically, for instance, N-phenylphthalimide38 and

N-benzylphthalimide.39

In the view of these results, it was decided to study this

reaction with a variety of amines as substrates (aromatic,

aliphatic and functionalised) with a 1/1 v/v H2O/EtOH mixture

or pure water as the solvent depending on the solubility of the

products obtained (Table 2).

It can be seen that a range of phthalimides could be obtained

after reaction times of only a few minutes in moderate to good

yields depending on the substrate. Apart from the experiments

using alkylamines (entries 10–12), the product could usually be

isolated as pure crystals directly from the reaction mixture

when 1/1 v/v H2O/EtOH was used.

Clearly, this method cannot be used with substrates bearing

functionalities, e.g. ester, cyano or ether groups that could

react with H2O under high-temperature, high-pressure condi-

tions.30,31 Halides are also problematic because they can

undergo a nucleophilic substitution with OH2 from the

dissociation of HTHP-H2O. This may explain why we

obtained a lower yield (52%) with 4-bromoaniline as substrate

(entry 2). The HBr released may have neutralised the amine,

forming an unreactive ammonium salt. Also, 4-nitroaniline

and 4-aminopyridine were unstable under these conditions

(entries 5 and 6). In this reaction, GC analysis indicated the

formation of a number of by-products including benzoic acid

by decarboxylation of o-phthalic acid. The purification of the

target product was found to be more difficult.

With 1,4-phenylidene diamine, it was found that the

selective mono-condensation of the diamine occurred with

a yield of 83% N-(4-aminophenyl)phthalimide, 3f. This is

interesting because desymmetrisation was observed rather

than the formation of the more expected phthalimide dimer.

The preparation of this desymmetrised molecule has been

reported previously but the route was far less straightforward

than here.40

Unexpected results were obtained for amino acids (entries 7

to 9) because the isolated phthalimide products were all

Fig. 3 T/p profile of a typical ‘‘5 min’’ experiment using 5 mL of

H2O/EtOH mixture. It can be seen that a maximum pressure of

1600 psi (pmax) and a temperature of 300 uC (Tmax) are obtained after

5 min heating. After quenching, the reactor was left to cool overnight.

Table 2 Results obtained with different amines at different H2O/EtOH ratio

Entry Amine
Phthalimide
product

H2O/EtOH
v/v ratio Tmax/uC pmax/psi Time/min

Isolated phthalimide
yield (%)

Crystalline
(Y/N) GC-RT/mina

1 4-hydroxyaniline 3c 1/1 312 2000 6 78 Y —b

2 4-bromoaniline 3d 1/0 307 1930 6 51 N 15.8
3 2-(aminomethyl)pyridine 3e 1/1 380 4600 9 70 Y 16.2
4 p-phenylene diamine 3f 1/1 364 4010 10 83 Y —b

5 4-nitroaniline 3g 1/1 364 4175 11 —c N 15.8
6 4-aminopyridine 3h 1/1 374 3650 11 —c N 16.3
7 4-aminobenzoic acid 3b 1/1 369 4790 9 64d Y 15.7
8 L-phenylalanine 3i 1/1 364 4245 10 86d Y 16.5

9 glycine 3j 1/1 359 4200 9 76d Y 11.4
10 n-butyl amine 3k 1/0 303 1335 6.5 62e N 13.3
11 allylamine 3l 1/0 374 3650 12 35e N 12.5
12 3-aminopropanol 3m 1/1 361 4600 8 95f N 14.2
a Phthalimides GC-retention times (see Experimental). b Not detected. c A complex mixture of products was obtained resulting from the
decomposition of starting materials. d Yields of the corresponding pure decarboxylated phthalimide, i.e. in entry 7: N-phenylphthalimide, 3b;
entry 8: N-(2-ethylphenyl)phthalimide, 3i; entry 9: N-methylphthalimide, 3j. e Product isolated after extraction of the reaction mixture with
Et2O. f Yield calculated by GC with N-(3-hydroxypropyl)phthalimide as standard.
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decarboxylated. Thus, 4-aminobenzoic acid, glycine and

L-phenylalanine yielded selectively N-phenylphthalimide (64%),

N-(2-ethylphenyl)phthalimide (86%) and N-methylphthalimide

(76%), respectively. It is likely that the phthalimides, or more

probably the amino acids, do not survive under our

experimental conditions. Recent studies on the hydrothermal

stability of amino acids indicate that temperatures greater

than 250 uC are not favourable.41 Although decarboxylation

occurs, the use of amino acids with this method could be an

interesting approach to synthesise phthalimides that could

not be obtained via more traditional routes.

When butylamine or allylamine were used as substrates,

pure H2O was used as the solvent because the products were

soluble in 1/1 v/v H2O/EtOH. The resulting N-butyl and

N-allylphthalimides were obtained as white powders, but GC

analysis of the filtrate indicated that some of the product

remained in the aqueous phase. Therefore, to achieve reason-

able yields of the corresponding phthalimides, the aqueous

solution was extracted with Et2O. In the case of allylamine, the

yield was low (35%). This was probably due to polymerisation

or degradation of the starting material. Better yields were

obtained with butylamine (62%) and especially with 3-amino-

propanol (95%).

Conclusions

Although the method presented here cannot be applied

universally, it provides a rapid and good-yielding synthesis

of some potentially interesting phthalimide derivatives in

HTHP-H2O/EtOH mixtures. This research has delivered a

promising alternative approach compared to conventional

methods. Water is the only by-product and there is no need for

environmentally less benign organic solvents or any additional

catalyst or reagents. Such a reaction has a low E-factor and

high atom efficiency. A 1/1 v/v H2O/EtOH mixture shows

promise as a ‘‘reaction/crystallisation’’ solvent, which gives a

rapid and clean method for obtaining crystalline products

sufficiently pure for further needs. It is likely that the method

could be extended to aliphatic dicarboxylic acids, e.g. maleic

acid, to increase the range of imides that can be synthesised in

HTHP systems.

Experimental

Caution: these reactions involve high pressures and must only

be carried out in an apparatus with the appropriate pressure

rating at the reaction temperature. A thorough safety

assessment must be made.

All chemicals were obtained from Aldrich or Lancaster

Synthesis. H2O was deionised and degassed (by boiling) prior

to charging the vessel. All experiments were performed in a

thick-walled, stainless steel (316SS) batch vessel reactor of

10 mL volume, developed at the University of Nottingham as

previously described.33 The apparatus incorporates design

features to minimise the hazard of high pressure experiments,

and no experiment was performed above the maximum

pressure or temperature ratings. The pressure inside the vessel

was generated autogenically by the amount of H2O/EtOH

charged to the vessel and its temperature. In theory, it is

possible to obtain a desired pressure by adding an amount of

H2O calculated by multiplying the vessel volume and the

density (of H2O at the desired temperature). However, in

practice the addition of organic compounds and EtOH usually

results in a discrepancy between the calculated and actual

pressures. The reactor has a maximum pressure rating of

60 MPa at 400 uC, and should not be charged with more than

6 mL of H2O.33 It was found that using 5 mL of H2O (or H2O/

EtOH) gave acceptable pressures. The reactor was fitted with

an internal thermocouple which was connected to a tempera-

ture display, allowing real time in-situ monitoring of the

temperature (see Fig. 3). During the course of an experiment,

the temperature and pressures were recorded every 30 s. The

reactor was placed in an aluminium pot surrounded by a

heating jacket (200 W, WatlowTM) that allowed rapid heating

from room temperature to supercritical conditions in ¡15 min.

Cooling was achieved with a steady flow of H2O through a coil

around a second pot, and the vessel could be returned to

ambient conditions in 10–15 min.

A typical reaction procedure for the synthesis of phthal-

imides was as follows: into the thick-walled reactor (10 mL

volume) were placed 332 mg o-phthalic acid (2 mmol), 2.5 mL

of deionised, degassed H2O and 2.5 mL of EtOH. An

equimolar amount of the desired amine was then added. The

heater was pre-heated to 420 uC and the reactor was then

heated for a specific length of time, rather than to a particular

temperature. Once the reactor had been heated for the required

time, it was placed in the cooling pot and allowed to return to

ambient temperature and pressure. A typical temperature and

pressure profile is given in Fig. 3. The solution was then left in

the autoclave at room temperature for 24 h to allow crystals

sufficient time to grow. The contents were then filtered and

washed with either 1/1 v/v H2O/EtOH mixture or pure H2O.

Resulting crystals were dried under vacuum for an appropriate

amount of time.

Analysis was carried out using GC and 1H NMR

spectroscopy with a 300 MHz BrukerTM DPX300. Both the

purity of the isolated phthalimides and the filtrate were

analysed by GC using an Alltech ECTM-1 column (30 m and

0.32 mm i.d. polydimethylsiloxane stationary phase) on a

Perkin-Elmer Autosystem GC with a flame ionisation

detector (FID). He gas (12 psi) was the mobile phase and the

injection volume was 1 ml. The initial temperature was 100 uC
and isothermal conditions were maintained for the first 5 min

and the temperature was then ramped at a rate of 20 uC min21

to 300 uC. Isothermal conditions were maintained for the

final 5 min.

Melting points were recorded using a Gallenkamp melting

point apparatus.

N-Benzylphthalimide, 3a

Mp 112 uC (lit.,42 110–116 uC); dH (300 MHz, acetone-d6)

4.85 (s, 2H, CH2N), 7.27–7.42 (m, 5H, ArH), 7.85–7.89 (m,

4H, ArH).

N-Phenylphthalimide, 3b

Mp 205 uC (lit.,43 205 uC); dH (300 MHz, acetone-d6) 7.45–7.56

(m, 5H, ArH), 7.92–8.99 (m, 5H, ArH).
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N-(4-Hydroxyphenyl)phthalimide, 3c

Mp 298 uC (lit.,44 294 uC); dH (300 MHz, acetone-d6) 6.98 (d,

2H, ArH), 7.31 (d, 2H, ArH), 7.89–7.96 (m, 4H, ArH), 8.70 (s,

1H, OH).

N-(4-Bromophenyl)phthalimide, 3d

Mp 191 uC, possibly not pure (lit.,15 206 uC); dH (300 MHz,

CDCl3) 7.39 (d, 2H, ArH), 7.67 (d, 2H, ArH), 7.80–7.84 (m,

2H, ArH), 7.98–7.99 (m, 2H, ArH).

N-(2-Pyridylmethyl)phthalimide, 3e

Mp 124 uC (lit.,3 124 uC); dH (300 MHz, CDCl3) 5.04 (s, 2H,

CH2), 7.18–7.28 (m, 1H, ArH), 7.30 (d, 1H, ArH), 7.65–7.68

(m, 1H, ArH), 7.70–7,73 (m, 2H, ArH), 7.74–7.75 (m, 2H,

ArH), 7.89–7.90 (d, 1H, ArH).

N-(4-Aminophenyl)phthalimide, 3f

Mp 244 uC (lit.,12 245 uC); dH (300 MHz, acetone-d6) 4.89

(broad s, 2H, NH2), 6.78 (d, 2H, ArH), 7.13(d, 2H, ArH),

7.86–7.91 (m, 4H, ArH).

N-(2-Phenylethyl)phthalimide, 3i

Mp 126 uC (lit.,45 128 uC); dH (300 MHz, CDCl3) 3.01 (t, 2H,

CH2), 3.94 (t, 2H, CH2), 7.28 (m, 5H, ArH), 7.71–7.73 (m, 2H,

ArH), 7.84–7.86 (m, 2H, ArH).

N-Methylphthalimide, 3j

Mp 132 uC (lit.,46 134 uC); dH (300 MHz, acetone-d6) 3.12 (s,

3H, CH3), 7.84 (s, 4H, ArH).

N-Butylphthalimide, 3k

Mp 35 uC (lit.,47 35 uC); dH (300 MHz, acetone-d6) 0.96 (t,

3H, CH3), 1.31–1.44 (m, 2H, CH2), 1.62–1.77 (m, 2H, CH2),

3.69 (t, 2H, NCH2), 7.70–7.72 (m, 2H, ArH), 7.84–7.93 (m,

2H, ArH).

N-Allylphthalimide, 3l

Mp 69 uC (lit.,48 69–71 uC); dH (300 MHz, acetone-d6) 4.30 (d,

2H, NCH2), 5.24 (d, 2H, CH2), 5.86–5.95 (m, 1H, CH), 7.72–

7.77 (m, 2H, ArH), 7.84–7.89 (m, 2H, ArH).

N-(3-Hydroxypropyl)phthalimide, 3m

Mp 74 uC (lit.,49 74–75 uC); dH (300 MHz, CDCl3) 1.89–1.92

(quint, 2H, CH2), 3.63 (t, 2H, CH2), 3.74 (t, 1H, OH), 3.80–

3.89 (t, 2H, CH2OH) 7.78–7.75 (m, 2H, ArH), 7.84–7.88 (m,

2H, ArH).
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Liquid alkanes can be produced directly from glycerol by an integrated process involving catalytic

conversion to H2/CO gas mixtures (synthesis gas) combined with Fischer–Tropsch synthesis.

Synthesis gas can be produced at high rates and selectivities suitable for Fischer–Tropsch

synthesis (H2/CO between 1.0 and 1.6) from concentrated glycerol feed solutions at low

temperatures (548 K) and high pressures (1–17 bar) over a 10 wt% Pt–Re/C catalyst with an

atomic Pt : Re ratio of 1 : 1. The primary oxygenated hydrocarbon intermediates formed during

conversion of glycerol to synthesis gas are ethanol, acetone, and acetol. Fischer–Tropsch synthesis

experiments at 548 K and 5 bar over a Ru-based catalyst reveal that water, ethanol, and acetone

in the synthesis gas feed have only small effects, whereas acetol can participate in Fischer–Tropsch

chain growth, forming pentanones, hexanones, and heptanones in the liquid organic effluent

stream and increasing the selectivity to C5+ alkanes by a factor of 2 (from 0.30 to 0.60). Catalytic

conversion of glycerol and Fischer–Tropsch synthesis were coupled in a two-bed reactor system

consisting of a Pt–Re/C catalyst bed followed by a Ru/TiO2 catalyst bed. This combined process

produced liquid alkanes with SC5+ between 0.63 and 0.75 at 548 K and pressures between 5 and

17 bar, with more than 40% of the carbon in the products contained in the organic liquid phase at

17 bar. The aqueous liquid effluent from the integrated process contains between 5 and 15 wt%

methanol, ethanol, and acetone, which can be separated from the water by distillation and used in

the chemical industry or recycled for conversion to gaseous products. This integrated process has

the potential to improve the economics of ‘‘green’’ Fischer–Tropsch synthesis by reducing capital

costs and increasing thermal efficiency. Importantly, the coupling between glycerol conversion to

synthesis gas and Fischer–Tropsch synthesis leads to synergies in the operations of these

processes, such as (i) avoiding the highly endothermic and exothermic steps that would result from

the separate operation of these processes and (ii) eliminating the need to condense water and

oxygenated hydrocarbon byproducts between the catalyst beds.

Introduction

Petroleum currently provides a significant fraction (y37%) of

the world’s energy.1 In the United States, the total consump-

tion of petroleum corresponds to about 7.5 billion barrels of

oil equivalent each year (43 6 1015 BTU), and almost 70% of

this petroleum is consumed by the transportation sector.

Indeed, more than 95% of the energy used by the transporta-

tion sector is provided by petroleum.2 Because the proven

reserves of petroleum are projected to be exhausted within

the next half-century,2 it is becoming important to develop

alternative sources of transportation fuels. Biomass is an

intriguing candidate in this respect because it is renewable, and

the processing of biomass is CO2 neutral.3 Importantly, the

amount of biomass grown annually in the U.S. is sufficient to

provide energy for approximately 70% of the transportation

sector, provided that this biomass can be converted to clean-

burning fuels having high energy densities, such as currently

provided by petroleum. In particular, it is estimated that the

U.S. could produce 1.3 billion dry tons of biomass per year

without major changes in agricultural practices and still meet

its food, feed, and export demands;4 and this amount of

biomass corresponds to approximately 3.5 6 109 barrels of oil

equivalent each year.

Biomass is comprised primarily of carbohydrates (e.g.,

starch and cellulose),3 and one method to convert these

compounds to liquid fuels is by fermentation to produce liquid

alcohols, such as ethanol and butanol. The technology to

convert grain-derived starches to ethanol by the combination

of hydrolysis, fermentation, and distillation is well estab-

lished,5,6 and advances are being made in the cost-effective

conversion of lignocellulosics to ethanol (e.g., through the

development of new enzymes for cellulose hydrolysis).7–10 The

advantages of ethanol as a transportation fuel are that it is a

liquid and it has a high octane number (i.e., research octane

number of 130);11 however, ethanol has the following dis-

advantages as a fuel: (i) it has a lower energy density compared
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to petroleum (i.e., approximately 20 6 103 BTU l21 for

ethanol versus 30 6 103 BTU l21 for petroleum),12 (ii) it is

completely miscible with water, leading to significant absorp-

tion of water into the fuel, and (iii) it has a relatively low

boiling point (346 K), leading to excessive evaporation at

elevated temperatures. Importantly, the fermentation process

used to produce bio-ethanol from carbohydrates leads to an

aqueous solution containing only 5–10 wt% ethanol, and

significant expenditure of energy is required to produce fuel-

grade ethanol by distillation of this rather dilute aqueous

solution.6,13 Indeed, the overall energy balance for production

of bio-ethanol is not very favorable, and it has been estimated

that the amount of energy required to produce bio-ethanol is

approximately equal to (or greater than) the energy-content of

the ethanol produced.5,6,14,15

Long-chain alkanes comprise the vast majority of compo-

nents in transportation fuels from petroleum (branched for

gasoline and linear for diesel), and the conversion of renewable

biomass resources to liquid alkanes thus represents an attrac-

tive processing option. For example, the liquid alkanes from

such a conversion (i) can be distributed using infrastructure

already employed for petroleum products, (ii) can be added to

the existing petroleum pool for further processing, and (iii) can

be combusted without alterations in existing engines. The

production of liquid alkanes from biomass typically occurs by

gasification of biomass to produce synthesis gas (H2/CO)

followed by Fischer–Tropsch synthesis.16,17 However, both

conventional Fischer–Tropsch synthesis (i.e., using coal or

natural gas) and ‘‘green’’ Fischer–Tropsch synthesis (using

biomass) have similar economic disadvantages, specifically,

high capital and operating costs, of which greater than 50%

stems from synthesis gas generation.18,19 Also, Fischer–Tropsch

synthesis processes suffer from low thermal efficiency.18,19

Because of these limitations, liquid alkane production by

Fischer–Tropsch synthesis becomes economically viable only

at large scales.16–19 Indeed, improvements in synthesis gas

generation and thermal efficiency are necessary to improve

the economics of Fischer–Tropsch synthesis processes.16,17,19

We have recently reported that glycerol can be converted to

synthesis gas at high rates and selectivities at temperatures

from 498 to 620 K according to eqn (1).20

C3O3H8 A 3CO + 4H2 (1)

This glycerol can be derived from fermentation of glucose,21

from hydrogenolysis of sorbitol,22 or as a waste product

from the transesterification of plant oils and animal fats.23

Operation at low temperatures provides the opportunity to

couple this endothermic glycerol conversion with exothermic

Fischer–Tropsch synthesis to produce liquid transportation

fuels via the following integrated process:20

C3O3H8?
7

25
C8H18z

19

25
CO2z

37

25
H2O (2)

This integrated process can potentially improve the

economics of ‘‘green’’ Fischer–Tropsch synthesis by reducing

costs associated with synthesis gas production, for example, by

eliminating the need for an O2-blown auto-thermal reformer

or biomass gasifier.16–20 Also, our process presents the

opportunity for reducing the size of the Fischer–Tropsch

synthesis reactor by producing an undiluted synthesis gas

stream and for eliminating subsequent cleaning steps required

for synthesis gas produced from biomass gasification.16–18,20 A

reduction in capital costs may result in reduced operation

and maintenance costs as well.17 Accordingly, our integrated

process potentially allows for smaller scale Fischer–Tropsch

synthesis plants to produce liquid fuels from biomass, which is

an advantage for distributed biomass resources. In addition,

the low temperature of our glycerol conversion process allows

for potential thermal coupling with the Fischer–Tropsch

synthesis reaction, thereby increasing thermal efficiency.20

Furthermore, the coupling between these processes may lead

to chemical synergies related to the presence of chemical

species from both reactions in the same reactor. For example,

the intermediates produced from glycerol conversion (e.g.,

acetol) can enter the growing hydrocarbon chain on the

Fischer–Tropsch catalyst sites. Fig. 1 shows a process

schematic which illustrates this integrated process as well as

potential end-uses for each of the three product phases. The

gaseous product stream consisting of light alkanes can be

combusted to produce heat and electricity while the oxyge-

nated hydrocarbons in the aqueous phase effluent can be

separated by distillation for use in the chemical industry.

Importantly, the oil phase containing liquid alkanes can be

upgraded to gasoline and diesel fuel.

In this study, we demonstrate the formation of liquid fuels

by the integration of glycerol conversion with Fischer–Tropsch

synthesis. We conduct reaction kinetics studies at different

pressures and glycerol feed concentrations to demonstrate that

glycerol conversion produces synthesis gas suitable for Fischer–

Tropsch synthesis at moderate pressures (e.g., 17 bar) and

using concentrated glycerol feeds (e.g., 80 wt%). Furthermore,

we conduct Fischer–Tropsch synthesis studies to investigate

the effects of water and oxygenated hydrocarbons on the

selectivity and activity of an Ru-based Fischer–Tropsch

synthesis catalyst. Finally, we show that liquid alkanes can

be produced directly from glycerol by conversion to synthesis

gas combined with Fischer–Tropsch synthesis in a two-bed

reactor system.

Experimental

Catalyst preparation and characterization

Glycerol conversion studies were carried out using a Pt–Re/C

catalyst that was prepared by incipient wetness impregnation

of carbon black (Vulcan XC-72) with an aqueous solution of

H2PtCl6?6H2O (Sigma–Aldrich) and HReO4 (Strem Chemicals)

to yield a catalyst with loadings of 5.1 wt% Pt and 4.9 wt%

Re (atomic Pt : Re ratio of 1 : 1). The support was dried in air for

12 h at 373 K prior to impregnation, and 1.7 g of solution was

used per gram of support. The catalyst was dried at 403 K for

12 h in air prior to activation. Several Ru/TiO2 catalysts

(1.0 wt% and 2.9 wt%) were prepared for Fischer–Tropsch

synthesis according to the methods described by Iglesia et al.24

Prior to reaction kinetics studies or gas adsorption

measurements (i.e., CO and O2 chemisorption), the Pt–Re/C

catalyst was reduced at 723 K (ramp rate of 0.5 K min21)

for 2 h in flowing H2 (140 cm3(NTP) min21). The Ru/TiO2

1074 | Green Chem., 2007, 9, 1073–1083 This journal is � The Royal Society of Chemistry 2007
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catalysts were reduced in-situ before reaction kinetics studies

and gas adsorption measurements. The gas hourly space

velocity (GHSV) was calculated for Fischer–Tropsch synthesis

experiments using the total volumetric flowrate of gas (at

standard conditions) to the reactor and a bed density of

0.175 g cm23 (g catalyst per total bed volume) for Ru/TiO2

catalyst diluted with an equal volume of crushed SiO2

granules. The weight hourly space velocity (WHSV) was

calculated for glycerol conversion experiments using the mass

flowrate of glycerol into the reactor and the total mass of

catalyst. The irreversible CO uptake of Pt–Re/C at 300 K was

taken to be the number of catalytic sites (150 mmol g21) and

was measured using a standard gas adsorption apparatus

described elsewhere.25 This number of sites corresponds to

a dispersion (molar CO : total metal ratio) of 29%. The

dispersions of the Ru/TiO2 catalysts were determined by

chemisorption of O2 at 195 K in a static chemisorption

system.26 Table 1 shows the properties of the Ru/TiO2

catalysts, and these results are in agreement with similar

catalysts studied by Iglesia et al.27

Reaction kinetics measurements

The apparatus used to conduct reaction kinetics measurements

for Pt–Re/C is described elsewhere.20 Fresh catalyst was

loaded into a 12.7 mm (0.5 inch) outer diameter tubular

stainless steel reactor with a wall thickness of 0.71 mm

(0.028 inch). The catalyst bed was contained between an end

plug of quartz wool (Alltech) and fused SiO2 granules (24 +

16 mesh; Sigma–Aldrich) which aid in vaporization of the

liquid feed. The Pt–Re/C catalyst powder was mixed with an

equal volume of SiO2 granules to decrease the pressure drop

across the catalyst bed. For experiments that combined

glycerol conversion with Fischer–Tropsch synthesis, a bed of

1.0 wt% Ru/TiO2 was mixed with an equal volume of crushed

SiO2 granules, and this bed was loaded downstream of the

Pt–Re/C bed. The reactor was heated with a furnace consisting

of a close fitting aluminum block heated externally by a well-

insulated furnace (1450 W/115 V, Applied Test Systems series

3210). Type-K thermocouples (Omega) were attached to the

outside of the reactor to measure reactor temperature, which

was controlled with a series 16A type temperature controller

(Dwyer Instruments). Fresh catalyst was reduced in flowing

H2, as described previously. Mass-flow controllers (5850

Brooks Instruments) were used to control the flowrate of H2.

An HPLC pump (Model 301, Alltech) was used to introduce

the aqueous feed solution into a 6 inch needle with a point

5 style tip (Hamilton) soldered into a section of 3.2 mm

(0.125 inch) outer diameter, stainless steel tubing, and this

Fig. 1 Process pathway for production of liquid fuels from biomass by integrated glycerol conversion to synthesis gas and Fischer–Tropsch

synthesis.

Table 1 Properties of Fischer–Tropsch catalysts

Ru loading
(wt%)

BET surface
area/m2 g21

Dispersion
(O : Ru ratio)

Ru site
density/1016 m22

Average pellet
radius/1024 m

Average pore
radiusa /10210 m x/1016 m21b

1.0 15 0.55 217 0.63 210 40
2.9 30 0.36 208 0.63 165 50
a Estimated from BET surface area measurement and values for similar catalysts studied by Iglesia, et al.27 b Calculated as in ref. 27.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1073–1083 | 1075
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needle was positioned upstream of the Pt–Re/C catalyst bed.

The liquid effluent was condensed in a gas-liquid separator

and drained periodically for gas-chromatograph (GC) analysis

(Agilent 6890 with a flame ionization detector (FID) and

HP-Innowax column or Shimadzu GC-2010 with an FID

detector and Rtx-5 column) and total organic carbon analysis

(Shimadzu TOC-V CSH). Each effluent was tested for the

presence of glycerol and other liquid byproducts. For runs that

combined glycerol conversion with Fischer–Tropsch synthesis,

the downstream system lines were heated to 373 K.

The effluent gas stream passed through a back-pressure

regulator (GO Regulator, Model BP-60) which controlled

the system pressure. The effluent gas was analyzed by gas

chromatography: H2 with a Carle GC (series 8700) using a

thermal conductivity detector (TCD), CO and CH4 using an

HP 5890 GC with TCD and washed molecular sieve 5A 80/100

column (Alltech), and CO2 and light alkanes (C2–C3) using an

HP 5890 GC with TCD and a Porapak QS 100/120 column

(Alltech). All feed solutions were prepared by mixing glycerol

(99.5%, ACS reagent, Sigma-Aldrich) with deionized water.

The apparatus used to conduct Fischer–Tropsch synthesis

experiments is similar to the system used for reaction kinetics

measurements of glycerol conversion over Pt–Re/C, except

that the downstream lines from the reactor were heated to

373 K. The 2.9 wt% Ru/TiO2 catalyst was mixed with an equal

volume of crushed SiO2 granules to help dissipate the heat

generated by the exothermic Fischer–Tropsch reaction and

loaded into a 12.7 mm (0.5 inch) outer diameter, stainless steel

tubular reactor. The liquid phase products were collected in a

gas-liquid separator and analyzed by GC (Shimadzu GC-2010

with an FID detector and Rtx-5 column). The effluent gas

stream was analyzed for C1–C10 hydrocarbons with a Varian

GC-MS (Saturn 3) using an FID detector and GS-Q capillary

column. H2, CO, and CO2 were analyzed using an HP 5890

GC with TCD and a Porapak QS 100/120 column (Alltech).

Ultra-high purity CO and H2 (Linde) gases were mixed to give

a synthesis gas feed with H2 : CO # 2, and aqueous solutions

of acetone, acetol, and ethanol were introduced into the

reactor in a similar way as described above for glycerol

conversion experiments.

Results and discussion

Glycerol conversion to synthesis gas

Fischer–Tropsch synthesis is typically operated at pressures

between 5 and 20 bar,18 and it is advantageous to carry out the

conversion of glycerol to synthesis gas at these higher pressures

to reduce compression costs. Accordingly, while our previous

work investigated the performance of Pt–Re/C at atmospheric

pressure,20 in the present work we studied the production of

synthesis gas at a pressure of 8.3 bar at 548 K over 10 wt%

Pt–Re (atomic ratio 1 : 1)/C using a feed solution containing

30 wt% glycerol in water. Fig. 2 shows the conversion to gas

phase products and the CO/CO2 and H2/CO molar ratios for

glycerol conditions at this elevated pressure. The total inlet

flowrate of carbon (as glycerol) for this experiment was

833 mmol min21 (feed flowrate of 0.08 cm3 min21), and the

total conversion of glycerol was 90% (57% to gas phase

products and 33% to liquid phase products). After a period of

60 h, during which the conversion of glycerol to gas-phase

products decreased from 68% to 57%, the catalyst showed

excellent stability for an additional 60 h time on stream. The

gas-phase effluent is comprised of synthesis gas with a H2 : CO

ratio equal to 1.6, which can be adjusted, if necessary, via the

water-gas shift reaction to reach the stoichiometric 2 : 1 ratio

appropriate for Fischer–Tropsch synthesis.20 The balance of

the gaseous products consists of CO2 (CO/CO2 molar ratio

of 6) and light alkanes (C1–C3, with a CO/alkanes carbon ratio

of 10). At 548 K and 5 bar, the gas-phase product distribution

and catalytic stability were similar, and the conversion to

gas-phase products was 80%. The aqueous liquid effluent

contained 15 wt% of oxygenated hydrocarbons (methanol,

ethanol, n-propanol, ethylene glycol, 1,2 propanediol, acetone,

and acetol), and the carbon balance closed to within 10% for

this experiment.

To couple the conversion of glycerol to synthesis gas with

Fischer–Tropsch synthesis in a two-bed reactor system, it is

necessary to expose the down-stream Fischer–Tropsch catalyst

to water vapor from the aqueous glycerol feed. Iglesia et al.

report that small amounts of water can, in fact, improve

the performance of Co-based Fischer–Tropsch catalysts.28

However, the highest water partial pressure in their study

(PH2O
/PCO = 3) was lower than that which results from

conversion of a 30 wt% glycerol feed (PH2O
/PCO = 8). Also, the

studies by Iglesia et al. were conducted at higher total pressure

(20 bar).28 Therefore, it is advantageous to decrease the

concentration of water in our system. Thus, we tested the

Pt–Re/C catalyst for conversion of 50 wt% and 80 wt%

glycerol solutions at pressures between 1 and 11 bar, and

Table 2 shows the conversion to gas phase products as well as

the H2/CO and CO/CO2 molar ratios for these experiments.

The conversion to gas phase products increases with decreas-

ing concentration of glycerol in the feed at constant pressure

and decreases with increasing pressure at constant feed

Fig. 2 Conversion to gas phase products (r), CO/CO2 molar ratio

($), and H2/CO molar ratio (&) for gas-phase processing of 30 wt%

aqueous-glycerol feed at 548 K and 8.3 bar. Conversion to gas phase is

calculated as (carbon atoms in gas phase product stream/total carbon

into reactor as feed) 6 100. Reaction carried out using 0.08 cm3 min21

of feed solution over 520 mg of catalyst (WHSV = 3.0 h21).

1076 | Green Chem., 2007, 9, 1073–1083 This journal is � The Royal Society of Chemistry 2007
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concentration. The water gas shift activity increases at higher

pressures and/or lower feed concentrations because of the

increased partial pressure of H2O, as evidenced by the decrease

in the CO : CO2 ratio. These experiments were carried out at

548 K and pressures above the dew point for 50 wt% and

80 wt% glycerol feed solutions. Each condition tested

showed stable operation for approximately 20 h time on

stream, and there was only a 6% loss in activity after operation

at 11 bar with 80 wt% glycerol feed. The liquid phase

contained oxygenated hydrocarbon products similar to those

for the conversion of a 30 wt% glycerol feed. Table 3 shows

the carbon distributions for the conditions in Table 2. The

primary gaseous carbon product is CO, while the aqueous

liquid phase contains between 6 and 30 wt% oxygenated

hydrocarbons when the conversion to gas phase products is

less than 90%. The total conversion of glycerol was 100% for

each condition.

The selectivity for production of C5+ alkanes by Fischer–

Tropsch synthesis typically increases at higher pressures.

Therefore, we studied the conversion of glycerol to synthesis

gas at 548 K for 11 and 17 bar, to test whether the Pt–Re/C

catalyst would show good stability and selectivity at higher

pressures with incomplete vaporization of the liquid feed. Fig. 3

shows the conversion to gas phase products and the H2/CO

and CO/CO2 molar ratios for 48 h time on stream. Lower

CO/CO2 ratios are observed at these higher pressures (as

compared to glycerol conversion at 5 bar), indicating increased

conversion of CO to CO2 via water-gas shift. Furthermore, the

conversion to gas phase products decreases (from 56% to 40%)

when pressure increases to 11 or 17 bar. Thus, the Fischer–

Tropsch catalyst in a two-bed system operating at 11 bar or

17 bar would be exposed to a large amount of oxygenated

hydrocarbons from the aqueous-liquid effluent of the Pt–Re/C

bed (e.g., more than half of the carbon fed to the Pt–Re/C bed

as glycerol). We note that the catalyst remains stable during

this period of time at both pressures. The liquid phase product

distributions at 11 and 17 bar contained 25 wt% and 29 wt%

oxygenated hydrocarbons (methanol, ethanol, propanol,

acetone, acetol, and propanediols), respectively.

The product distributions for the conversion of aqueous

glycerol solutions at various pressures are consistent with

the reaction scheme proposed by Cortright et al. for

aqueous phase reforming of polyols, which consists of glycerol

adsorption–dehydrogenation, C–C bond cleavage, and desorp-

tion of CO and H2.29 Water-gas shift of adsorbed CO leads to

CO2 production, and cleavage of C–O as opposed to C–C

bonds results in the formation of alkanes and alcohols.29 We

note that the methanol, ethanol, and acetone components in

the aqueous effluent stream from the processing of glycerol are

similar in concentration (5–30 wt%) to the aqueous ethanol

stream produced by fermentation of glucose (e.g., 5 wt%).6

Thus, it may be advantageous to separate these valuable

components from the effluent aqueous stream for use in the

chemical industry (e.g., as fuels or solvents).29

Table 2 Performance of Pt–Re/C for conversion of concentrated
solutions of glycerol in water to synthesis gas at various pressures.
Reaction carried out over 1.0 g of catalyst at 548 K using
y0.04 cm3 min21 of feed (WHSV between 1.4 and 1.7 h21).
Conversion to gas phase products calculated as in Fig. 2

Feed
concentration
(wt%) Pressure/bar H2/CO CO/CO2

Conversion
to gas phase
products (%)

80 1 1.4 23 86
50 1 1.6 11 96
80 5 1.2 13 56
50 5 1.5 7.8 76
80 11 1.0 5.0 44
50 11 1.4 2.7 55

Table 3 Carbon distribution for conversion of 50 wt% and 80 wt% solutions of glycerol in water to synthesis gas over Pt–Re/C at 548 K and
various pressures. Reaction conditions as in Table 2

Feed concentration
(wt%) Pressure/bar

Total Cin/
mmol min21

Total Cout

gas/mmol min21
Mol% CO in
gas productsa

Total Cout liquidb /
mmol min21

wt% oxygenates in
aqueous effluentc

Error in C
balance (%)

80 1 946 816 89 52 6.6 8
50 1 737 708 87 23 2.3 0.8
80 5 914 515 80 431 24 4
50 5 700 533 80 128 6.3 6
80 11 946 417 67 552 30 2
50 11 663 368 58 352 17 9
a Calculated as FCO/Ftotal 6 100, where FCO is the molar flowrate of carbon as CO and Ftotal is the total molar flowrate of carbon in gas
products. b Determined by total organic carbon analysis of liquid effluent. c Calculated as total mass of methanol, ethanol, acetone, acetol, and
propanediols per total mass of aqueous effluent.

Fig. 3 Conversion to gas phase products (squares), CO/CO2 molar

ratio (circles), and H2/CO molar ratio (triangles) for gas-phase

processing of 80 wt% aqueous-glycerol feed at 548 K and 11 bar

(closed symbols) and 17 bar (open symbols). Conversion to gas phase

products calculated as in Fig. 2.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1073–1083 | 1077
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Fischer–Tropsch synthesis

To achieve energy integration between the endothermic

conversion of glycerol to synthesis gas and the exothermic

conversion of synthesis gas to liquid alkanes, the temperature

for the Fischer–Tropsch synthesis step must be comparable

to (or higher than) that employed in the glycerol conversion

step.20 Also, the pressures at which both reactions are

conducted must be similar to minimize compression costs.

Furthermore, if the synthesis gas from the glycerol conversion

step is fed directly to the Fischer–Tropsch catalyst, then this

catalyst will be exposed to water and oxygenated hydrocarbon

byproducts. Therefore, we conducted Fischer–Tropsch

synthesis experiments at 548 K and a pressure of synthesis

gas (H2 : CO = 2) equal to 5 bar over 4 g of 2.9 wt% Ru/TiO2

catalyst. In these experiments, the feed to the reactor was

150 cm3 min21 of dry synthesis gas with co-feeds of water or

aqueous solutions of acetol, ethanol, or acetone (the most

abundant liquid phase products from glycerol conversion) to

simulate the conditions of a two-bed reactor system processing

an 80 wt% glycerol feed at 5 bar. We used a Ru-based Fischer–

Tropsch catalyst, because a Co-based catalyst showed low

activity during initial experiments, and Ru is a more active

Fischer–Tropsch catalyst.30 Additionally, the formation of

inactive oxides at high partial pressures of water can cause

Co-based Fischer–Tropsch catalysts to deactivate.18

Table 4 lists the conversion of CO, activity (as defined by

the site time yield), and selectivities to CH4, C2–C4, and C5+

hydrocarbons for these Fischer–Tropsch synthesis experi-

ments. The conversion of CO is about 50% for Fischer–

Tropsch synthesis with dry synthesis gas. The addition of

water to the synthesis gas feed has a negligible effect. In

particular, the conversion of CO, the activity, and the selec-

tivities are similar to the values measured for the experiment

using dry synthesis gas. The CO conversion and the catalytic

activity both decrease with the addition of oxygenated hydro-

carbons to the synthesis gas. It is possible that adsorbed

species from these molecules inhibit the Fischer–Tropsch

reaction by blocking Ru sites for CO and H2 adsorption.

The selectivity to C5+ hydrocarbons increases slightly (from

0.30 to 0.38) with the addition of ethanol and acetone to the

synthesis gas, while the value of SCH4
remains unchanged and

the value of SC2–C4 decreases slightly. However, upon the

addition of acetol to the synthesis gas, the C5+ selectivity

increases by a factor of two. This result indicates that acetol

participates in Fischer–Tropsch chain growth. Indeed, acetol

was the only oxygenated feed molecule to react upon addition

to the synthesis gas stream during Fischer–Tropsch reaction.

Specifically, while more than 90% of the ethanol and acetone

feed molecules were recovered in the gaseous and aqueous

liquid effluents, all of the acetol feed was converted to

products, with 30% being converted to acetone, methanol,

and ethanol in the aqueous product phase and 20% being

converted to oxygenated species in the organic product phase

(acetone, pentanones, hexanones, and heptanones). Another

10% of the acetol feed was converted to gaseous acetone.

Therefore, 40% of the carbon fed to the reactor as acetol

possibly entered into Fischer–Tropsch chain growth and was

converted into liquid hydrocarbons.

The total carbon selectivities (Table 5) for these Fischer–

Tropsch synthesis experiments exhibit similar trends as the

Fischer–Tropsch selectivities in Table 4. The selectivities in

Table 5 are based on the total amount of carbon in all of the

products (i.e., Fischer–Tropsch products as well as CO2

and oxygenated hydrocarbons in the organic and aqueous

liquid effluents). The addition of water to the synthesis

gas feed increases the selectivity to CO2 at the expense of

Table 4 Results of Fischer–Tropsch synthesis over 4 g of 2.9 wt% Ru/TiO2 at 548 K. Reaction carried out using y150 cm3 min21 synthesis gas
(H2 : CO = 2)

Oxygenated feed
molecule PCO/bar PH2

/bar PH2O
/bar Poxygenate/bar

Total
P/bar GHSVa /h21

XCO
b

(%)
Site time
yieldc /min21 SC5+

d,e SCH4
SC2–C4 aC3–C10

f aC11–C30
g

— 1.7 3.3 — — 5 410 53 2.7 0.30 0.39 0.29 0.61 0.85
Water 1.7 3.5 2.9 — 8.1 630 55 2.8 0.32 0.41 0.29 0.61 0.84
Acetol–Water 1.8 3.5 2.6 0.2 8.1 630 30 1.5 0.60 0.24 0.17 0.80 0.79
Ethanol–Water 1.9 3.7 2.2 0.3 8.1 590 32 1.7 0.38 0.39 0.23 0.68 0.82
Acetone–Water 1.9 3.8 2.1 0.3 8.1 570 26 1.4 0.37 0.41 0.23 0.65 0.85
a Calculated as total volumetric flowrate into the reactor divided by total volume of the catalyst bed.27 b Conversion of CO is calculated as
[(FCO)In 2 (FCO)Out/(FCO)In] 6 100, where F is the molar flowrate. c Defined as in ref. 27. d Selectivities calculated as SCnHx

= nFCnHx
/Ftotal,

where n is the number of carbons in the hydrocarbon product CnHx, FCnHx
is the molar flowrate of product CnHx, and Ftotal is the total molar

flowrate of carbon in all Fischer–Tropsch hydrocarbon products. e Selectivities calculated on a CO2 and oxygenated hydrocarbon free basis.
f ASF chain growth probability for alkanes in the C3–C10 range. g ASF chain growth probability for alkanes in the C11–C30 range.

Table 5 Total carbon selectivities for experiments in Table 4. Selectivities calculated as Si = Fi/Ftotal, where Fi is the total flowrate of carbon in
product i, and Ftotal is the total flowrate of carbon in all of the products

Oxygenated feed molecule SCH4
SC2–C4 SC5+ SCO2

Soxy aqueousa Soxy organicb

— 0.35 0.27 0.29 0.09 — —
Water 0.32 0.23 0.23 0.23 — —
Acetol–Waterc 0.16 0.11 0.40 0.05 0.16 0.06
Ethanol–Water 0.35 0.21 0.34 0.10 — —
Acetone–Water 0.35 0.20 0.32 0.11 0.02 0.01
a Oxygenated hydrocarbon products (acetone, ethanol, and methanol) in aqueous liquid effluent. b Oxygenated hydrocarbon products (acetone,
butanones, pentanones, hexanones, and heptanones) in organic liquid effluent. c Sgaseous acetone is 0.06.
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Fischer–Tropsch alkanes (C1–C5+), most likely by an increase

in the rate of water-gas shift. We note that the CO2 selectivity

for aqueous co-feeds of oxygenated molecules is similar to the

value observed for the dry synthesis gas feed, even though the

partial pressure of water is similar to that when water alone is

co-fed. This result is possibly due to the lower activity of

Ru/TiO2 caused by site blocking, as explained previously. The

selectivities in Table 5 show that the addition of aqueous

solutions of ethanol or acetone to synthesis gas has a negligible

effect on the product distribution, in agreement with the

Fischer–Tropsch selectivities in Table 4. There is a slight

increase in the value of SC5+ and a corresponding decrease in

the value of SC2–C4, while SCH4
is unchanged with the addition

of ethanol and acetone to the synthesis gas feed. However,

these total carbon selectivities confirm that the addition of

acetol to the synthesis gas leads to a shift from light alkane

products to heavier products. Light alkanes (C1–C4) account

for more than 50% of the total carbon in the products for the

dry synthesis gas experiment as well as experiments with water,

ethanol, and acetone co-feeds. However, about 50% of the

carbon in the products from the acetol co-feed experiment was

contained in the C5+ hydrocarbons and oxygenated hydro-

carbons in the organic liquid effluent. This increase in heavier

products is accompanied by a more than two-fold decrease in

selectivity to light alkanes. We note that the aqueous effluent

from the acetol co-feed experiment is 6 wt% acetone, ethanol,

and methanol, a solution suitable for further distillation.

In general, the product distribution of Fischer–Tropsch

synthesis can be described by the Anderson–Schulz–Flory

(ASF) chain growth model:

Wn

n
~an{1 1{að Þ2 (3)

where n is the hydrocarbon chain length, Wn is the weight

fraction of hydrocarbon products of length n, and a is the

chain growth probability.18,31 Eqn (3) assumes that chain

growth probability is independent of n, and a semi-log plot of

eqn (3) gives a straight line with a slope of a.18,31 However, the

selectivity (and activity) of Fischer–Tropsch catalysts can be

affected by transport limitations within the catalyst pellets,

such that a becomes dependent on chain length.27,28,31 An

increase in Ru site density or pellet radius leads to an increase

in the C5+ selectivity caused by diffusion-enhanced read-

sorption of a-olefins, which inhibits chain termination.31

However, these diffusional limitations can become sufficiently

severe that they inhibit CO diffusion within the pellet, resulting

in a decrease in C5+ selectivity.31 Iglesia et al. define a struc-

tural parameter (x) to indicate the extent of these diffusion

restrictions within a catalyst, and this parameter is dependent

on catalyst pellet radius, pore size distribution, and the

volumetric density of surface Ru atoms.31

For the 2.9 wt% Ru/TiO2 catalyst used in this paper, the

value of x is estimated to be 50 6 1016 m21. This value is in

agreement with values determined by Iglesia et al. for TiO2-

supported Ru catalysts,27 and it lies in the intermediate range,

suggesting that transport limitations promote readsorption of

a-olefins but do not slow the diffusion of reactants into the

catalyst pellets.31 Indeed, catalysts with intermediate values

of x lead to optimum C5+ selectivity.27,28,31 Furthermore,

readsorption of olefins leads to deviation from ASF chain

growth kinetics. As a hydrocarbon chain increases in length,

diffusion through the catalyst pores becomes more difficult

and the possibility for readsorption increases.27,28,31 This effect

increases the chain growth probability for longer hydrocarbon

chains and results in curvature in the semi-log plot of the

molecular weight distribution.27,28,31 Fig. 4 shows semi-log

plots for the five Fischer–Tropsch runs in Table 4, and these

distributions begin to deviate from ASF kinetics at C10–C15, in

agreement with studies by Iglesia et al.27,28,31 The deviation in

the molecular weight distribution in the C6–C12 range for the

experiment employing acetol co-feed is caused by increased

formation of C6–C12 hydrocarbons from acetol entering into

Fischer–Tropsch chain growth. Table 4 also shows values of a

for the C3–C10 and C11–C30 hydrocarbon ranges. The values of

a for C11–C30 are larger than those for C3–C10 for the dry

synthesis gas experiment and the experiments with water,

ethanol, and acetone co-feeds. Conversely, the two a values for

the acetol co-feed experiment are similar, resulting from an

increase in the formation of C6–C12 alkanes during this run.

We note that the olefin to paraffin ratios were low, consistent

with the long bed residence times used in these studies (6–9 s).27

Glycerol conversion combined with Fischer–Tropsch synthesis

Following our studies of glycerol conversion to synthesis gas

and our studies of Fischer–Tropsch synthesis using synthesis

gas streams containing water and oxygenated hydrocarbons

(ethanol, acetone, acetol), we investigated the formation of

liquid alkanes by the integration of glycerol conversion with

Fischer–Tropsch synthesis. These experiments employed a

two-bed catalyst system using 1.0 g of 10 wt% Pt–Re (1 : 1)/C

followed by 1.7 g of 1.0 wt% Ru/TiO2, with an 80 wt% glycerol

feed at 548 K and total pressures between 5 and 17 bar.

Table 6(A) shows the selectivities to C5+, CH4, and C2–C4

alkanes for each of the combined experiments based solely

on the alkane products from Fischer–Tropsch synthesis

(i.e., with the C1–C3 alkanes produced by the Pt–Re/C catalyst

excluded). The selectivity for production of C5+ alkanes

by Fischer–Tropsch synthesis typically increases at higher

Fig. 4 Molecular weight distributions for dry synthesis gas (&),

and water (r), acetone ($), ethanol (m), and acetol (.) co-feeds.

Experimental conditions as in Table 4.
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pressures, and the results for the two-bed reactor system obey

this trend. An increase in pressure from 5 to 11 bar results in

an increase in the selectivity to C5+ hydrocarbons from 0.63 to

0.75; however, a further increase in pressure to 17 bar produces

only a slight decrease in SC5+ to 0.70. Importantly, the

selectivity to C5+ hydrocarbons is almost three times higher

than the total selectivity to CH4 and C2–C4 at 11 and 17 bar.

Furthermore, the value of SC5+ for the combined run at 5 bar

is similar to the Fischer–Tropsch experiment with an acetol

co-feed. This result indicates the participation of acetol in

Fischer–Tropsch chain growth, thus increasing the selectivity

to longer-chain hydrocarbons. Based on the production of CO

from the glycerol conversion experiments discussed previously,

the average conversion of CO across the Ru/TiO2 bed was 28%

and 42% for 5 and 11 bar, respectively, and the site time yield

was 1.3 min21 at both pressures. An increase in pressure to

17 bar results in an increase in the activity of the Fischer–

Tropsch catalyst indicated by a higher average site-time yield

(2.5 min21) and average conversion of CO (94%).

Table 6(B) shows the total carbon selectivities based on the

total amount of carbon in all of the products. At 5 bar, the

primary product from glycerol conversion was CO, with only

32% of the carbon being converted to alkanes; however,

increasing the pressure to 11 and 17 bar shifts the carbon

distribution toward C1–C5+ alkanes (i.e., SAlkanes increases to

42% and 51% at 11 bar and 17 bar, respectively). Also, the

amount of carbon as oxygenates in the organic liquid effluent

(acetone, pentanones, hexanones, and heptanones) increases

by a factor of 5 with increasing pressure. This appearance of

oxygenates in the organic liquid is similar to the Fischer–

Tropsch experiment with an acetol co-feed described pre-

viously, and it further indicates the synergistic effects of acetol

in the Fischer–Tropsch reaction. At 17 bar, the amount of

carbon leaving the reactor as CO decreases by more than an

order of magnitude, and the selectivity to alkanes increases

compared to the run at 11 bar. However, the selectivity to C5+

alkanes slightly decreases. This behavior results from both

increased water-gas shift activity (indicated by higher SCO2
) as

well as an increase in the rate of Fischer–Tropsch synthesis

at higher pressures (as mentioned previously). The carbon

distribution is shifted toward lighter alkane products (i.e.,

increase in SAlkanes without a corresponding increase in SC5+).

Table 7 shows the percentage of carbon contained in the

three products phases: gaseous (CO, CO2, and C1–C9 alkanes),

organic liquid (C5+ alkanes, acetone, pentanones, hexanones,

and heptanones), and aqueous liquid (acetone, methanol, and

ethanol). We note that the percentage of carbon in the organic

liquid-phase product was 43% at 17 bar, 35% at 11 bar, and

15% at 5 bar, with the percentage of carbon in gaseous

products decreasing from 71% at 5 bar to approximately 50%

at 11 and 17 bar. At 5 and 11 bar, 14% of the carbon is

contained as oxygenated species in the aqueous effluent, and at

17 bar, this value slightly decreases to 10%. These aqueous

liquid effluents contain between 5 wt% and 15 wt% methanol,

ethanol, and acetone and are suitable for further distillation.

The value of x for the 1.0 wt% Ru/TiO2 catalyst used in all

the combined experiments was 40 6 1016 m21, in agreement

with results from Iglesia et al.27 Fig. 5 shows the product

molecular weight distributions for these experiments that

combined glycerol conversion with Fischer–Tropsch synthesis,

and these distributions exhibit similar deviations from ASF

kinetics as the Fischer–Tropsch experiments described in the

previous section, indicating a-olefin readsorption effects. The

intermediate value of x for this Ru/TiO2 catalyst allows

for optimum C5+ selectivity. Values of a for the C3–C10 and

Table 6 Results from experiments for glycerol conversion combined
with Fischer–Tropsch synthesis. (A) Selectivities to C5+, CH4, and
C2–C4 hydrocarbons over Ru/TiO2, calculated as in Table 4. (B) Total
carbon selectivities, calculated as Si = Fi/Ftotal 6 100, where Fi is the
total flowrate of carbon in product i, and Ftotal is the total flowrate of
carbon in all of the products. Reactions carried out at 548 K using
y0.04 cm3 min21 of 80 wt% glycerol feed (WHSV of glycerol over
Pt–Re/C = 1.7 h21)

(A) Ptot/bar SC5+ SCH4
SC2–C4 aC3–C10

a aC11–C30
b

5 0.63 0.15 0.21 0.85 0.75
11 0.75 0.10 0.15 0.92 0.75
17 0.70 0.12 0.18 0.92 0.71

(B) Ptot/bar
SAlkanes

(%)
SCO2

(%)
SCO

c

(%)
Sorg–oxy

d

(%)
Saqu–oxy

e

(%)

5 31.9 15.2 37.3 1.7 13.9
11 44.1 16.5 17.5 7.4 14.6
17 55.2 23.1 1.3 9.1 11.2

a ASF chain growth probability for alkanes in the C3–C10 range.
b ASF chain growth probability for alkanes in the C11–C30 range.
c CO from glycerol. d Oxygenated hydrocarbon products (acetone,
butanones, pentanones, hexanones, and heptanones) in organic
liquid effluent. e Oxygenated hydrocarbon products (acetone,
ethanol, and methanol) in aqueous liquid effluent.

Table 7 Percentage of carbon contained in each product phase for
experiments in Table 6 of glycerol conversion combined with Fischer–
Tropsch synthesis

Ptot/bar Gaseousa Organic liquidb Aqueous liquidc

5 71.6 14.6 13.9
11 54.3 31.1 14.6
17 50.5 38.2 11.2
a CO, CO2, and C1–C9 alkanes. b C5+ alkanes, acetone, butanones,
pentanones, hexanones, and heptanones. c Methanol, ethanol,
acetone, and n-propanol.

Fig. 5 Molecular weight distributions for combined glycerol conver-

sion with Fischer–Tropsch synthesis experiments at 548 K and 5 bar

(&), 11 bar ($), and 17 bar (m). Experimental conditions as in Table 6.
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C11–C30 hydrocarbon ranges are also shown in Table 6A. The

values in the C3–C10 range are high, most likely caused by

the participation of oxygenates (acetol) in Fischer–Tropsch

chain growth, increasing the production of C6–C12 species.

This result is similar to the acetol co-feed experiment in

Table 4.

The C5+ selectivity, selectivity to pentanones, hexanones,

and heptanones in the organic liquid, and the conversion of

CO for combined glycerol conversion with Fischer–Tropsch

synthesis at 11 and 17 bar are all higher than those at 5 bar,

despite the fact that synthesis gas production from glycerol is

decreased at these elevated pressures. These results indicate

that the more favorable Fischer–Tropsch conditions (i.e.,

higher pressure) are more important to the integrated process

than the synthesis gas production rate. Also, the H2/CO ratio

varies between 1.0 and 1.5 for the conversion of glycerol to

synthesis gas at pressures between 5 and 17 bar. However, the

integrated runs at these pressures show good selectivities to

C5+ hydrocarbons. These results show that synthesis gas with a

stoichiometric H2/CO ratio of 2 : 1 is not essential to the

production of liquid alkanes via our integrated process.

Furthermore, the Ru/TiO2 catalyst is exposed to increasing

amounts of oxygenated hydrocarbon byproducts at 11 and

17 bar; however, the selectivity to oxygenates in the aqueous

liquid effluent at these pressures is similar to or lower than that

of the aqueous effluent at 5 bar. This result indicates that the

oxygenated hydrocarbon byproducts from glycerol react over

the Ru/TiO2 bed, most likely by entering into Fischer–Tropsch

chain growth. Because the aqueous product distribution

contains a wide array of oxygenated species, it is likely that

other byproducts with similar functionality as acetol (e.g.,

polyols, secondary alcohols, and hydroxyl-ketones) have a

similar synergistic effect on Fischer–Tropsch synthesis.

Importantly, these experiments demonstrate that liquid

alkanes can be produced directly from glycerol in a two-bed

reactor system using an integrated process.

Potential industrial application

The integrated process presented in this paper has the potential

to improve the economics of ‘‘green’’ Fischer–Tropsch

synthesis. For example, previous studies investigating the

optimum design of large scale ‘‘green’’ Fischer–Tropsch

plants conclude that synthesis gas production and cleanup

are critical steps in the entire process and have significant

effects on the economics of producing liquid alkanes from

biomass.16,17 Studies by Hamelinck et al. and Tijmensen et al.

show that capital costs account for more than 50% of the

total costs of producing liquid alkanes from ‘‘green’’

Fischer–Tropsch synthesis, and of these capital costs

nearly 50% result from biomass gasification (18–25%), oxygen

production (12–15%) and synthesis gas processing and

cleaning (10–18%).16,17

Typical gasifiers suitable for conventional ‘‘green’’ Fischer-

Trospch processes are circulated fluidized bed designs that can

operate over a wide range of conditions.16,17 For example,

these gasifiers operate from atmospheric pressure to 30 bar

using air or O2 with exit temperatures of 1100–1240 K.17 The

major disadvantage of an air-blown gasifier operating at

atmospheric pressure is the increased cost for larger down-

stream equipment necessary to handle the synthesis gas diluted

with N2.16,17 Furthermore, dilution of synthesis gas with N2

has negative effects on the C5+ selectivity.17 Pressurized

gasifiers are more costly at small scale and are more difficult

to maintain,17 and the air separation plant required for

O2-blown gasifiers is expensive, especially at small scales.16,17

Another disadvantage of conventional biomass gasifiers is that

the synthesis gas stream often contains contaminants (e.g.,

HCN, NH3, H2S, COS, and HCl among others)17 that must be

removed to concentrations lower than 10–20 ppb each, with

some requiring complete removal.17 Typically, gas cleaning

trains are comprised of five to seven different cleaning steps

(e.g., tar cracker, cyclone separator, bag filters, wet and/or dry

scrubbers, and ZnO guard beds).16,17 The integrated process

presented in the present paper is advantageous over these

conventional synthesis gas production methods in that our

process produces an undiluted synthesis stream at the tempera-

ture, pressure, and purity appropriate for Fischer–Tropsch

synthesis. In addition, our integrated process is advantageous

over conventional gasifiers in that our process can produce

synthesis gas with varying H2/CO compositions, thus eliminat-

ing the need for a water-gas shift reactor and allowing for

the use of Fischer–Trospch catalysts that operate at different

H2/CO ratios.32–34 Thus, capital costs and operating expenses

can be reduced (by close to 50%) by eliminating the need for a

biomass gasifier, large downstream equipment, and synthesis

gas cleaning steps.

In addition to potential economic improvements, the

different product streams of our integrated process each have

potential end-uses, as illustrated in Fig. 1. In an industrial

application, the gaseous product stream would contain

primarily gaseous alkanes in the C1–C2 range; however, some

process studies show that recovering the C3–C4 fractions from

the gas stream is energy consuming and not economical.16

Also, the gaseous products would contain unconverted H2 and

CO with some CO2. The most likely use for the gas alkanes in

our process would be combustion to produce process heat and

electricity (Fig. 1) with some of the unconverted H2 and CO

being recycled to the Fischer–Tropsch bed. However, these

gaseous alkanes could be reformed to synthesis gas and

recycled to the Fischer–Tropsch bed as well.16 The organic

liquid phase product contains primarily liquid hydrocarbons

with a small amount of oxygenates (acetone, butanone,

pentanone, hexanone, and heptanone). In some applications,

the oxygenates could be hydrogenated to alcohols, which are

excellent fuel additives. Alternatively, the oxygenates in the

organic liquid could undergo hydrodeoxygenation to remove

the oxygen and form saturated hydrocarbons.35 If diesel fuel is

the desired product, the C5–C9 fraction would be separated,

and the waxy C10+ fraction would be hydrocracked to naptha,

kerosene, and diesel.16,17 The aqueous liquid product stream

contains oxygenated hydrocarbons (e.g., ethanol, methanol,

and acetone) at concentrations between 5–15 wt%. This

aqueous solution is suitable for distillation with the oxyge-

nated hydrocarbons either being recycled for further conver-

sion to synthesis gas or being used as intermediates or

solvents in the chemical industry. However, this aqueous

solution could be converted to H2 by aqueous phase

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1073–1083 | 1081

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
2 

Ju
ne

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
44

76
C

View Online

http://dx.doi.org/10.1039/B704476C


reforming29 or upgraded to transportation fuels via selective

dehydration/hydrogenation.36,37

Conclusions

The production of synthesis gas from glycerol coupled with the

conversion of synthesis gas to produce liquid fuels by Fischer–

Tropsch synthesis is a net exothermic process with a heat of

reaction that is 4% of the lower heating value of glycerol.20

We show that conversion of glycerol over a Pt–Re/C catalyst

produces a synthesis gas stream that is suitable for Fischer–

Tropsch synthesis over a wide range of glycerol feed

concentrations and at pressures up to 17 bar where incomplete

vaporization of the glycerol feed occurs. Also, we have

demonstrated that the oxygenated hydrocarbon byproducts

in the synthesis gas stream from glycerol conversion (e.g.,

ethanol, acetone, acetol) have positive effects on the Fischer–

Tropsch synthesis step. In particular, water, ethanol and

acetone have slightly positive effects, such as slightly increasing

the selectivity to C5+ hydrocarbons (SC5+); and, acetol can

participate in Fischer–Tropsch chain growth, forming penta-

nones, hexanones, and heptanones in the liquid organic

effluent stream. This synergistic participation of acetol (and,

possibly, other oxygenates) in Fischer–Tropsch chain growth

has beneficial effects with respect to integration of glycerol

conversion with Fischer–Tropsch synthesis in a two-bed

system, such as (i) eliminating the need to condense water

and oxygenated hydrocarbon byproducts between the catalyst

beds, (ii) allowing for operation at higher pressures (i.e., 17 bar)

where synthesis gas production over Pt–Re/C is decreased and

the production of liquid byproducts is increased, and (iii)

causing an increase in the selectivity to C5+ hydrocarbons.

Accordingly, glycerol conversion and Fischer–Tropsch syn-

thesis can be carried out effectively (and perhaps synergisti-

cally) at the same conditions and in a two-bed reactor system,

allowing the coupling between glycerol conversion and

Fischer–Tropsch synthesis to be used for the production of

liquid fuels from aqueous-glycerol solutions.

The integrated process presented in this paper is a simple,

two step catalytic process that can be carried out at low

temperature and moderate pressure and can effectively harness

the energy from a renewable resource. Importantly, our

process minimizes the amount of waste byproducts since

each product phase is useful (Fig. 1). Therefore, this ‘‘green’’

process represents an energy efficient alternative for producing

liquid transportation fuels from petroleum. Furthermore, it

presents the opportunity for improving the economic viability

of ‘‘green’’ Fischer–Tropsch synthesis by reducing costs

associated with synthesis gas production and by improving

the thermal efficiency of Fischer–Tropsch processes.
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To date the manufacturing of ionic liquids on a large scale is limited by ineffective batch

procedures employed for the alkylation step. Here we present a way to intensify the synthesis of

1-butyl-3-methylimidazolium bromide ([BMIM]Br) by using a continuously operating micro-

reactor system. It consists of a microstructured mixer of 450 mm channel width and reaction tubes

with inner diameter ranging from 2 to 6 mm allowing a production rate of 9.3 kg [BMIM]Br per

day. In this reactor system the strongly exothermic alkylation can be thermally controlled even at

elevated temperatures leading to high reaction rates in a solvent-free modus. Inspite of

temperatures up to 85 uC the product purity achieved was above 99%. The degree of process

intensification achieved results in a more than twentyfold increase of the space–time–yield

compared to a conventional batch process. The measured conversion data could be modelled

successfully using a second order reaction kinetic. With the generated kinetic parameters the time

course of temperature and conversion was also simulated for batch synthesis. Based on these data

the performance of the continuous micro-reactor and the conventional batch process was

compared. The simulation shows the potential of process intensification as an improvement of

space–time–yield in the range of two orders of magnitude.

1 Introduction

In general, ionic liquids are considered as green chemicals

mainly because of their low vapour pressure which makes them

attractive for green manufacturing processes. However, it has

already been shown that despite the mentioned advantage of

this group of compounds, there are also other hazardous risks

like ecotoxicity which have to be taken into account for any

assessment of chemical entities.1 This means that a distinction

has to be made between the species instead of just talking

about the greenness of ionic liquids in general. Furthermore,

for an assessment to be carried out, both processes involved,

i.e., the application as well as the manufacturing processes,

have to be considered.

As it is known from the field of life cycle assessment, there

are several factors which have a significant impact on the

manufacturing process. Among them are the level of risk to

operators and the neighbouring community, product yield

and purity in addition to the residence time, which are all

influenced by the size scale of the reactors employed. Micro-

reactors have been demonstrated to show altered yield and

selectivity as compared with conventional batch reactors

through exploitation of the smallest scales.2 Recently, it could

be shown by one of the authors that despite laminar flow

conditions, short diffusion lengths are achievable in micro-

structured mixers,3 which, together with small distances for

heat transfer, can be considered as the main reason for the

process intensification potential in microreaction engineering.

Currently, the most widely used starting material for

imidazolium-based ionic liquids are imidazolium halides

(mostly bromides and chlorides) that are generally produced

in batches as it is typically the case for ionic liquid synthesis.4–7

For most of the exothermic reaction schemes, bench top

glassware is limited in volume and temperature due to safety

reasons and product quality demand. Furthermore, a solvent

like 1,1,1-trichloromethane or THF is sometimes applied to

dilute the reactants and thus keep the reactions under control.8,9

Both problems can be avoided by using micro-reactors.

They offer the possibility of applying higher cooling tempera-

tures due to high surface to volume ratios and short diffusion

lengths and, by this means, enhance the reaction in terms of

space–time–yield (STY). The second consequence of this is the

advantage of allowing the alkylation to be performed in a

solvent-free modus.

The aim of this study is to evaluate these projected advant-

ages obtained through using a micro-reactor system consisting

of a piston pump, a vortex mixer and a reaction tube.

In contrast to a conventional batch synthesis, it will be

shown from the investigation whether the possible increase

in cooling temperature could improve the STY of the

alkylation significantly at given product quality constraints

without the risk of a runaway of temperature and, con-

sequently, system pressure.

2 Materials and methods

As a representative of the reactions of interest, the butylation

of methylimidazole, an example of a strongly exothermic
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alkylation, was chosen. The formation of 1-butyl-3-methyl-

imidazolium bromide ([BMIM]Br) by reaction of 1-methyl-

imidazole (MeIm) and 1-bromobutane (BrBu) with a reaction

enthalpy of 296 kJ mol21 can be described as shown in

Scheme 1.

The reactants used for the synthesis of [BMIM]Br, MeIm

and BrBu, are of .99% purity, purchased from Acros

Organics. As a reference for comparison, [BMIM]Br was

obtained from Merck KG.

The experimental set-up is illustrated in Fig. 1. It consists of

two pumps (3), a vortex-type micro-mixer of 450 mm channel

width (4) and a reaction tube with a total volume of 306 mL

(5). The reaction tube is divided into four sections each of 6 m

length. In order to ensure sufficient heat transfer based on the

local surface area to volume ratio, the diameter of the tube in

the first section, 2 mm, is smallest. This increases in sections

two, three and four to 3 mm, 4 mm and 6 mm, respectively.

The entire system is made of either stainless steel or glass with

PTFE applied as sealant.

The two pumps (3) draw the reactants from the storage

tanks (1) separately. In the tubing, a 7 mm mesh filter (2) is

installed to prevent any particles from entering the pumps and

the reaction line. The two liquid streams are then fed into the

vortex-type micro-mixer ((4) in Fig. 1 and Fig. 2) where the

reaction is initiated. After the mixing unit, the liquid enters

the temperature regulated section of the reaction tube (5).

After each section of the reaction tube, sample valves (6) are

installed. The cooling/heating medium is water which circu-

lates through the vessels and the thermostat (7) controls the

temperature of the liquid stream to the defined value. To

ensure isothermal conditions of the reaction tube, temperature

gauges are installed in the cooling medium between the

tempered sections (8). For measuring the inner temperature

of the reaction tube a glass fibre with a bragg grating is applied

(10). The measuring principle, which is described elsewhere,10

is based on a change of the refractive index by heat expansion

of the fibre core. In order to receive a temperature profile

the fibre was located at different axial positions. For the

monitoring of the reaction pressure, gauges (9) are installed in

the reaction tube.

In this investigation IC-pumps were used although they

are known for a residual pulsation to be detrimental to the

effectiveness of the micro-mixer. Nonetheless, the pulsation

effect was negligible with an analogous mixer set-up (1–4) as

reported elsewhere.3 In the experiments the total volume flow

Scheme 1

Fig. 1 Experimental set-up of the micro-reactor system for the continuous alkylation.

Fig. 2 Top view of the vortex-type micro-mixer (a) and side view of

the working principle (b).

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1084–1090 | 1085
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was constant at 480 mL h21 with a molar ratio of BrBu

and MeIm of 1.2. In three experiments the temperature was

maintained at 65, 75 and 85 uC. During the experiments we

could observe a gauge pressure of up to 1 bar decreasing in

flow direction.

Samples of approx. 5 mL are taken which are instantly

quenched at T = 220 uC, diluted and stored in 40 mL

acetonitrile. For the determination of the conversion a HPLC-

system of VWR-Hitachi was used in combination with a

column from Waters (Atlantis HILIC Silica 5 mm, 4.6 6
150 mm). The concentration of [BMIM] and MeIm was

determined using UV-absorption at 210 nm.

The final products were stored at 20 uC in closed glass

bottles. For purity analysis, 1 g samples of these substances

were treated for 30 min in a rotary evaporator operating at

50 uC and a pressure of 10 mbar. The product quality was then

checked by NMR-analysis measuring the 1H spectrum on a

Bruker 200 MHz spectrometer using CDCl3 with tetramethyl-

silane as the reference and by HPLC (HP Agilent 1100 series,

column: Monochrome MS from Varian, RP18 5 mm, 3 6
150 mm) with a variable wavelength detector and a mass

spectrometer (ESQUIRE-LC, ESI-Iontrap from Bruker). The

eluent flow during HPLC measurements was 0.5 mL min21

and consisted of 70% acetonitrile and 30% 5 mmol L21

solution of ammonium acetate in 0.1 wt% acetic acid. Finally,

the concentrations were determined again using UV-absorp-

tion at 210 nm.

3 Modelling

The theoretical model used to simulate the reaction is based

on reaction kinetic, mass and compound balances in

addition to heat transfer. Contrary to the model suggested

by Große Böwing and Jess4 but in accordance with the

findings of Gainza11 we assume that the reaction rate, r, can

satisfactorily be described by a second order reaction kinetic

of the form,

r~Ae
{Ea
RTð ÞcMeImcBrBu (1)

where R is the gas constant (J mol21 K21), T the temperature

(K), c the concentration (mol L21), A the frequency factor

(L mol21 s21) and Ea the energy of activation (J mol21). The

last two parameters were determined using the Arrhenius

equation that describes the temperature dependency of the

reaction rate constant:

kR Tð Þ~Ae
{Ea
RTð Þ (2)

In the linear form this equation can be written as

ln kR Tð Þð Þ~ln Að Þ{ Ea

R
|

1

T
(3)

Furthermore, according to Levenspiel12 the reaction

rate constant of second-order kinetics can be obtained by

plotting

y~ln
cBrBucMeIm,0

cBrBu,0cMeIm
(4)

against the time t (s) at a specified temperature. The slope, s, of

the regression line is represented by

s = (cBrBu,0 2 cMelm,0)kR(T) (5)

From this equation the reaction rate constant can be

obtained at given initial concentrations of BrBu and MeIm,

cBrBu,0 and cMeIm,0 respectively. By plotting ln(k(T)) against

1/T the frequency factor, A, and the activation energy, Ea, can

be obtained. Assuming an ideal plug flow reactor the volume

element dependence of the conversion X can be calculated

using the following mole balances.

d _nni

dV
~{r Tð Þ V i ] Melm, BrBuf g (6)

The conversion of the limited reactant, the amine, is given as

dX~{
d _nnMeIm

_nnMeIm,0
(7)

and thus

dX

dV
~

r Tð Þ
_nnMeIm,0

(8)

where the left side of eqn (6) describes the change of mole

flow in a cylindrical volume element of the reactor and r

(mol s21 dm23) is the reaction rate. The energy balance is given

by the relation

dT

dV
~

ak Tcool{Treactorð Þzr Tð Þ {DHRð Þ
P

_nnicpi

� � (9)

where a (dm21) is the volume specific area of the inner wall of

the tube reactor, k (W dm22 K21) the heat transfer coefficient

(between cooling agent and reactive mixture), Tcool (uC) is the

temperature of the cooling agent, DHr (J mol21) the enthalpy

of reaction, ṅi (mol s21) the mole flow of each compound,

and cpi (J mol21 K21) the heat capacities of each compound.

These coupled differential equations were solved using the

ode45 solver for initial value problems of the software package

MatLab.

The initial time dependent mole balances described by

eqn (10) can be rewritten upon expansion and rearrangement

of terms to conversion rate (eqn (11)), which was used to

perform the simulation of the solvent-free batch synthesis

in addition to eqn (12) for the temperature transients’

description.

1

Vreactor
|

dni

dt
~{r Tð Þ V i ] Melm, BrBuf g (10)

dX

dt
~

r Tð ÞVreactor

nMeIm,0
(11)

dT

dt
~

kAs Tcool{Treactorð ÞzVreactorr Tð Þ {DHRð Þ
P

nicpi

� � (12)

where dni/dt is the change of moles of the reactants and the

product respectively, As (dm2) is the surface of the reactor

(spherical shape) and ni (mol) is the amount of moles of each

reactant.
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The calculations were performed for a typical laboratory

scale reactor volume of Vreactor = 4 L and a heat transfer

coefficient of k = 4 W dm22 K21. The heat transfer coefficient

was evaluated using similar chemical entities (triethylamine

and chlorobutane) according to the standard procedure13 for

tube reactors.

Finally, the STY (kg m23 h) can be calculated for the batch

process (eqn (13)) and for continuous synthesis (eqn (14)) at a

given conversion.

STY~
mproduct

Vreactort
(13)

STY~
_mmproduct

Vreactor
(14)

Referring to the product [BMIM]Br, mproduct (kg) and

ṁproduct (kg s21) are the mass and mass flow, respectively, and

t (s) is the residence time.

4 Results and discussion

Both the synthesis in the micro-reactor and the simulated

batch reaction were performed in the solvent-free mode to

demonstrate the comparative performance clearly. The con-

version data obtained from the continuous alkylation in the

micro-reactor at three different temperatures (Fig. 3) are used

in three steps.

4.1 Determination of kinetic constants

Firstly, the experimental data were used to determine the

kinetic parameters k(T) and Ea: The rate constants at the

three set temperatures (65, 75 and 85 uC) were evaluated

through graphical analysis by applying eqn (4) and eqn (5).

From the linear regression carried out on the Arrhenius plot

(Fig. 4) based on eqn (3) the kinetic parameters obtained are as

follows: frequency factor A = 8.51 6 108 L mol21 s21 and

energy of activation Ea = 82.818 kJ mol21.

4.2 Continuous synthesis

In a second step, the kinetic parameters were introduced to the

model for simulating the course of conversion (eqn (8)).

Comparing the simulated and measured values (Fig. 3) a

satisfying correlation can be demonstrated. It can be seen

clearly that, as expected, the conversion rate rises with

increasing wall temperature.

It can further be shown that temperature measurements

showed a good agreement with the simulated values. The data

illustrated in Fig. 5 were obtained from measurements with the

glass fibre placed along the reaction tube in the entrance zone

of the reactor where the reactants have to be heated to the final

reaction temperature. In this figure, the data were plotted on

the same plane as the simulated temperature profile resulting

Fig. 3 Conversions measured during continuous synthesis versus

simulated transients at three temperature levels (65, 75 and 85 uC).

Fig. 4 Arrhenius plot based on the experimental conversion data

from IL-synthesis in the micro-reactor from which the best fit of the

kr(Ti)-values was determined according to Levenspiel.12 The presented

line yields the regression ln(k(T)) = 29961.3 6 1/T + 20.562;

R2 = 0.9983.

Fig. 5 Comparison of simulated temperature transients with the

temperature profile measured inside the first section of the reaction

tube; wall temperature: 85 uC.
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from theoretical calculation executing the reactors model that

includes the determined kinetic parameters and the indepen-

dently computed heat transfer coefficient k = 4 W dm22 K21.

From Fig. 5, it can be noted that the simulated temperature

curve tends to have a steeper slope. This was expected as

the model does not include axial thermal conductivity that

would otherwise smoothen the temperature profiles. This

implies that an overestimation of the hot spots is likely

when varying the wall temperature to identify runaway

temperatures. The variation of the measured temperature

values decreases with increasing reactor length which could be

linked to an inhomogeneous liquid flow in the entrance region

of the reactor tube.

It should be noted that isothermal conditions were

assumed for the kinetic analysis. Nevertheless, as demon-

strated in Fig. 5, simulation results and measurements show a

short heating zone. To evaluate the error that could have

resulted from the isothermal assumption, a second kinetic

analysis was carried out.

In this second analysis, the residence time was reduced by

the time taken for heating the reaction media to the desired

temperature level. From this procedure the new set of kinetic

parameters obtained are Ea2 = 82.830 kJ mol21 and A2 =

7.82 6 108 L mol21 s21.

In Fig. 6 the simulated conversion curves for both sets of

kinetic data are presented. They clearly demonstrate that

at temperatures above 70 uC the new parameters give a

better fit. For this reason the second kinetic data set was

applied in the following to calculate the maximum wall

temperature.

As in any reaction system the micro-reactor is expected to be

limited by a maximum wall temperature as shown in Fig. 7. At

a certain temperature, depending on the geometry and

therefore the surface area to volume ratio, the heat produced

by the reaction can not be sufficiently removed through the

reactor wall, consequently leading to a temperature increase.

Through possible auto-acceleration effects influenced by such

local temperature increases, the reaction could get out of

control resulting in thermal runaway behaviour. High tem-

perature peaks of up to a few hundred uC could appear, which

could in turn affect the product quality through decom-

position. and concurrently reduce process safety. With the

developed reactor model the maximum wall temperature can

be estimated at which the synthesis can be operated safely

avoiding a runaway of the reaction (Fig. 7). In the experi-

mental reactor, a small diameter was used in the first

section where the reaction rate is fastest. This enables an

enhanced local heat flux not only due to the high surface

area to volume ratios realised but also the existing smaller

diffusion lengths.

In the experiment, a conversion of 95% could be obtained

after 38 min at 85 uC (Fig. 3). To reach 97% conversion the

reaction time has to be extended to 48 min. The residence

time demand can be reduced down to 10 min (Fig. 8) with a

Fig. 6 Comparison of simulated conversion transients obtained with

kinetic data set 1 and 2. Experimental conversion data are taken

from Fig. 3.

Fig. 7 Temperature transients inside the micro-reactor during ionic

liquid synthesis at different wall temperatures.

Fig. 8 Simulated conversion of the reaction according to Scheme 1

and eqn (8) in the micro-reactor at different wall temperatures.
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temperature increase of 20 K reaching the simulated limiting

temperature of 105 uC (Fig. 7). With respect to the production

of [BMIM]Br at a 97% conversion these two process alter-

natives at 85 uC and 105 uC lead to STYs of 1.27 kg h21 L21

and 6.1 kg h21 L21, respectively.

4.3 Comparison with batch synthesis

In contrast to the micro-reactor, the batch reactor is limited

by a low maximum wall temperature of 48 uC. Above this

value, a runaway of the reaction temperature (Fig. 9) and the

system pressure cannot be avoided. At the maximum wall

temperature of 48 uC for the batch synthesis a conversion

of 97% can be expected after approximately 19 h according

to eqn (11). With the total volume of 4 L and with respect

to [BMIM]Br, a STY of 0.054 kg h21L21 reactor volume is

obtained.

Though the experiments for the continuous [BMIM]Br-

synthesis in the micro-reactor at 85 uC exhibit a 246 greater

STY than the batch synthesis, even an improvement of factor

100 seems to be applicable at higher wall temperatures of

Twall = 105 uC as shown by the simulation.

For large scale batch synthesis of [BMIM]Br, it has to be

noted, that for security reasons, it is advisable to perform the

reaction in a solvent, while adding one reactant slowly. In this

case even higher process intensification can be expected by

using micro-reactor technology.

4.4 Evaluation of product quality

The [BMIM]Br products synthesized at 65 uC and at 75 uC
were yellowish high viscous liquids. The analysis by HPLC MS

showed excellent quality comparable with the same compound

produced by Merck KG.

Traces of impurities could only be detected in the product

synthesized at 85 uC, which was crystalline with a pale yellow

colour. Most probably the MS-signals found in this product

were caused by 1-ethyl-3-methylimidazolium at a retention

time of 6.14 min and 1-pentyl-3-methylimidazolium cations at

a retention time of 8.7 min since the charge specific masses m/z

were 111.2 and 153.1 respectively. Nevertheless these com-

pounds were negligible as they both appeared at less than 0.1%

of the main product peak value.

By 1H-NMR no impurities could be detected except for

some traces of 1-bromobutane in the sample synthesized at

65 uC. This is possibly due to some residues of the alkylating

reactant 1-bromobutane that could not be removed totally by

evaporation. The chemical shifts dH noted were: 0.95 (t, CH3),

1.29 (m, CH2), 1.91 (m,CH2), 4.13 (s, N–CH3), 4.35 (t,

N–CH2), 7.55 (d, NCH), 7.67 (d, NCH), 10.30 (s, N(H)CN).

1-Methylimidazole was not found in any of the samples. We

suppose that storing the reaction mixture for several days at

20 uC from the time of sampling at conversions of 70–95% to

the moment of purity analysis allowed the mixtures to slowly

complete the conversion.

5 Concluding remarks

This investigation has pointed out the potential of micro-

reactors for a continuous production of imidazolium-based

ionic liquids at high efficiency without any additional solvent

needed to control the reaction. The findings illustrate the

significance of high specific surface area of the reaction system

to carry away heat resulting from strongly exothermic

reactions. It is therefore imperative for further optimization

of the micro-reactor to adjust the surface to volume ratio with

respect to the desired reaction temperature. This could in turn

lead to hundredfold STYs compared to those of conventional

batch systems, which are much more strictly limited by

temperature.

The product purity received was above 99%. However,

some traces of impurities could be detected at the highest

temperature investigated. Additional experiments performed

at temperatures above 100 uC and gauge pressures above 2 bar

would allow one to understand whether there is a correlation

between temperature, residence time and impurities.

With the micro-reactor investigated, the process intensifica-

tion potential has been revealed and, concurrently, the chances

for increased sustainability in ionic liquid manufacturing.
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Monolithic polymers functionalised with BOX-Cu moieties can be applied for the

cyclopropanation reaction under batch and flow conditions using either conventional or

supercritical solvents.

Introduction

Development of supported enantioselective catalysts having

the advantage of being easily separated and reused and

showing a potential for practical applications is an important

goal nowadays.1,2 Nevertheless, data from the literature show

that results with supported systems are often different from

those expected from solution studies. Thus, even experienced

organic chemists consider the support as a black box,

assuming the idea that enantioselective immobilised systems

are usually less efficient in terms of activity and selectivity than

the homogeneous ones. Fortunately, an appropriate design

can lead to heterogeneous catalysts with similar or improved

efficiencies relative to those of the homogeneous ones.3,4

Bisoxazoline-copper complexes (BOX-Cu) and related

species show a large number of applications in enantioselective

catalysis.5 Accordingly, many efforts have been directed

towards making these species heterogeneous.6–9 Such efforts

are a clear example of how the immobilisation of a homo-

geneous catalyst to a suitable support is a very tricky task.

Indeed, completely different results are achieved depending on

the immobilisation methodology and with the characteristics

and properties of the support used.6 The morphology of

the support and the type of immobilization contribute to the

performance of the final catalyst as it controls both the

accessibility and nature of the microenvironment of the active

centers.3

Supported catalysts allow for their easy separation and

reuse, being ideal to develop continuous flow processes based

on fix-bed reactors. Continuous flow processes are really

attractive from an industrial perspective. They offer a number

of potential advantages over existing batch techniques.10

Although some interesting approaches were recently reported

for continuous asymmetric processes using either organic or

inorganic supports, the applicability of these approaches is

sometimes limited.11 Furthermore, to the above mentioned

difficulties to develop efficient supported catalysts, additional

factors should be considered in order to design an efficient

heterogeneous catalytic continuous flow process. Catalysts

packed as random catalytic fix-bed reactors lead to stagnation

zones, hot-spot formation and long residence times distribu-

tion, resulting in low process efficiency.10,12

Here we report our results using BOX-Cu functionalised

polymeric monoliths under batch and flow conditions. It is

possible to implement the separation and long-term stability

of the catalyst and to achieve a good space-time yield and

enantioselectivity of the benchmark reaction under study. We

show not only the importance of the polymeric matrix, but

also the key role of the proper adjustment of experimental

conditions either for the batch or flow reactions that allow

for a fine tuning of the overall process. Catalysts based on

monolithic polymers can be used to develop efficient

continuous asymmetric reactions, solving some of the draw-

backs found for random packed catalytic reactors.

Experimental

Safety note: some of the experiments described in this paper

involve the use of relatively high pressures and require

equipment with the appropriate pressure rating. It is the

responsibility of individual researchers to verify that their

particular apparatus meets the necessary safety requirements.

The monomer 2,29-[2-(4-vinylphenyl)-1-(4-vinylbenzyl)ethyl-

idene]bis-[(4S)-4-phenyl-4,5-dihydro-2-oxazole] (3) was

synthesized as previously reported in ref. 9. Styrene (VB),

divinylbenzene (DVB, 80% grade) and ethyl diazoacetate

(EDA) were purchased from Aldrich and used without further

purification. The cyclopropanes used for analytical determina-

tions have been synthesized as previously reported.9

Preparation of monolithic mini-flow-reactors

Monoliths were molded into a glass or a stainless-steel column

(15 cm 6 J inch) using a solution of 0.01 g of azobisiso-

butyronitrile (AIBN) and 3 (0.1 mol) in styrene (0.7 mol), and

aDpt. of Inorganic and Organic Chemistry, Universidad Jaume I, Avda.
Sos Baynat s/n, 12071, Castellón, Spain. E-mail: luiss@qio.uji.es;
Fax: +34 964 72 82 14; Tel: +34 964 72 82 39
bDpt. of Organic Chemistry, Instituto de Ciencia de Materiales de
Aragón, Facultad de Ciencias, Universidad de Zaragoza-C.S.I.C.,
E-50009, Zaragoza, Spain. Fax: +34 976 76 20 77; Tel: +34 976 76 22 72
cDtp. de Ingenierı́a Quı́mica y Tecnologı́a del Medio Ambiente, Facultad
de Ciencias, Universidad de Valladolid, Prado de la Magdalena 47011
Valladolid, Spain. Fax: +34 983 42 30 13; Tel: +34 983 42 31 74
dDpt. of Applied Chemistry, Universidad Pública de Navarra, Edificio
los acebos. Campus Arrosadia, 31006, Pamplona, Spain.
Fax: +34 948 16 96 06; Tel: +34 948 16 95 95
{ Dedicated to Professor M. Poliakoff for his 60th birthday.
{ Electronic supplementary information (ESI) available: Detailed
kinetic information. See DOI: 10.1039/b704465h
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divinylbenzene (80% w/w, 0.2 mol), using toluene (0.25 g), and

1-dodecanol (1.25 g) as the porogens. The polymerisation

mixture was stirred and purged with nitrogen for 3 min and

poured into the mould. The polymerisation was allowed to

proceed for 24 h at 70 uC. THF was used to remove the

porogenic solvents and any other soluble compounds after the

polymerisation reaction.

Cyclopropanation under batch conditions

To a solution of EDA (0.5 M) and VB (2 M) in CH2Cl2
(25 mL) was added PhGli-BOX-Cu(OTf)2 (0.4 mol% ) as the

catalyst. The reaction was monitored by HPLC by taking 10 ml

aliquots, which were diluted in 1 mL solution of CH3CN

containing ethyl benzoate (1 mg mL21) as the internal

standard. HPLC conditions: C18 column CH3CN : H2O

60 : 40 (0.1% v/v TFA); 30 uC; flow rate: 1 mL min21; 3.3 min

(EDA), 4.4 min (ethyl maleate), 7.4 min (ethyl fumarate),

11.4 min (ethyl benzoate, internal standard), 14.1 (cyclopro-

pane, cis), 16.6 min (styrene), 19.4 min (cyclopropane, trans).

An assay of enantiomeric purity was performed by gas chro-

matography with a Cyclodex-B column: 30 m 6 0.25 mm 6
0.25 mm, FID detector; helium as carrier gas, 20 p.s.i.; injector

temperature: 230 uC; detector temperature: 250 uC; oven

temperature program: 125 uC isotherm. Retention times:

(1S,2R)-cyclopropane 14S, 28.3 min; (1R,2S)-cyclopropane

14R, 29.1 min; (1R,2R)-cyclopropane 13R, 33.9 min; (1S,2S)-

cyclopropane 13S, 34.3 min.

Cyclopropanation under continuous flow conditions

A fresh reaction mixture of styrene (2.0 M) and ethyl

diazoacetate (0.5 M) in anhydrous degassed methylene

chloride was pumped through the monolithic column at

different flow-rates using an HPLC pump. Samples were

taken every 30 or 60 min and analyzed by HPLC and

GC. Experiments were started when product streams were

stabilized after the initiation period (ca. 1 h). For the

solventless reaction the solution was prepared without the

addition of methylene chloride (1.78 M EDA in VB : EDA).

For supercritical fluid (SCF) runs, the SCF was pressurised

and delivered by a Peltier cooled pump running in constant

flow mode, the organic substrates (4 : 1 VB : EDA, 1.78 M

EDA in VB : EDA) being delivered at a constant rate via a

standard HPLC pump. All feed streams were mixed (dynamic

mixer) before being passed through the catalytic bed. Products

were collected after a single stage depressurisation of the fluid

mixture by an electronic backpressure regulator.

Results and discussion

The benchmark reaction selected for the present study was

the cyclopropanation reaction between styrene (VB) and ethyl

diazoacetate (EDA) (Scheme 1). First, the reaction was

performed under batch conditions with the homogeneous

copper complex (0.4 mol% PhGli-BOX-Cu(OTf)2 10 as the

homogeneous catalyst) with a solution of EDA (0.5 M) and

of VB (2 M) in CH2Cl2. Fig. 1 shows the evolution of the

reaction with time. After two hours of reaction, ca. of 85%

of conversion of EDA was achieved. The cyclopropane (CP)

yield (7 + 8) was around 75% with a 70 : 30 trans : cis ratio

(TON 96 g CP per g Cu; TOF 31.4 (g CP per g Cu) h21).

The enantioselectivity of the reaction was constant for the

aliquots evaluated, being 58% ee for the trans isomer and

45% ee for the cis.

Scheme 1 Benchmark cyclopropanation reaction.

Fig. 1 Batch cyclopropanation reaction between 5 and 6. (%) % EDA conversion; (#) % yield (7 + 8). (a) Homogeneous catalysed process. (b)

Heterogeneous catalysed process.
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The supported catalyst was prepared by polymerisation of

the chiral monomer (3) with styrene (1) and divinylbenzene

(2) in the presence of the porogenic mixture (Scheme 2). The

mixture was placed within a glass tube that acts as a mold.

After the polymerization process was completed, the glass tube

was broken, and the monolith was sliced into disks of the

required thickness. The polymeric monoliths, when the

reaction is performed in a batch process, can be removed as

a single piece. The monolith was mechanically stable, greatly

facilitating its manipulation and, therefore, the catalyst can be

easily reused. The monolithic polymer showed a bisoxazoline

loading of 0.66 meq g21, as determined by elemental analysis.

However, only a limited amount of bisoxazoline moieties were

loaded with copper (32% of the functional sites, 0.21 meq of

Cu per g by ICP-MS). Most likely this reflects that some chiral

moieties are located in highly cross linked regions and have a

reduced accessibility or cannot adopt the proper conformation

to form the corresponding chelate complexes.

It is important to mention that the supported catalyst is

prepared by polymerization of the corresponding di-vinylic

chiral monomer (3). Therefore, the chiral moieties are almost

randomly distributed throughout the polymeric matrix and the

polymer itself may become chiral, to some extent, creating

many different chiral microenvironments. The exact micro-

environment distribution depends on a complex series of

factors, such as solvents, polarity of monomers, kinetics of

polymerization of each monomer, etc.3 In some cases, chiral

moieties will become part of the linear chain (probably with

un-reacted alkene left), in other cases it will be incorporated as

cross linkers. On the other hand, the cross linking degree is one

of the main factors affecting the accessibility of functional sites

in the polymer. Therefore, diffusion has a tremendous impact

not only on Cu loading but also on the reaction outcome.

Indeed, when the benchmark reaction was performed with the

polymeric catalytic disc (0.4 mol% of Cu, 0.5 M of EDA and

2 M VB, see graph in Fig. 1b) the kinetics of the reaction was

slower than that observed for the homogeneous catalysed

reaction. The activity of the catalyst for the heterogeneous

batch process was around 5 fold slower than that for the

homogeneous one. Thus, reaction periods longer than 16 hours

were needed to yield to the same conversion degree (ca. 78%

EDA conversion, TOF 5.8 (g CP per g Cu) h21)). Remarkably,

the catalyst showed a good asymmetric induction, with an ee

of 62% for the trans isomers and a 56% ee for the cis, which are

slightly better than those observed for the homogeneous

catalysed process (58% ee for trans, 45% ee cis). However,

the regioselectivity was slightly lower with a trans : cis ratio

of 59 : 41.

In order to design a continuous process, we prepared the

monolithic materials with the required functionality within a

mini-flow reactor. The preparation of the monolithic reactor

was carried out by thermally induced bulk polymerization of

the chiral monomers and co-monomers into a stainless steel

column (15 cm 6 J inch) having the same composition than

the monolith used for the batch experiments. The correspond-

ing Cu-bisoxazoline complex was prepared by recirculation

through the column of a solution of Cu(OTf)2 in MeOH for

24 h. After this period the column was washed with MeOH to

eliminate any non-complexed copper.

A solution of EDA and VB (0.5 M EDA and 2 M VB) in

CH2Cl2 was continuously pumped at different flow rates

through the monolithic mini-flow-reactor to investigate the

effect of the residence time of the reagents within the catalyst

bed. Aliquots taken at regular time intervals at the outlet of the

reactor were analyzed for the cyclopropanes (CP, 7 and 8)

content. Some results are gathered in Table 1.

As expected, the conversion depends on the flow rates

(Table 1). An increase of the flow rate (from 2 to 200 mL min21)

led to a decrease of cyclopropane yield (from 61% to 29%) and

EDA conversion (from 100% to 46%), which is consistent with

a reduction in the residence time in the reactor and hence a

decrease in the reaction time. Quantitative conversion of EDA

Scheme 2 (i) 1 : 2 : 3 70 : 20 : 10, % mol; mixture of monomers :

toluene : 1-dodecanol 40 : 10 : 50, % weight; 70 uC, 1% AIBN; 24 h. (ii)

Cu(OTf)2/MeOH.

Table 1 Results for the cyclopropanation reaction in a monolithic mini-flow reactora

Entry
Flow/
mL min21

Residence
time/minb

(g EDA per g
Cu2+) h21

Conversion
(% EDA)c

Yield (%)
(7 + 8)d

Chemoselectivtye

(%)
TON/g
CP g Cu21 f

1 2 350.0 2.1 100 61 76 7.5
2 20 35.0 21.0 86 52 75 6.4
3 83 8.4 87.0 63 38 75 4.6
4 200 3.5 209.6 46 29 77 3.5
5g — — — 87 75 92 96h

6i — — — 78 72 87 93h

7j 20 35 76 74 44 75 19.5
8k 1100 0.64 296 100 63 76 2.0
a The reaction was carried out at rt using a solution of EDA (0.5 M) and VB (2 M) in CH2Cl2. All figures are average numbers of aliquots,
determined every 30 or 60 min by means of GLC analysis with a Cyclodex-B column. 0.4 g of monolithic catalyst. b Residence time = (VR 6
rsolvent,reactor)/(FR 6 rsolvent,STP), where VR = reactor volume (cm3), rsolvent,reactor = solvent density at process T and P (g cm23); rsolvent,STP =
solvent density at standard T and P (g cm23); FR = flow rate (cm3 min21); volume reactor 700 mL.13 c % EDA = (mmol CP (7 + 8) + mmol
ethyl fumarate + mmol ethyl maleate)/mmol EDA 6100. d % yield = mmol CP (7 + 8)/mmol EDA 6 100. e Chemoselectivity % = mmol CP
(7 + 8)/(mmol CP (7 + 8) + mmol ethyl fumarate + mmol ethyl maleate) 6100. f TON per catalytic cycle or bed volume. g Homogeneous
complex, batch process. h TON for the batch processes. i Heterogeneous catalyst 4, batch process. j solventless, 1.78 M EDA in VB. k FscC02 =
1 cm3 min21, Forganic = 0.1 cm3 min21, 1.78 M EDA in VB, P = 8 MPa, T = 40 uC.
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was achieved for the longest residence time (2 mL min21) (for

more details see the ESI{).

By pumping a 0.5 M EDA solution at different flow rates,

we are not only changing the residence time but also the

actual EDA/Cu ratio. These variations of the amount of

EDA pumped per gram of catalyst and per hour (g EDA 6
g21 Cu2+ 6 h21, LHSV (linear hour space velocity), Fig. 2)

have a remarkable effect on the observed ee values. Thus, an

increase in the LHSV led to lower ee values for the trans

isomer (from 71% ee to 50% ee for the two LHSV limits

considered). Nevertheless, the enantioselectivity for the cis

isomers remained almost constant at 55% ee for the different

LHSV considered. Furthermore, the trans : cis selectivity

increased with the LHSV.

An explanation for these results can be found when the

variations on the individual yields for each cyclopropane (7R,

7S, 8R and 8S) with the LHSV were analysed (see Fig. 2b).13

The concentration of the compound 7S was almost constant

for the different conditions assayed, while the other three

cyclopropanes showed a similar variation profile, decreasing

with the increase in LSHV. The enantiomeric excess for the cis

isomer (8R and 8S), which is a relation between both of them,

was almost constant, with both enantiomers showing a similar

variation with LHSV. However, the formation of 7R strongly

decreased with LHSV, while 7S remained constant for the

different LHSV values. Thus, the ee decreased with the LHSV.

Our monolithic mini-flow reactor system based on

Cu-bisoxazoline in a continuous flow set-up offers advantages

and disadvantages with respect to the batch reactions using

either heterogeneous or homogeneous catalysts. In the

continuous flow system, the enantioselectivity of the reaction

improves for both stereoisomers compared to the homo-

geneous batch system. The improvement was significant: from

51% ee up to 71% ee (trans) and from 40% ee up to 55% ee

(cis). For the heterogeneous batch system, the ee values

increased only for the trans isomer (from 62% ee to 71% ee),

showing similar ee for the cis isomer (56% ee vs. 55% ee) under

continuous flow conditions. However, the continuous process

was less chemoselective than the batch ones. The higher EDA/

Cu ratios in the continuous process seems to lead to higher

formation of fumarates and maleates.

The use of CH2Cl2 as the solvent for this reaction is an

important drawback from an environmental point of view. In

this regard, the continuous set-up based on monolithic mini-

flow catalytic reactors allowed us to perform the reaction

under solventless conditions. Thus, the reaction was carried

out at rt by pumping, at 0.02 mL min21, different VB/EDA

solutions with molar ratios ranging from 19.2 : 1 to 1 : 1.

Under solventless conditions, the flow allowed us to keep a

high VB/EDA ratio at the active site throughout the process.

As seen in Fig. 3, an increase in chemoselectivity is always

detected for high VB/EDA ratios. Best results (Fig. 3) were

obtained for a VB/EDA molar ratio 4 : 1. The enantioselec-

tivities of both trans and cis isomers were similar to those

found for the reaction in CH2Cl2 for a similar residence time

(57% ee for the trans isomer and 51% ee for the cis); so that the

overall efficiency of the process was not reduced. As a matter

of fact, the final productivity of our system experienced a three

fold increase (from 11 (g of CP per g of Cu2+)6 h21 to 33 (g of

CP per g of Cu2+)6 h21 for the solventless process, Table 1).

The use of a solvent to efficiently overcome diffusional

limitations in our polymeric monoliths should produce a great

improvement to the overall efficiency. This was dramatically

exemplified with the use of supercritical fluids (SCFs) that

intrinsically favour diffusion on complex solid geometries with

diffusional limitations.14 Thus, the reactions were carried out

at 40 uC and 8 MPa by pumping 0.1 mL min21 of a solution of

VB/EDA (4 : 1, 1.78 M of EDA) and 1.0 mL min21 of CO2,

Fig. 2 Continuous cyclopropanation reaction between 5 and 6 in CH2Cl2. (a) ($) % ee trans vs LHSV; (&) % ee cis vs. LHSV; (m) % trans vs.

LHSV; (q) % cis vs. LHSV; (b) % each cyclopropane vs. LHSV, (%) % 7R, (#) % 7S, (n) % 8R, (,) % 8S.
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affording a 63% yield of cyclopropanes and good selectivities

(trans : cis ratio 53 : 47; 59% ee for trans and 44% ee for cis

isomer). It is important to note that for the scCO2 process a

temperature of 40 uC is required, but room temperature was

used with conventional or solventless conditions. This can

account for the slight decrease in enantioselectivity detected.

The stability of the monolithic catalyst was also evaluated.

For the continuous set-up, no noticeable changes were

observed in both product yield and enantioselectivity after

ca. 5 hours of continuous use for the conditions assayed

(DCM, solventless and scCO2). Metal analysis of the solution

by ICP-MS showed levels of leached total metals ,1 ppm. A

significant improvement in the productivity was found going from

conventional to supercritical conditions with the same reactor

(from 55 (g of CP per g of Cu2+) to 937 (g of CP per g of Cu2+)

for ca. 5 hours of continuous use).

Although, during the last decade, SCFs have been increas-

ingly explored for performing a variety of enantioselective

catalytic reactions, most examples involve batch reactors.15,16

There are only a few antecedents of continuous asymmetric

synthesis in SCFs.17 The high productivity values, along with

the long-term stability of the catalytic system described here,

open the possibility for practical applications of the systems

based on the chiral catalysts supported onto monolithic mini-

flow reactors and SCFs. Indeed, we have found a similar high

productivity trend for these types of fix-bed reactors for the

Heck reaction catalysed by Pd in ncEtOH8d and also for

enzymatic reactions in scCO2.18

Conclusions

In conclusion, the monolithic mini-flow-reactors presented

here show a high potential for practical applications in

enantioslective catalytic reactions. Our results demonstrate

that immobilisation of the catalyst can produce positive effects

after the appropriate design of the whole set of experimental

conditions. Thus, the monolithic systems under flow condi-

tions provided an increase in enantioselectivities of ca. 20%

relative to those for the homogenous batch process.

Additionally, the use of scCO2 as a solvent creates a much

more efficient and environmentally friendly process. Using

scCO2 the productivity can be maximised with a 16–17 fold

increase relative to the flow reaction in DCM. Furthermore,

the use of scCO2 provides not only environmental advantages,

but also allows process intensification. Thus, productivities of

interest for fine chemicals preparation of 186 g of CP per g of

Cu2+ h21 can be achieved with a small reactor (700 mL),

making the application of the new technologies considered

here economically viable.

Further improvements, in particular regarding to the

enantioselectivity, are in progress through chemical and

morphological optimisation of the present systems and by

taking advantage of the tuneable properties of the supercritical

solvents.
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The reaction of three oxygenated heterocycles (tetrahydrofuran, tetrahydropyran, 1,4-dioxane)

with trifluoromethane sulfonic anhydride in the presence of the non-nucleophilic base poly(4-

vinylpyridine) affords alkylditriflates quantitatively via ring opening. The alkylditriflates react

with N-alkylimidazoles providing the bis-imidazolium bis-triflate salts in high yields.

Hydroxymethyl substituted oxygenated heterocycles are converted into imidazolium triflate salts

without opening of the heterocycle. Two imidazolium salts were characterized by X-ray

crystallographic structure determination. The halide free ionic liquids were applied successfully as

solvents in the palladium catalysed allylic alkylation. A co-crystal of 15 and tetrabutylammonium

triflate has also been characterized by X-ray crystallographic structure analysis.

Introduction

The potential of ionic liquids (ILs) to replace environmentally

harmful solvents has become an active and exiting area of

research1 even if their toxicity and biodegradability are not

yet completely determined.1f ILs have been particularly studied

as new media for catalysis.1,2 The most widely studied IL

cations are currently non-symmetrical 1,3-dialkylimidazolium

ions.1,3,4 On the basis of the anion, which has an important

influence on their properties, N,N9-dialkylimidazolium ionic

liquids can be classified into four groups5 i.e. (a) systems based

on relatively hygroscopic anions like [Cl2], [AlCl4
2], (b) stable

systems based on anions such as [CF3SO3
2] (M[OTf]),

[(CF3SO2)N2] (M[NTf2]), (c) systems based on water reactive

anions that can generate HF by hydrolysis e.g. [PF6
2] and

[BF4
2], and (d) systems based on alkylsulfates6 and alkyl-

sulfonates.7,8 Currently, 1,3-dialkylimidazolium cations asso-

ciated with fluorous anions like [PF6
2] and [BF4

2] are the

most studied. 1,3-Dialkylimidazolium cations coupled with

anions such as [OTf] and [NTf2] form ILs that are much more

stable towards the above mentioned side reactions.5,9 In

addition, the increased anion size, the more diffuse charge,

and the decrease in hydrogen bonding, properties associated

with such anions, contribute to the lower viscosities of the

corresponding 1,3-dialkylimidazolium ILs.5 They are also

characterised by low melting points and high conductivities.

To prepare 1,3-substituted imidazolium ILs with fluorous

anions, three methods have been used. The first one involves

alkylation of an N-substituted imidazole with an alkyl halide

(chloride or bromide) followed by an anion metathesis reaction

carried out either in the presence of the appropriate acids

(i.e. HPF6, HBF4, HOTf)10–12 or their salts (e.g. NaPF6,

AgPF6, NaBF4, LiNTf2).11–13 Unfortunately, the ILs prepared

by this method can be contaminated by halide ions that may

react with solute materials. The presence of halide contamina-

tion can thus be critical in catalysis and may lead to a catalyst

poisoning and deactivation1d,14 and also change the physical

properties of the IL.11 The second efficient method involves

an imidazole alkylation by alkyltriflates.9,15 For example, a

hydroxyester was transformed into its triflate derivative in the

presence of triflic anhydride and 2,6-lutidine. The intermediate

triflate reacted further with 1-methylimidazole producing the

triflate imidazolium salt.15 Even if this method has been

applied successfully, some limitations exist. The use of pyridine

type bases in a non-aqueous reaction mixture (anhydrous

dichloromethane, for example) results in the production of a

mixture of the expected alkyl triflate and pyridinium triflate

salts. The separation of this pyridinium salt from the product

is not easy to perform. This methodology presents another

drawback due to the extreme electrophilicity of alkyl triflates,

which can react with the base pyridine.16,17 A third method of

preparation of halide-free imidazolium ILs has been reported

very recently by Dupont.8 Alkanesulfonate anions were sub-

stituted by a series of other anions (BF4
2, PF6

2, OTf2…)

through reaction of N,N9-dialkylimidazolium alkanesulfonate

species with the desired anion salt or corresponding acid.

We became interested in developing organometallic catalysis

in ionic liquids and sought to prepare new halide free IL for

specific applications.18 Here, we report on the synthesis and

characterization of new triflate imidazolium salts and on their

use in palladium catalysed allylic alkylation.

Results and discussion

Synthesis and characterization of imidazolium salts

Our synthesis strategy is based on (1) the use of oxygen

heterocycles as starting material to introduce new substituents

on the imidazolium cations19 and (2) on the use of poly(4-

vinylpyridine) (PVP) as the base, which presents the advantage

of expeditious purification by filtration.

Unité Catalyse et Chimie du Solide UMR CNRS 8181, ENSCL
(CHIMIE), BT C7, BP 90108, 59652, Villeneuve d’Ascq Cedex,
France. E-mail: francine.agbossou@ensc-lille.fr;
Fax: +33 3 20 43 65 85 Tel 33 3 20 43 49 27
{ Electronic supplementary information (ESI) available: Cation
coordination environment and view of the molecular arrangement in
compound 16. See DOI: 10.1039/b703096g
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We first reacted tetrahydrofuran (1) with triflic anhydride in

the presence of PVP in dichloromethane at 0 uC (Scheme 1).20

With the aid of PVP, the reaction took place in a very short

time (5 min) and the diester 2 was isolated quantitatively by

filtration. Two factors can likely account for the high yield

observed in the formation of 2. The first one is the limitation

of the base alkylation process (at 0 uC, the alkylation is

sufficiently slow to be a negligible side-reaction)16 and the

second one is the easy opening of the oxygen heterocycles

for thermodynamic reasons (see below). After work up, and

because of the moderate stability of dialkyltriflates,16 2 was

reacted directly with commercial N-substituted imidazoles

in anhydrous toluene at 0 uC providing the bis-imidazolium

salts 3 and 4 in overall 91 and 94% yield, respectively.

Tetrahydropyran 5 was similarly converted into the diester 6

and further into the salt 7 in 89% yield (Scheme 2).

The bis-imidazolium salts 3 and 4 precipitated in toluene

and, after filtration were isolated in high overall yield and

purity. No precipitation of the bis-imidazolium salt 7 occurred

in toluene. Nevertheless, after one night standing at room

temperature, a layer of IL 7 appeared beneath the toluene

phase and could be easily isolated. The same reaction was

carried out with 1,4-dioxane 8. However, the presence of a

catalytic amount of triflic acid (ca. 20 mol%) was necessary to

observe the opening of the heterocycle (Scheme 3). Then, the

intermediate diester 9 was reacted with N-methylimidazole.

The bis-imidazolium salt 10 formed a separate phase and, after

separation, was isolated with a moderate non-optimised yield

of 38% but with a high purity.

We performed DFT calculations (B3LYP, 6-31g*) to

compare the energies of formation of the intermediate triflic

esters 2, 6, and 9 by ring opening of the heterocycles.

The enthalpy change (DH) is negative, 220, 215, and

215 kcal mol21, respectively for 2, 6, and 9. Thus, the necessity

of an acid catalysis to convert 8 into 9 is most probably related

to a higher activation energy than that required while going

from 1 to 2 and from 5 to 6. The modest yield into salt 10 can

then be explained by a low conversion of 8 into 9 placed in

our reaction conditions at 0 uC compared to the quantitative

conversion of 1 and 5 into 2 and 6, respectively.21

Next, we reacted similarly the hydroxymethyl heterocyclic

derivatives tetrahydro-2-furanmethanol 11, tetrahydro-3-

furanmethanol 12, and tetrahydropyran-2-methanol 13

(Scheme 4).17 This time, no opening of the heterocycle was

observed, even in the presence of triflic acid, and only the

primary alcohol end reacted producing 14, 15, and 16,

respectively, after reaction of the intermediate triflate esters

with N-methylimidazole in 82 and 83% yield, respectively. The

DH of formation of 14, 15, and 16 calculated by DFT is 210,

29, and 211 kcal mol21, respectively. If an opening of the

heterocycle is taken into consideration for the calculation, DH

becomes slightly positive. Thus, we are probably not observing

any ring opening as the reaction is carried out at 0 uC over one

hour in order to avoid pyridine alkylation with the inter-

mediate alkyl triflates.22

All new imidazolium salts have been characterized by 1H

and 13C NMR, and elemental analysis. Solid compounds could

be characterized by X-ray crystallographic structure deter-

mination. Salts 7, 10, 14, and 15 are true room temperature

ionic liquids whereas 3, 4, and 16 are high temperature ionic

liquids (mp 71.2, 111.7, and 85.1 uC, respectively) (Table 1). A

crystallization of 3 was carried out efficiently while using

another IL as the solvent. A mixture of 1/3 of 3 and 2/3 (v/v)

of 1-butyl-3-methyl-imidazolium triflate was warmed until

Scheme 1 Synthesis of bis-imidazolium salts 3 and 4.

Scheme 2 Synthesis of the bis-imidazolium salt 7.

Scheme 3 Synthesis of the bis-imidazolium salt 10.

Scheme 4 Synthesis of the imidazolium salts 14, 15, and 16.
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homogeneity and then left at room temperature allowing small

crystals suitable for single-X-ray crystallographic structure

determination to grow in the IL mixture (Fig. 1). For 16, the

crystallization was carried out in toluene (Fig. 2).

Crystal structures of 3 and 1623,24 {reveal the supra-

molecular polymeric organization already observed for other

ILs.25,26 In the crystal lattice, the ions of 3 and 16 are

organized as channels of imidazolium rings in which triflate

anions are accommodated as ribbons (see ESI{). The layers of

cations and anions are connected by hydrogen bonds.25,26 For

compound 3, a bis-imidazolium unit is surrounded closely by

ten triflate anions. Six of the latter interact directly with the

imidazolium cations through hydrogen bonds (Fig. 1, Table 2).

For 16, six triflate anions are in close proximity with the

imidazolium cation, four having direct interactions with the

latter (Fig. 2, Table 3). For 3 and 16, C–H…O hydrogen bonds

are noticed between protons of the imidazolium cations and

oxygens of the triflate anions. In 16, the interaction between

H(2) and the oxygen atom of the tetrahydropyran cycle

(H…O: d = 2.634 Å and C–H…X: 96.46u) is most probably

unavoidable due to steric congestion rather than weak

hydrogen-bonding.27 The shortest distances (strongest

hydrogen bonds) are measured for the most acidic hydrogens

H(2) (H(2)…O: d = 2.231 Å) and H(29) (H(29)…O: d = 2.332 Å)

in 3 and H(2) (H(2)…O: d = 2.393 Å) in 16. The other

hydrogen bonds involve H(4), H(49), H(5), and H(59)

hydrogens of the imidazolium rings (H…O: 2.321 Å , d ,

2.937 Å) for 3 and H(4) and H(5) (H…O: 2.441 Å , d ,

2.508 Å) for 16.23a The intermolecular interactions between the

triflate oxygens and the imidazolium hydrogens possess

properties of weak to moderate hydrogen bonds (H…O:

d . 2.2 Å; 130u , C–H…O , 170u).28 In 3, intermolecular

C–H…p hydrogen bonds have been found between the C–H of

the N-methyl group of one imidazolium cation with that of a

Table 1 Imidazolium salts synthesized

Salt Structure Yield(%) mp/uC

3 91 71.2

4 94 111.7

7 89 —

10 38 —

14 82 —

15 83 —

16 92 85.1

Fig. 1 The cation coordination environment in 3 obtained by X-ray

diffraction structure analysis.23

Fig. 2 The cation coordination environment in 16 obtained by X-ray

diffraction structure analysis.24

{ CCDC reference numbers 290114, 290115, 621900. For crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/
b703096g

Table 2 Distances (Å) and angles (u) of C–H…O hydrogen bonds in 3a (see ref. 23)

C…H H…O C…O C–H…O Symmetry operators for O

C29–H29
…O5 0.95(3) 2.23(3) 3.166(4) 169(2) 1 2 x, 1 2 y, 2 2 z

C59–H59
…O1 0.95(2) 2.32(2) 3.257(6) 169(2) 2x, 2y, 2z

C2–H2
…O3 0.90(3) 2.33(3) 3.198(3) 161(2) 2x, 1 2 y, 2 2 z

C5–H5
…O3 0.95(3) 2.45(3) 3.377(3) 165(2) 1 2 x, 1 2 y, 2 2 z

C2–H2
…O1 0.90(3) 2.63(2) 3.276(6) 129(2) 2x, 1 2 y, 2 2 z

C7–H7
…O6 0.95(2) 2.62(3) 3.388(4) 138(2) 1 2 x, 1 2 y, 2 2 z

C9–H9A
…O4 0.92(2) 2.63(2) 3.227(3) 123(1) 2x, 1 2 y, 2 2 z

C8–H8B
…O4 0.99(2) 2.69(2) 3.243(4) 116(1) 2x, 1 2 y, 2 2 z

a Only H…O that have significant interactions are given.
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neighbouring imidazolium unit (C–H…p, d = 2.9 Å).29 As

space between layers of imidazolium cations is between 5.8 and

10.9 Å, no p–p stacking is observed (the standard p–p stacking

distance is approximately 3.5 Å).

Palladium catalysed allylic alkylation in imidazolium triflate

ionic liquids

Next, the new imidazolium triflate ionic liquids 7, 10, 14, and

15 were applied in the Tsuji–Trost reaction (Scheme 5,

Table 4).30,31 The alkylation of (rac)-(E)-1,3-diphenyl-3-

acetoxyprop-1-ene by dimethyl malonate was catalysed by

palladium species generated in situ through reaction of

Pd(OAc)2 with triphenylphosphine (TPP).32 The base tetra-

butyl ammonium acetate forms a homogeneous solution with

the ionic liquids. If the palladium species Pd(OAc)2 is

introduced in the IL without phosphine, palladium black is

observed and no catalytic reaction is taking place. We

compared experiments carried out in the bis-imidazolium

dichloride 17 (run 1),33 in IL 7 alone (run 2), and in 7 in the

presence of NaCl (4 mol% vs. Pd(OAc)2 2 mol%) (run 3). The

low reaction rates observed for runs 1 and 3 compared to run 2

indicate that the palladium catalysed allylic alkylation is

inhibited by chloride ions. This can be likely due to chloride

coordination to palladium34,35 producing catalytic intermedi-

ates with different properties. This would affect the coordina-

tion of the allyl substrate and the oxidative addition steps and

consequently the overall kinetic of the process.

In the halide free ILs 7, 10, 14, and 15, within 12 h, the

conversions were 62, 64, 75, and 71%, respectively (runs 2, 4, 5,

and 6). These catalytic results can be compared with those

reported by Xiao for the same reaction while using K2CO3 as

the base in an ionic liquid.31a Here the catalytic process is

slightly less efficient. If one compares the pKa values, in

DMSO, of acetate (12.3),36 diethyl malonate (16.4, which

should be close to dimethylmalonate),36 and dialkylimidazo-

lium cations (24),37 one should not expect any deprotonation

of either the malonate or the imidazolium. Yet, the allylation

process is occurring. There is probably a deprotonating

equilibrium involving the acetate and malonate species

generating the requested nucleophile. The latter adds then to

the ‘‘Pd(PPh3)2(allyl)’’ intermediate produced by addition of

the allyl acetate substrate to the ‘‘Pd(PPh3)2’’ key species

providing the alkylation product.

The structure of the imidazolium influences slightly the

kinetic of the catalytic process. Thus, the tetrahydrofuran

substituted IL 14 (run 5) and 15 (run 6) allow a slightly higher

conversion than the bis-imidazolium ditriflate salts 7 (run 2)

and 10 (run 4). A better solubility of the reactants in the IL

14 and 15 can be considered. When THF was added to 7

(25% v/v) (run 7 vs. 2), a small conversion increase was

Table 3 Distances (Å) and angles (u) of C–H…O hydrogen bonds in 16a (see ref. 24)

C…H H…O C…O C–H…O Symmetry operators for O

C2–H2
…O1 0.91(2) 2.51(2) 3.166(2) 142(2) 1 + x, y, z

C5–H5
…O3 0.91(2) 2.44(2) 3.299(2) 158(2) 1.5 2 x, 0.5 + y, 0.5 2 z

C4–H4
…O2 0.92(2) 2.51(2) 3.357(4) 154(2) 0.5 + x, 1.5 2 y, 0.5 + z

C6–H6A
…O2 1.00(2) 2.49(2) 3.407(2) 152(2) 1.5 2 x, y 2 0.5, 0.5 2 z

C12–H12
…O2 0.95(3) 2.57(2) 3.445(2) 153(2) 1.5 2 x, 0.5 + y, 0.5 2 z

C12–H12
…O2 0.97(2) 2.53(2) 3.463(7) 163(2) 1.5 + x, 1.5 2 y, 0.5 + z

C9–H9B
…O3 1.00(2) 2.75(2) 3.469(3) 129(1) 1 2 x, 1 2 y, 2z

C5–H5
…O1 0.91(2) 2.96(2) 3.499(2) 120(1) 1.5 2 x, 0.5 + y, 0.5 2 z

a Only H…O that have significant interactions are given.

Scheme 5 Palladium catalysed allylic alkylation reation.

Table 4 Allylic alkylation in different ionic liquids as solventa

Run
Ionic
liquid IL structure

Conversion
(%)b

1 17 0.5

2 7 62

3c 7 ‘‘ 1
4 10 64

5 14 75

15 71

7d 7 73

8d 14 53

a Pd(OAc)2 = 2 mol%; Ligand = 8 mol%; Ionic liquid = 2 mL;
nBu4NOAc = 2 mmol; trans-1,3-diphenyl-3-acetoxy-prop-1-ene =
1 mmol; dimethylmalonate = 1.5 mmol; 50 uC; 12 h. b Determined
by 1H NMR. c NaCl 4 mol% vs. Pd. d THF 25% v/v.
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obtained which can also be correlated to the solubility of the

reagents. On the contrary, a THF addition to 14 (run 8)

induced a decrease of the conversion compared to the run

performed in the IL 15 alone (run 6). We were able to recycle

the catalyst within ionic liquids 7, 10, 14, and 15 four times

without any loss of activity.

At the end of the reaction carried out in IL 15, a solid

formed that could be recrystallised while using 1-butyl-3-

methyl-imidazolium triflate as the solvent. The crystalline solid

18 is an ionic co-crystal of 15 and tetrabutyl ammonium

triflate.38 The latter is formed during catalysis by anion

metathesis between 15 and tetrabutyl ammonium acetate. The

dissolution of molecules in an IL occurs with disruption of the

hydrogen bond network which can generate nanostructures

with polar and non-polar regions where inclusion-type

compounds can be formed.39 Here, ionic and hydrogen

bonding interactions coexist in the mixture (Fig. 3, Table 5).

We observe moderate hydrogen interactions principally

between imidazolium rings and triflate ions that form a cage

around the tetrabutylammonium cation.

Conclusions

In summary, we have developed a new efficient synthesis of

highly pure halide free triflate based imidazolium salts while

introducing original substituents onto the imidazolium unit.

The method developed is very useful to avoid a metathesis

process and consequently any contamination by halides. This

procedure can be general for the preparation of a variety

of triflate imidazolium salts. The new ionic liquids can be

conveniently used as solvents in palladium catalysed reaction

like the Tsuji–Trost C–C bond forming reaction. The use of

halide free triflate imidazolium ionic liquids in palladium-

catalysed reactions will be reported in due course.

Experimental section

Materials

D2O (99.95% isotopic purity), CDCl3, and [D6] acetone

were obtained from Euriso-top. Trifluoromethanesulfonic

anhydride was freshly prepared prior to use by distillation of

a 1 : 1 w/w mixture of trifluoromethanesulfonic acid and

phosphorus pentoxide.40 N-Methylimidazole was freshly dis-

tilled over KOH. (rac)-(E)-1,3-Diphenyl-3-acetoxyprop-1-ene

was prepared by acylation of the appropriate alcohol with

Ac2O in dichloromethane under DMAP catalysis.41 All other

chemicals were purchased from Acros, Aldrich, Fluka or

Strem and used without further purification. Solvents were

distilled under positive pressure of dry nitrogen before use and

dried by standard methods: dichloromethane from CaH2 and

toluene from Na/Hg amalgam. All reactions were carried out

in oven-dried glassware under nitrogen, using standard

Schlenk and vacuum line techniques. The 1H and 13C spectra

were recorded at room temperature on an Advance 300 Bruker

spectrometer, at 300.13 and 75.49 MHz, respectively. Chemical

shifts are given in ppm units (d) relative to tetramethylsilane

(TMS), for 1H and 13C. 13C NMR triflate anion signals are

not reported. Elemental analysis was performed by ‘‘Service

Central d’Analyse du CNRS’’. X-Ray diffraction analysis was

performed on a Bruker SMART CCD.

3-Methyl-1-[4-(1-methylimidazolium-3-yl)butyl]-imidazolium

ditriflate (3)

Under nitrogen, a Schlenk tube equipped with a magnetic stir

bar was charged with THF (0.43 g, 6 mmol), dichloromethane

(20 mL) and poly(4-vinylpyridine) (3 g, 10.6 mmol). After

cooling to 0 uC, trifluoromethanesulfonic anhydride (2.0 g,

7.1 mmol) was added dropwise. At the end of the addition, the

reaction mixture was stirred for 1 min at room temperature.

The reaction mixture was filtered through a sintered glass

funnel and the solid washed with 5 mL of dichloromethane.

The filtrate was washed with saturated NaHCO3, dried over

MgSO4, and concentrated under vacuum to give the bis-triflate

quantitatively as a white solid. This solid was dissolved in

anhydrous toluene (10 mL) under a nitrogen atmosphere and

the solution was cooled to 0 uC. N-Methylimidazole (6.18 g,

75.2 mmol) was added and the resulting solution was stirred

for an hour during which time the imidazolium salt precipi-

tated. After filtration, the salt was dried overnight at 120 uC in

vacuum (2.83 g, 91%). Mp 71.2 uC. 1H NMR ([D6] acetone,

300.13 MHz) d 2.89 (m, 4H, N–CH2–CH2), 4.04 (s, 6H, CH3–

N), 4.45 (t, 4H, N–CH2–CH2), 7.71 (s, 2H, CHLCH), 7.79 (s,

2H, CHLCH), 9.10 (s, 2H, N–CHLN). 13C NMR ([D6]

acetone, 75.49 MHz) d 27.38 (N–CH2–CH2), 36.64 (CH3–N),

49.63 (N–CH2–CH2), 123.47 (CHLCH), 127.78 (CHLCH),

Fig. 3 Co-crystal of imidazolium/tetrabutylammonium triflate 18

obtained by X-ray diffraction analysis after catalysis with salt 15.38

Table 5 Distances (Å) and angles (u) of C–H…O hydrogen bonds in
18a(see ref. 38)

C…H H…O C…O C–H…O
Symmetry
operators for O

C1–H1
…O5 0.93 2.28(3) 2.957(4) 129(2) x, y, z

C4–H4A
…O4 0.93 2.40(3) 3.134(4) 137(2) x, 1 + y, z

C1–H1
…O3 0.93 2.82(3) 3.163(4) 103(2) x, y, z

C4–H4B
…O3 0.97 2.61(3) 3.174(5) 117(2) x, y, z

C9–H9A
…O1 0.96 2.47(3) 3.344(4) 151(2) x + 1, y, z

C2–H2
…O4 0.93 2.78(3) 3.404(5) 125(2) x, 1 + y, z

C2–H2
…O6 0.93 2.51(3) 3.426(3) 168(2) x, 1 + y, z

C18–H18B?O2 0.97 2.32(2) 3.275(3) 169(2) x, y 2 1, z
C18–H18A?O6 0.97 2.37(3) 3.323(4) 166(2) x 2 1, y, z
C10–H10A?O1 0.97 2.38(2) 3.335(3) 175(2) x ,y, z
C14–H14B?O4 0.97 2.57(3) 3.359(5) 138(2) x, y, z
a Only H…O that have significant interactions are given.
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138.52 (N–CHLN). Anal. calcd for C14H20N4F6O6S2: C, 32.43;

H, 3.89; N, 10.81. Found: C, 32.54; H, 3.91; N, 10.84.

3-Benzyl-1-[4-(1-benzylimidazolium-3-yl)butyl]-imidazolium

ditriflate (4)

This compound was prepared following the procedure used to

prepare 3. 4 was obtained in 94% yield. Mp 111.7 uC. 1H NMR

([D6] Acetone, 300.13 MHz) d 2.04 (m, 2H, N–CH2–CH2), 4.47

(m, 2H, N–CH2–CH2), 5.57 (s, 2H, N–CH2–Ph), 7.43–7.45 (m,

5H, CHaro), 7.77 (s, 1H, CHLCH), 7.83 (s, 1H, CHLCH), 9.29

(s, 1H, N–CHLN). 13C NMR ([D6] Acetone, 75.49 MHz) d

27.38 (N–CH2–CH2), 49.84 (N–CH2–CH2), 53.73 (N–CH2–

Ph), 123.55 (CHLCH), 123.96 (CHLCH), 129.64 (CHmeta),

129.94 (CHpara), 130.05 (CHortho), 135.27 (CHaro), 137.28 (N–

CHLN). Anal. calcd for C26H28N4F6O6S2: C, 46.56; H, 4.21;

N, 8.35. Found: C, 46.39; H, 4.22; N, 8.40.

3-Methyl-1-[5-(1-methylimidazolium-3-yl)pentyl]-imidazolium

ditriflate (7)

This compound was prepared following the procedure used to

prepare 3. 7 was isolated in 89% yield. 1H NMR ([D6] acetone,

300.13 MHz) d 1.41 (m, 2H, N–CH2–CH2–CH2), 1.97 (m, 2H,

N–CH2–CH2–CH2), 3.98 (s, 6H, CH3–N), 4.30 (t, 4H, N–

CH2–CH2), 7.68 (s, 2H, CHLCH), 7.76 (s, 2H, CHLCH), 9.05

(s, 2H, N–CHLN). 13C NMR ([D6] acetone, 75.49 MHz) d

23.08 (N–CH2–CH2–CH2) 33.42 (N–CH2–CH2–CH2),

36.57 (CH3–N), 49.88 (N–CH2–CH2), 123.35 (CHLCH),

124.67 (CHLCH), 138.98 (N–CHLN). Anal. calcd for

C15H22N4F6O6S2: C, 33.84; H, 4.16; N, 10.62. Found: C,

33.78; H, 4.32; N, 10.67.

3-Methyl-1-{2-[2-(1-methylimidazolium-3-yl)ethoxy]ethyl}-

imidazolium ditriflate (10)

This compound was prepared following the procedure used to

prepare 3 except that triflic acid was introduced (20 mol%)

along with the substrate before cooling. 10 was isolated in 38%

yield. 1H NMR (acetone-d6, 300.13 MHz) d 2.07 (m, 2H, CH2–

CH2–O), 4.03 (s, 3H, CH3–N), 4.55 (m, 2H, N–CH2–CH2),

7.70 (s, 1H, CHLCH), 7.73 (s, 1H, CHLCH), 9.08 (s, 1H,

N–CHLN). 13C NMR ([D6] acetone, 75.49 MHz) d 32.28

(CH2–CH2–O), 35.61 (CH3–N), 49.24 (N–CH2–CH2), 122.95

(CHLCH), 123.40 (CHLCH), 137.12 (N–CHLN). Anal. calcd

for C14H20N4F6O7S2: C, 31.46; H, 3.78; N, 10.48. Found: C,

31.51; H, 3.79; N, 10.52.

1-Methyl-3-(tetrahydrofuran-2-ylmethyl)-imidazolium triflate

(14)

This compound was prepared following the procedure used to

prepare 3. 14 was isolated in 82% yield. 1H NMR (CDCl3,

300.13 MHz) d 1.57 (m, 1H, CH2–CH–O), 1.91 (m, 2H,

O–CH2–CH2), 2.14 (m, 1H, CH2–CH–O), 3.76–3.92 (m, 2H,

O–CH2–CH2), 3.93 (s, 3H, N–CH3), 4.14 (m, 2H, N–CH2–

CH), 4.40 (m, 1H, O–CH–CH2), 7.41 (s, 1H, CHLCH), 7.52 (s,

1H, CHLCH), 9.03 (s, 1H, N–CHLN). 13C NMR (CDCl3,

75.49 MHz) d 25.53 (O–CH2–CH2), 28.51 (CH2–CH–O), 33.30

(N–CH3), 36.24 (N–CH2–CH), 53.28 (O–CH2–CH2), 68.40

(O–CH–CH2), 123.17 (CHLCH), 123.29 (CHLCH), 136.94

(N–CHLN). Anal. calcd for C10H15N2F3O4S: C, 37.97; H,

4.78; N, 8.86. Found: C, 37.81; H, 4.72; N, 8.80.

1-Methyl-3-(tetrahydrofuran-3-ylmethyl)-imidazolium triflate

(15)

This compound was prepared following the procedure used to

prepare 3. 15 was isolated in 83% yield. 1H NMR (acetone-d6,

300.13 MHz) d 1.79 (m, 1H, CHH9–CH2–O), 2.23 (m, 1H,

N–CH2–CH), 2.88 (m, 1H, CHH9–CH2–O), 3.51 (m, 2H,

O–CH2–CH), 3.85 (s, 3H, N–CH3), 3.95 (m, 2H, O–CH2–

CH2), 4.06 (m, 2H, N–CH2–CH), 7.27 (s, 1H, CHLCH), 7.52

(s, 1H, CHLCH), 9.07 (s, 1H, N–CHLN). 13C NMR (CDCl3,

75.49 MHz) d 34.4 (O–CH2–CH2), 37.8 (CH–CH2–O), 40.2

(N–CH3), 55.6 (N–CH2–CH), 65.7 (O–CH2–CH), 74.6

(O–CH2–CH2), 117.1 (CHLCH), 121.1 (CHLCH), 136.7

(N–CHLN). Anal. calcd for C10H15N2F3O4S: C, 37.97; H,

4.78; N, 8.86. Found: C, 37.97; H, 4.78; N, 8.79.

1-Methyl-3-(tetrahydro-2H-pyran-2-ylmethyl)-imidazolium

triflate (16)

This compound was prepared following the procedure used to

prepare 3. 16 was isolated in 92% yield. Mp 85.1 uC. 1H NMR

([D6] acetone, 300.13 MHz) d (ppm) 1.26 (m, 1H, CH2–CH–

O), 1.51 (m, 3H, CH2–CH–O and CH2–CH2–CH2–), 1.73 (m,

2H, CH2–CH2–O), 3.38 (m, 1H, CH2–CH2–O), 3.73 (m, 1H,

CH2–CH2–O), 3.94 (m, 1H, CH2–CH–O), 4.08 (s, 3H,

N–CH3), 4.22 (m, 1H, N–CH2–CH), 4.44 (m, 1H, N–CH2–

CH), 7.70 (m, 1H, CHLCH), 7.71 (m, 1H, CHLCH), 9.02 (s,

1H, N–CHLN). 13C NMR ([D6] Acetone, 75.49 MHz) d 23.38

(CH2–CH2–CH2), 26.31 (CH2–CH2–O), 29.02 (CH2–CH–O),

36.60 (N–CH3), 54.73 (CH2–CH2–O), 68.76 (CH2–CH–O),

76.20 (CH–CH2–N), 124.24 (CHLCH), 124.28 (CHLCH),

138.13 (N–CHLN). Anal. calcd for C11H17N2F3O4S: C,

40.00; H, 5.19; N, 8.48. Found: C, 40.34; H, 5.20; N, 8.49.

General allylic alkylation procedure

A Schlenk tube was charged with the IL (2 mL), followed by

Pd(OAc)2 (4.5 mg, 2 mol%), PPh3 (21.0 mg, 8 mol%), and

nBu4NOAc (603.0 mg, 2 mmol). After repeated degassing and

flushing with nitrogen, the mixture was heated to 50 uC during

20 min. Then, after cooling, 1,3-diphenylpropenylacetate

(252.0 mg, 1 mmol) and dimethylmalonate (198.2 mg,

1.5 mmol) were added and the mixture stirred at 50 uC for

12 h. The product was extracted with hexane and the organic

layer was washed twice with water and dried over MgSO4. The

conversion was determined by 1H NMR. The mass balance

was . 95% for each catalytic experiment.
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9 P. Bonhôte, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram
and M. Grätzel, Inorg. Chem, 1996, 35, 1168–1178.

10 J. D. Holbrey, A. E. Visser, S. K. Spear, W. M. Reichert,
R. P. Swatloski, G. A. Broker and R. D. Rogers, Green Chem.,
2003, 5, 129–135.

11 K. R. Seddon, A. Stark and M. J. Torres, Pure Appl. Chem., 2000,
72, 2275–2287.

12 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser and
R. D. Rogers, Chem. Commun., 1998, 1765–1766.

13 (a) P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. F. De Souza and
J. Dupont, Polyhedron, 1996, 15, 1217–1219; (b) J. S. Wilkes and
M. J. Zaworotko, J. Chem. Soc., Chem. Commun., 1992, 965–967.

14 (a) Y. Chauvin and H. Olivier-Bourbigou, Chem.-Tech, 1995, 30;
(b) P. J. Dyson, D. J. Ellis, D. G. Parker and T. Welton, Chem.
Commun., 1999, 25–26; (c) C. Daguenet and P. J. Dyson,
Organometallics, 2004, 23, 6080–6083; (d) P. J. Dyson, Trans.
Met. Chem., 2002, 27, 353–358; (e) V. Gallo, P. Mastrorilli,
C. F. Nobile, G. Romanazzi and G. P. Suranna, Dalton Trans.,
2002, 4339–4342; (f) M. A. Klingshirn, G. A. Broker, J. D. Holbrey,
K. H. Shaughnessy and R. D. Rogers, Chem. Commun., 2002,
1394–1395; (g) D. L. Davies, S. K. Kandola and R. K. Patel,
Tetrahedron: Asymmetry, 2004, 15, 77–80.

15 J. J. Jodry and K. Mikami, Tetrahedron Lett., 2004, 45, 4429–4431.
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Cheap and readily available oxovanadium compounds such as vanadyl sulfate (VOSO4) and

vanadium oxide (V2O4) catalyze the racemization of benzylic alcohols in the absence of any

additives (e.g., bases or hydrogen mediators) or co-catalysts. The reaction occurs at 80 uC in

n-octane as the solvent and does not require anhydrous or oxygen-free conditions. Experiments

clearly demonstrated that VOSO4 is a reusable and truly heterogeneous racemization catalyst.

Insight into the reaction mechanism was obtained from 18O-labeling experiments, which showed

that the formation of carbenium ion intermediates is a key step. The V-catalyzed racemization was

combined with a lipase-catalyzed kinetic resolution to give a chemoenzymatic dynamic kinetic

resolution of benzylic alcohols. The dynamic kinetic resolution (DKR) proceeds in one pot and

does not need additives or specifically designed acyl donors. Under optimized conditions, the

DKR process yields the corresponding esters in good chemical yield (.90%) and high optical

purity (.99% ee).

1. Introduction

Enantiomerically pure alcohols and esters are key components

for asymmetric synthesis. An attractive route for their

preparation is dynamic kinetic resolution (DKR), which

combines the kinetic resolution (e.g., enzyme-catalyzed KR)

of a racemic mixture of alcohols with the in situ racemization

of the slow-reacting enantiomer.1 DKR provides optically

enriched esters in up to quantitative yields, whereas the

maximum yield in conventional KR is limited to 50%.

Generally, racemization requires relatively harsh thermal or

strongly acidic or basic conditions,2 which are incompatible

with a stereoselective one-pot transformation. On the other

hand, various transition metal complexes of rhodium, iridium

and ruthenium are known to catalyze the racemization of

optically active alcohols under mild conditions.3 The racemi-

zation proceeds via a hydrogen transfer pathway involving

dehydrogenation of the chiral alcohol and re-addition of

hydrogen to the intermediate ketone. Unfortunately, only a

few of these metals (mainly Ru-based complexes) are

compatible with an in situ enzymatic reaction.4 Frequently

encountered obstacles are the interference of the metal with the

enzyme, resulting in poor KR, or inhibition of the racemiza-

tion reaction by the enzyme. Moreover, additives required for

the chemical or enzymatic reaction, or the acyl donor and the

byproducts produced upon acylation can also affect the

racemization or the kinetic resolution. Therefore, the search

for new racemization catalysts continues to be an important

research topic. In this respect, recyclable catalysts are of

particular interest.4h,5,6 Recent advances in aerobic alcohol

oxidation catalyzed by oxovanadium species prompted us to

investigate the potential of vanadium as a catalyst for the

racemization of secondary alcohols.7,8 Herein we report on the

racemization and chemoenzymatic DKR of benzylic alcohols

using heterogeneous vanadium catalysts.

2. Experimental

2.1 Materials and product analysis

All materials were obtained from commercial sources and were

used without purification. H2
18O (18O content . 95%) was

obtained from Fluka. Lipase B (CALB) from Candida

antarctica adsorbed on a macroporous acrylic resin was

purchased from Sigma (Novozym 435). Vanadyl sulfate

(VOSO4?5H2O) was obtained from Merck or Acros and gave

nearly identical results. Powder X-ray diffraction, XRD,

(Siemens D5000matic diffractometer with Ni-filtered Cu Ka

radiation) showed that the diffraction pattern of commercial

VOSO4?5H2O corresponds with the XRD data reported for

the mineral species minasragrite.9 According to scanning

electron microscopy (Philips XL30 FEG microscope), the

majority of the crystals had a rod-like shape, with dimensions

of 20–50 mm in length and 10–20 mm in width.

Yields and enantiomeric purities of substrates and reaction

products were determined using an HP 6890 gas chromato-

graph (Chirasil-DEX CB fused silica WCOT column, 25 m 6
0.32 mm 6 0.25 mm) and a flame-ionization detector.

Nitrogen was used as the carrier gas. Yields were determined

using the internal standard (i.e., tetradecane) method and

individual calibration factors to correct for the detector

response. GC–MS analyses were performed on an Agilent

6890N GC (He carrier gas, HP-5MS column, 30 m 6 0.25 m 6
0.25 mm) coupled to an Agilent 5973 Network Mass Selective

Detector (electron impact ionization at 70 eV).
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Reference compounds were prepared by established synthe-

tic procedures. Enantiopure octanoyl esters were obtained by

the lipase-catalyzed esterification of racemic phenylalkanols

with vinyl octanoate. Racemic esters were prepared by the

direct acylation of the corresponding racemic alcohols with

octanoic acid in the presence of N,N9-dicyclohexylcarbodi-

imide and 4-(dimethylamino)pyridine.10

2.2 Reaction procedures

Standard racemization reaction. Racemization reactions

were performed at 80 uC in a well-stirred (500 rpm) glass vial

containing 10 mL of the solvent, 0.5 mmol (S)-1-phenylethanol

(S)-1a (ee . 99%) and 0.25 mmol tetradecane as an internal

GC standard. After introduction of all reaction components,

0.1 g of the vanadium catalyst was added. When the reaction

was performed under an inert atmosphere instead of under air,

the mixture was carefully flushed with nitrogen gas prior to

reaction.

Heterogeneity test and catalyst reuse. In order to check the

heterogeneous nature of the observed catalysis, a conventional

filtrate test was performed.11 Using VOSO4?5H2O as the

catalyst, a standard racemization reaction was carried out,

and at a low degree of racemization, half of the hot catalyst

suspension was filtered (0.45 mm), and the reaction progress in

the clear filtrate and in the catalyst suspension (both at 80 uC)

was further monitored by chiral GC analysis.

Determination of the oxygen isotopic composition of 1-phe-

nylethanol. In order to study the mechanism of the vanadium-

catalyzed racemization of 1-phenylethanol, the reaction was

carried out in the presence of a small amount of 18O-enriched

water. The reaction was performed at 80 uC in a glass vial

containing 5 mL of n-octane, 0.125 mmol (S)-1-phenylethanol

(S)-1a (ee . 99%) and 0.05 g VOSO4?nH2O (pre-dried for 3 h

at 60 uC). Finally, 0.01 g of 18O-enriched water (18O content .

95%) was added to the reaction mixture.

The evolution of the enantiomeric excess was monitored by

chiral GC analysis and the oxygen isotopic composition of

1-phenylethanol 1a was determined by GC–MS. The alcohol

isomers were not resolved from one another on the achiral

GC–MS column. The 16O and 18O composition of 1a was

deduced from the comparison of the relative abundances of the

ion fragments at mass/charge ratios of 122 (reflecting the 16O

content) and 124 (reflecting the 18O content).12 The oxygen

isotopic composition calculated from the mass spectral

fragments 107 and 109 was nearly identical. These fragments

correspond to the parent ion (122/124) and a C7H7O fragment

(107/109) resulting from the loss of a methyl group (M+ 2 15).

Standard DKR reaction. DKR reactions were performed in a

100 mL glass reactor equipped with a blade stirrer rotating at

300 rpm (Scheme 1). A conical basket made of inox gauze was

mounted on the shaft of the stirrer. The basket was filled with

0.11 g of immobilized lipase and the reactor was loaded with

100 mL of the solvent (n-octane or toluene) and 1.27 mmol

racemic 1-phenylethanol (rac-1a). Finally, 0.2 g of VOSO4?

5H2O was added and the reactor was closed and heated to

80 uC. Once the reaction temperature was reached, 2 equivalents

(equiv.) of vinyl octanoate (2.54 mmol) were added and the

reaction progress was monitored by chiral GC analysis. After

2.25 h, another 2 equivalents of vinyl octanoate were added.

3. Results and discussion

Employing n-octane as the solvent at 80 uC, several vanadium

compounds were screened for their activity in the racemization

of (S)-1-phenylethanol (ee . 99%) (1a). Reactions were carried

out under a nitrogen atmosphere to prevent the net oxidation

of the alcohol. After 1.5 h, the enantiomeric excess (ee) and the

alcohol yield were determined by chiral GC analysis (Table 1).

Among the various vanadium catalysts examined, V2O4 and

VOSO4?5H2O showed the highest activity for the racemization

of (S)-1a, giving 1a in 15–2% ee and 82–96% yield, respectively.

When the reaction was performed under an air atmosphere,

a similar reaction rate was observed and importantly, no

oxidation products (i.e., acetophenone) were detected (Entry 4).

Surprisingly, VO(acac)2 (acac = acetylacetonate) and V2O5,

two commonly used (pre)catalysts for oxovanadium-catalyzed

transformations,7 showed almost no activity in the racemiza-

tion of (S)-1a (Entry 6 and 7).

Scheme 1 DKR reaction setup.

Table 1 Vanadium-catalyzed racemization of (S)-1-phenylethanola

Entry Catalyst eeb (%) Yieldb (%)

1 V(acac)3 99 99
2 V2O3 90 82
3 VOSO4?5H2O 2 96
4c VOSO4?5H2O 2 94
5d V2O4 15 82
6 VO(acac)2 99 98
7 V2O5 98 94
8 NaVO3 99 99
a (S)-1a (0.50 mmol), tetradecane (0.25 mmol) and V catalyst (0.1 g)
in octane (10 mL) were stirred for 1.5 h at 80 uC under N2.
b Alcohol yield and ee determined by chiral GC analysis. c Air
atmosphere. d 60 uC.
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Vanadyl sulfate was selected for further investigation

regarding reaction conditions, substrate scope and reaction

mechanisms. Toluene and n-octane were the preferred solvents

with respect to the rate of racemization and alcohol yield. With

1,4-dioxane or N,N-dimethylformamide as the solvent, very

little racemization was observed. To verify whether the

observed catalysis is due to solid VOSO4 or to leached

vanadium species, the racemization of (S)-1a was carried out

under standard conditions. After 1 h (ee = 41%), half of the

reaction mixture was filtered at 80 uC, and both the clear

filtrate and the remaining catalyst suspension were further

stirred at 80 uC. No further racemization of (S)-1a was

observed in the filtrate, not even after prolonged reaction

times, whereas the reaction proceeded smoothly in the catalyst

suspension (Fig. 1). This experiment clearly shows the

complete absence of any catalytically active vanadium species

in solution. To demonstrate the recyclability of the catalyst, a

standard racemization reaction was carried out, and at the end

of the reaction the solid VOSO4 was recovered by centrifuga-

tion and was washed with octane. The catalyst along with

replenished reagents and solvent was reused twice without any

loss of the original catalytic activity (Fig. 2). Product yields

(not shown) remained equally high over the three runs. For the

second and third run, a slight increase of the reaction rate is

observed. Scanning electron microscopy revealed a partial

fragmentation of the original particles upon vigorous stirring

of the catalyst under reaction conditions. The reduced crystal

size might explain the enhanced racemization rate in the

subsequent runs with the same catalyst. Similarly, milling of

the catalyst with a ball mill reduced the crystal size and

produced slightly more active catalysts.

Various enantiopure alcohols could be racemized using

VOSO4 in octane (Table 2). Halogen substituents (e.g., Br) on

the aromatic ring are tolerated (Entry 2). Initial kinetics

showed that the racemization of (S)-1-(4-bromophenyl)etha-

nol, which contains an electron-withdrawing substituent,

proceeded 3.5 times more slowly than the racemization of

(S)-1a. When the methyl group in the benzylic position is

replaced by an ethyl group, the racemization proceeded as

well, but at a slightly lower rate (Entry 4). The introduction

of small functional groups next to the alcohol is tolerated,

as demonstrated in the reaction of the b-chloro-substituted

alcohol (Entry 5). The racemization of (S)-1-indanol

proceeded efficiently at room temperature (Entry 6).

Racemization of aliphatic alcohols such as (R)-2-octanol did

not occur, not even after prolonged reaction times or at higher

temperatures (Entry 7).

Regarding the mechanism of the V-catalyzed racemization,

we first considered redox pathways involving cleavage of

the a-CH bond. Possible routes may involve hydride or

Fig. 1 Filtrate test for VOSO4 in the racemization of (S)-1a.

Fig. 2 Reuse of VOSO4 in the racemization of (S)-1a.

Table 2 Racemization of secondary alcohols with vanadyl sulfatea

Entry Substrate T/uC Time/h ee (%) Yield (%)

1 80 1.5 6 95

2 80 2.5 12 96

3 60 6.5 48 96

4 80 3.5 5 88

5 80 5.0 39 97

6 25 3.5 3 98

7 100 24 99 95

a Alcohol (0.25 mmol), tetradecane (0.125 mmol) and VOSO4?5H2O
(0.05 g) in octane (10 mL) were stirred under air.
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hydrogen-atom abstraction with intermediate formation of a

ketone or an a-hydroxy carbon radical, respectively. During

the racemization of (S)-1a with VOSO4 under air, no traces

of ketone were observed, and addition of acetophenone

(1 equivalent relative to (S)-1a) did not result in a rate

enhancement. This suggests that the racemization does not

proceed via a hydrogen transfer pathway.3c Addition of radical

inhibitors like 2,6-di-tert-butylphenol did not affect the

reaction rate nor the alcohol yield.13 Moreover, optically

active esters are not racemized by the VOSO4 catalyst. Both

observations disfavor a radical pathway. Alternatively, chiral

alcohols such as 1a may be racemized via protonation, water

loss, and formation of an sp2 carbenium ion, which is planar

and prochiral. Subsequent addition of water to the carboca-

tion occurs stereorandomly leading to racemization.6,12,14,15

Direct evidence for the involvement of acid catalysis was

obtained by studying the racemization of (S)-1a in the presence

of VOSO4?n16/18H2O containing 18O-enriched hydration water

(y40% 18O enrichment). For a reaction proceeding through

carbocation intermediates, 18O exchange between water and

(S)-1a will occur during racemization. Mass spectrometric

analysis of 1a indicated that the hydroxyl oxygen atom was

35% 18O-labeled at 8% ee (Fig. 3). The high level of 18O

incorporation proves that carbenium ion formation is the

key step (Scheme 2).12,14 This acid-catalyzed mechanism is

supported by the observation that the addition of bases such as

sodium carbonate or N,N-diisopropylethylamine inhibits the

catalyst. In addition, under suboptimal conditions, the

racemization of (S)-1a is accompanied with the formation of

side products uniquely indicative of carbenium ion intermedi-

ates. Thus, prolonged heating of (S)-1a with VOSO4 yields,

besides rac-1a, styrene and bis(a-methylbenzyl)ether. These

products are similar to those of other acid-catalyzed reactions

of secondary alcohols.16

As shown in Fig. 2, the racemization catalyzed by

VOSO4?5H2O is characterized by a specific decay of the

enantiomeric excess: a slow linear decrease is followed by a

steep decay of the ee. This induction period is shorter at higher

reaction temperatures and the same induction period is still

present when the catalyst is reused or when the catalyst is

subjected to consecutive heating/cooling cycles. At this time,

we assume that the induction period is due to the presence of

water on the catalyst surface. This is consistent with all

observations, particularly regarding the relationship between

pretreatment and activity. An increased temperature likely

causes desorption of water from the surface of the catalyst. As

the Brønsted acidity of inorganic metal sulfates is considered

to result from polarized water molecules bonded to the metal

cation, it is clear that the hydration degree will strongly affect

the number and the strength of the acid sites.15 The induction

period probably is the result of the gradual formation of

stronger acid sites upon water desorption, as is also observed

for cation-containing zeolites upon dehydration.

Having established the potential of vanadium as a racemiza-

tion catalyst, VOSO4 was combined with an immobilized

Candida antarctica lipase B (CALB) to effect the chemoenzy-

matic DKR of racemic 1a. CALB was the preferred lipase as it

tolerates a wide range of acyl donors and shows a high

enantioselectivity in the acylation of benzylic alcohols.17

Importantly, VOSO4 itself does not catalyze the esterification.

The DKR was carried out in one pot, although it was found

necessary to physically separate the immobilized lipase and the

solid vanadyl sulfate. This was achieved by isolating CALB in

a porous inox basket which was suspended in a 100 mL glass

reactor containing the VOSO4 crystals (Scheme 1). Preliminary

experiments showed that an appropriate acyl donor is

required. Commonly used esters like vinyl or isopropenyl

acetate resulted in some inhibition of the racemization, but

with vinyl octanoate 3 as the acyl donor, VOSO4 retained its

original activity and selectivity, and a successful DKR of

rac-1a could be achieved. (R)-1-Phenylethyl octanoate (2a) was

obtained in good chemical yield and in high enantiomeric

purity using the appropriate amount of VOSO4 (Table 3,

Entry 2). Lowering the amount of VOSO4 resulted in an

insufficient racemization rate, which is translated into a lower

ester yield and ee (Entry 1). Using toluene as the solvent

instead of octane, a comparable yield was obtained after 3.5 h,

but the ee of 2a decreased considerably (Entry 4). In order to

obtain the ester in even higher enantiomeric purities, the total

amount of acyl donor 3 was reduced to 2 equivalents relative

Fig. 3 Racemization of (S)-1a catalyzed by VOSO4?nH2
16/18O:

formation of (R)-1a (chiral GC analysis) and isotopic composition of

rac-1a based on the 122/124 ion fragments (GC–MS).

Scheme 2 18O incorporation during the vanadium-catalyzed

racemization of (S)-1a.
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to 1a. This resulted in an identical yield of 2a but the ee

increased to 99% (Entry 5).

Conclusions

In conclusion, oxovanadium compounds catalyze the racemi-

zation of benzylic alcohols without the need for additives or

inert conditions. Vanadyl sulfate is a reusable and truly

heterogeneous racemization catalyst that can be combined

with a resolving lipase for the DKR of racemic benzylic

alcohols.
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J.-E. Bäckvall, Angew. Chem., Int. Ed., 2004, 43, 6535; (g)
B. Martı́n-Matute, M. Edin, K. Bogár, F. B. Kaynak and J.-E.
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The Beckmann rearrangement of cyclododecanone oxime, the monomer for the production of

Nylon 12, was successfully accomplished using a wide range of micro–mesoporous catalysts,

under microwave conditions, affording the selective production of v-laurolactam in high

conversions after a short period of time (typically 5 min).

Introduction

Microwave technology has been the subject of extensive studies

during the past few years1 and many reports have appeared

dealing with several applications of microwave-assisted syn-

thesis as an interdisciplinary research field.2 This novel and

cleaner reaction tool relies on the power of microwaves to

reduce the reaction times and energy consumption together with

an increase in yields and selectivity in some cases.3

The Beckmann rearrangement of cyclic oximes is a well-

known reaction in which the cyclic lactam is produced, usually

selectively and in high yields, in the presence of solid acids.4

Interestingly, only a few research highlights dealing with the

rearrangement of the cyclododecanone oxime (Cdox) have

been reported so far.5 v-Laurolactam (v-l) is the monomer for

the production of Nylon 12 which has several interesting

applications in the automotive industry, medicine, sport and

manufacture of food packaging articles. Its commercial

production in the liquid phase (ca. 50 000 t year21 worldwide)6

is energy consuming and co-produces a substantial amount

of ammonium sulfate as waste. Furthermore, the majority

of the v-1 preparation methods have been reported in the

patent literature and have described liquid phase Beckmann

rearrangements involving mineral acid catalysts7 and

anhydrides of organic sulfonic acids.8 Only very few were

performed using solid acid catalysts.5–9 In order to overcome

the problems related with mineral acids and energy intensive

processing, a combination of microwave-assisted chemistry

and heterogeneous catalysis could potentially be the key to

cleaner and safer methodologies. The synthesis, characterisa-

tion and catalytic application of micro- and mesoporous

materials has been a major research topic in our groups for a

long time.10

We have recently developed a wide range of acidic micro-

and mesoporous materials that have proven to be highly active

and selective in different acid catalysed reactions, including

the Beckmann rearrangement of cyclohexanone oxime.11 A

combination of weak (Lewis) and strong (Brønsted) acid sites

has been shown to be critical in order to achieve highly active

and selective materials in the reaction.

Here, we report for the first time the highly selective

production of v-1 in a short reaction time via microwave

heating in the presence of porous solid acids.

Results and discussion

A series of micro–mesoporous materials including mesoporous

alumino- and borosilicates, silicoaluminophosphates and micro-

porous commercial zeolites were screened (see Experimental).

The presence of strong Brønsted acid sites in the materials was

found to be critical in order to attain highly active catalysts as

we will discuss later. Firstly, the different parameters involved

in microwave assisted reactions that could potentially affect

the performance of the solid acids in the Cdox rearrangement

were explored in order to optimise the conversion and selectivity

to v-l. The initial microwave reaction conditions were: 20 mg

Cdox, 20 mg catalyst, 130 uC, 15 min. Chlorobenzene (PhCl) was

employed as solvent in the reaction due to the good results

obtained with this solvent in previous work5a as well as the

good solubility of the cyclic oxime in PhCl. Cyclododecanone

(Cdone) was the only by-product found but dodecanenitrile and

11-dodecenenitrile (CN) (Scheme 1) were not detected in the

reaction mixture.

aDepartamento de Quı́mica Orgánica, Universidad de Córdoba, Campus
de Rabanales, Ctra Nnal IV Km 396, Edificio Marie Curie, Córdoba,
Spain. E-mail: qo1rorea@uco.es
bGreen Chemistry Centre of Excellence, Department of Chemistry, The
University of York, York, UK. E-mail: rla3@york.ac.uk;
Fax: +44 1904 432705; Tel: +44 1904 432568 Scheme 1 Product distribution in the Beckmann rearrangement of Cdox.
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Effect of the microwave power

The microwave power had a notable effect on reaction rates as

shown in Table 1 for the particular case of AlB-2 and Al-SBA-

15, respectively. A power increase of 75 W (from 200 to 275 W)

almost doubled the conversion and also slightly increased the

selectivity to v-l. A similar trend was found for all the solid

acids screened in the reaction. b-25 zeolite provided the best

conversion values in the reaction (y80% at 275 W, not shown)

but in any case comparable to that of Al-SBA-15 (Table 1,

entry 8).

Effect of the solvent

From a green chemistry standpoint, PhCl is not the greenest

solvent for our reaction, so in an attempt to completely or

partially replace the PhCl with a more environmentally

compatible solvent, several solvents were screened in the

Beckmann rearrangement of Cdox. The effect of some of these

solvents in the catalytic performance of the Al-SBA-15(20) is

illustrated in Fig. 1. The extraordinary effect in both con-

version and selectivity to v-1 when employing toluene and

dimethyl carbonate (DMC) instead of PhCl is notable.

Moreover, water-miscible solvents (i.e. methanol, ethanol,

etc.) were also screened as a potential PhCl replacement. Very

poor conversion values (,10% using ethanol under Fig. 1

reaction conditions) were found. This could be due to the poor

solubility of the oxime and/or products in the alcohol.

However, the partial replacement of PhCl for toluene gives

promising results (i.e. 57% conversion and 87% selectivity to

v-1 were found using a fluorinated AlB-2 material under the

standard reaction conditions with a 1 : 2 w/w PhCl : toluene

mixture).

Even more interesting results were found in a solventless

environment. 20 mg Cdox together with the catalyst (20 mg)

were placed in a microwave tube and microwaved under

similar reaction conditions (see Experimental). Data is sum-

marised in Table 2. Surprisingly, b-25 zeolite provided very

low conversion values whereas Al/MCM-41 and Al-SBA-15

materials gave the best results of all the materials screened

(entries 2, 3, 5 and 6). In terms of selectivity, a decrease in

selectivity to v-1 in the solventless reactions compared to the

PhCl ones was found. Cdone was found as the major by-

product coming from the transformation of Cdox over Si–OH

groups. The lower activity of b-25 compared to the meso-

porous materials may be due to the pore size constraints of the

zeolite framework (ca. 1.2 nm) that may retain the oxime and/

or product formed inside it under solventless conditions,

compared to the mesoporous Al-MCM-41(20) (ca. 2.3 nm)

and specially Al-SBA-15(20) (ca. 5.1 nm). A significant

increase in conversion was also found increasing either the

temperature from 130 to 180 uC (Table 2, entries 3 and 5) or

the quantity of catalyst (entry 6) at the expense of the v-1

selectivity. Higher quantities of Cdone, dodecanenitrile and

CN as by-products when increasing the temperature were

also observed.

Effect of the time of reaction

After optimisation of the power and the solvent employed in

the Beckmann rearrangement, the time of reaction was the

next parameter to be optimised. Interestingly, the conversion

Table 1 Effect of microwave power on the catalytic performance
[total conversion (XT) and selectivities to v-1 (Sv-1) and Cdone
(SCdone)] of AlB-2 and Al-SBA-15(20) in the Beckmann rearrangement
of Cdox under microwave irradiationa

Entry Catalyst Power/W
XT

(mol%)
Sv-1

(mol%)
SCdone

(mol%)

1 AlB-2 200 29 94 6
2 225 35 96 4
3 250 40 95 5
4 275 49 98 2
5 Al-SBA-15(20) 200 44 91 9
6 225 49 95 5
7 250 55 98 2
8 275 73 99 1
a Reaction conditions: 20 mg Cdox, 3 mL PhCl, 20 mg catalyst,
130 uC, 15 min.

Fig. 1 Solvent effect in the activity and selectivity of Al-SBA-15(20)

in the Beckmann rearrangement of Cdox under microwave irradiation

(reaction conditions: 20 mg Cdox, 3 mL solvent, 275 W, 130 uC,

20 mg cat.).

Table 2 Catalytic performance [total conversion (XT) and selectivities to v-1 (Sv-1), Cdone (SCdone) and CN (SCN)] of different micro–
mesoporous materials in the Beckmann rearrangement of Cdox under microwave irradiation and in the absence of solventa

Entry Catalyst XT (mol%) Sv-1 (mol%) SCdone (mol%) SCN (mol%)

1 AlB-2 33 75 25 —
2 Al-MCM-41(20) 54 86 14 —
3 Al-SBA-15(20) 57 87 13 —
4 Commercial b-25 10 87 13
5 Al-SBA-15(20)b 82 78 19 3
6 Al-SBA-15(20)c 88 79 21 —
a Reaction conditions: 20 mg Cdox, 20 mg catalyst, 275 W, 130 uC, 15 min. b 180 uC. c 130 uC, 40 mg catalyst.

1110 | Green Chem., 2007, 9, 1109–1113 This journal is � The Royal Society of Chemistry 2007
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did not significantly increase after reaction times longer than

5 min (Fig. 2 and 3) and a good conversion [over 33%

for all materials] was found after only 1 min of reaction.

Selectivity to v-1 (.95% in all cases) remained unchanged with

time of reaction.

Effect of the catalyst quantity

As expected, the quantity of solid acid used in the reaction

increased the conversion of Cdox in the systems (Tables 3

and 4), with an increase in the quantity of catalyst added.

Significantly, the conversion did not appreciably change for

Al-SBA-15(20) at quantities higher than 35 mg (91%), but it

almost doubled when the catalyst amount was increased from

10 to 20 mg (Table 4, entries 1 and 2). The selectivity remained

almost unchanged with an increase of the amount of catalyst.

A similar trend was found for all materials tested in the

Beckmann rearrangement of Cdox (AlB-2 example in Table 3).

Effect of the reaction temperature

Reactions carried out at different temperatures employing

some examples of the materials screened in the reaction are

included in Table 5.

Temperature was not found to be one of the critical

parameters for the reaction (Table 5). Selectivities to v-1

remained unchanged and the mesoporous materials, including

Al-MCM-41(20) and Al-SBA-15(20) had activities comparable

to that of the microporous b-25 zeolite.

Effect of the quantity of oxime

Further experiments were performed with increasing quantities

of Cdox. Results are summarised in Table 6. Results demon-

strated an increase in the catalyst efficiency, in terms of v-1

Fig. 2 Effect of time of reaction on the activity and selectivity of

AlB-2 employed as catalyst in the Beckmann rearrangement of Cdox

under microwave irradiation (reaction conditions: 20 mg Cdox, 3 mL

PhCl, 275 W, 130 uC, 20 mg cat.).

Fig. 3 Effect of time of reaction on the activity and selectivity of

Al-SBA-15(20) employed as catalyst in the Beckmann rearrangement

of Cdox under microwave irradiation (reaction conditions: 20 mg

Cdox, 3 mL PhCl, 275 W, 130 uC, 20 mg cat.).

Table 4 Effect of the quantity of catalyst in the catalytic performance
[total conversion (XT) and selectivities to v-1 (Sv-1) and Cdone
(SCdone)] of Al-SBA-15(20) in the Beckmann rearrangement of Cdox
under microwave irradiationa

Entry Cat. quantity/mg XT (mol%) Sv-1 (mol%) SCdone (mol%)

1 10 38 98 2
2 20 73 99 1
3 30 85 98 2
4 40 94 97 3
a Reaction conditions: 20 mg Cdox, 3 mL PhCl, 275 W, 130 uC,
15 min.

Table 3 Effect of the quantity of catalyst in the catalytic performance
[total conversion (XT) and selectivities to v-1 (Sv-1) and Cdone
(SCdone)] of Al-B-2 in the Beckmann rearrangement of Cdox under
microwave irradiationa

Entry Cat. quantity/mg XT (mol%) Sv-1 (mol%) SCdone (mol%)

1 10 30 98 2
2 20 49 98 2
3 30 65 97 3
4 40 73 97 3
a Reaction conditions: 20 mg Cdox, 3 mL PhCl, 275 W, 130 uC,
15 min.

Table 5 Effect of the reaction temperature in the catalytic performance [total conversion (XT) and selectivities to v-1 (Sv-1) and Cdone (SCdone)] of
various micro–mesoporous materials in the Beckmann rearrangement of Cdox under microwave irradiationa

Entry Catalyst

130 uC 180 uC

XT (mol%) Sv-1 (mol%) SCdone (mol%) XT (mol%) Sv-1 (mol%) SCdone (mol%)

1 AlB-2 49 98 2 55 98 2
2 Al-MCM-41(20) 61 97 3 72 97 3
3 Al-SBA-15(20) 73 99 1 83 98 2
4 b-25 68 .99 — 76 .99 —
a Reaction conditions: 20 mg Cdox, 3 mL PhCl, 275 W, 15 min, 20 mg cat.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1109–1113 | 1111
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produced, with increasing quantities of Cdox in the Beckmann

rearrangement. In all cases, selectivities to v-1 were preserved.

The production of v-1 was three times higher when the

quantity of oxime was increased from 20 mg (12 mg v-1

formed) to 100 mg (39 mg v-1 produced) for the Al-MCM-

41(20) material. Moreover, in the particular case of 100 mg of

Cdox, a longer reaction time will probably lead to a better

lactam yield. In this regard, further studies are ongoing to

examine the feasibility of the solventless system.

Optimised parameters and results

Tables 7 and 8 summarise the main optimised results of the

microwave assisted Beckmann rearrangement of Cdox using

various solid acids with both PhCl as solvent or a solventless

system. Surface acidity data, using pyridine (py) and 2,6-

dimethylpyridine (dmpy) as probe molecules have also been

included. In general, the solid acids afforded the v-1 in high

yields and selectivity in a short reaction time, with the

exception of the B-MCM-41 and B-SBA-15 that exhibited a

poor performance in the reaction due to their low surface

acidity (Table 7, entries 3 and 4). Medium to strong acid sites

are prerequisite for the reaction. However, in terms of selec-

tivity to v-1, the strong Brønsted acidity present in zeolitic

materials does not seem to make a significant difference.

Al-MCM-41(20) and Al-SBA-15(20) (Table 7, entries 5 and 6)

exhibited catalytic activities and selectivities comparable to

those of commercial microporous materials (i.e. b-zeolite) after

microwave heating for 5 min.

A greener solventless system was successfully used as shown

in Table 8. Al-MCM-41 and especially Al-SBA-15 provided

extremely good results compared to those of microporous

commercial zeolitic materials despite their lower acidities.

However, selectivity was found to be significantly reduced in

the solventless system. The transformation of Cdox to Cdone

is more important in the presence of an organic solvent such as

PhCl or toluene.

Finally, the solids were filtered after the reaction and the

liquid filtrate was tested in another reaction cycle. No con-

version was detected in the filtrate when returned to reaction

conditions, confirming the truly heterogeneous behaviour of

our solid acids.

Experimental

Al-MCM-41(Si/Al ratio 20), B-MCM-41 (Si/B ratio 20), AlB-

MCM-41 (AlB-2, AlB-2F Si/Al + B and Al/B ratios, 20 and 2,

respectively) and SiAlP [(SiO2 + Al2O3)/AlPO4 ratio 4.5)

materials have been synthesized as previously reported.10a,12

Fluorinated AlB-2 material was obtained from AlB-2 material

after treatment with a 0.1 M NH4F solution for 34 h.11b Al-

and B-SBA-15 (Si/Al and Si/B ratio 20) were prepared accord-

ing to a previously reported methodology by Yue et al.12 and

Eswaramoorti and Dalai,13 respectively. Commercial b-25

Table 6 Effect of the quantity of oxime in the catalytic performance
[total conversion (XT) and selectivities to v-1 (Sv-1) and Cdone
(SCdone)] of Al-MCM-41(20) material in the Beckmann rearrangement
of Cdox under microwave irradiationa

Entry Oxime Quantity/mg XT (mol%) Sv-1 (mol%) SCdone (mol%)

1 20 61 97 3
2 50 50 94 6
3 100 39 95 5
a Reaction conditions: 3 mL PhCl, 275 W, 130 uC, 15 min, 20 mg cat.

Table 7 Optimised catalytic performance of different micro–mesoporous materials in the Beckmann rearrangement of Cdox under microwave
irradiation using PhCl as solventa

Entry Catalyst XT (mol%) Sv-1 (mol%) SCdone (mol%)

Surface acidity (300 uC)/mmol g21

py dmpy

1 Blank —b — — —c —c

2 AlB-2 65 93 7 196 85
3 B-MCM-41 ,15 88 12 —c —c

4 B-SBA-15(20) ,15 .99 — —c —c

5 Al-MCM-41(20) 94 94 6 170 92
6 Al-SBA-15(20) 90 96 4 174 98
7 SiAlP-4.5 79 96 4 93 76
8 Commercial b-25 97 .95 ,5 216 190
9 Commercial ZSM-5 20 .99 — 239 217
a Dodecanenitrile and CN were not detected; reaction conditions: 20 mg Cdox, 3 mL PhCl, 40 mg catalyst, 275 W, 180 uC, 5 min. b No
reaction. c No adsorption of the probe molecule at this temperature.

Table 8 Optimised catalytic performance of different micro–mesoporous materials in the Beckmann rearrangement of Cdox under microwave
irradiation in a solventless systema

Entry Catalyst XT (mol%) Sv-1 (mol%) SCdone (mol%) SCN (mol%)

1 Blank —b — — —
2 Al-MCM-41 (20) 80 81 19 —
3 Al-SBA-15 (20) 95 84 12 4
4 Commercial b-25 54 80 20 —
5 Commercial ZSM-5 ,15 79 21 —
a Reaction conditions: 20 mg Cdox, 40 mg catalyst, 275 W, 180 uC, 5 min. b No reaction. c No adsorption of the probe molecule at this
temperature.
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zeolite (SiO2/Al2O3 ratio 25) and ZSM-5(30) (SiO2/Al2O3

ratio 30) were purchased from Zeolyst Int. Cdox was prepared

according to a literature reported procedure.14 Microwave

experiments were carried out in a CEM-DISCOVER model

with PC control and monitored by sampling aliquots of

reaction mixture that were subsequently analysed by GC/GC-

MS using a HP5890 series II gas chromatograph fitted with a

capillary column and an FID detector. Reaction products were

v-1 and Cdone. For the solventless reactions, Cdox and the

catalyst were added to a microwave tube, microwaved under

different reaction conditions and then the solid mixture

containing the reaction products was extracted with PhCl

(3 mL) and subsequently analysed by GC as described before.

Conclusions

The main aim of this research was to demonstrate the

applicabity of microwave heating to relatively complicated

acid catalysed reactions, in particular the Beckmann rearrange-

ment of Cdox, commonly performed under conventional

heating. The solid acids screened in the reaction were found to

be extremely active and selective in the production of v-1 in a

short period of time (typically 5 min). The microwave power,

the solvent and the quantity of catalyst employed in the process

proved to be the most critical parameters with optimised

conditions using 275 W power and 40 mg of catalyst in both

PhCl and solventless systems. Of note were the results obtained

in the solventless system with Al-MCM-41 and especially

Al-SBA-15 that prove the reaction can take place in the absence

of solvent, giving quantitative conversions to the cyclic lactam.
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Without the auxiliary involvement of axial ligands and organic solvents, the ionic manganese

porphyrin (1c) with a pyridinium tag embedded in a pyridinium based ionic liquid, [BPy][BF4],

efficiently catalyzed the oxidation of styrene and its derivatives under mild conditions, affording

high activity/oxide selectivity and good stability even after 5 recycling uses.

Introduction

Various oxidations such as epoxidation of olefins and

hydroxylation of hydrocarbons with oxygen donors (iodosy-

larenes, alkylhydroperoxides, hydrogen peroxide, hypo-

chlorites, periodates etc.) have been catalyzed by

metalloporphyrins as model catalysts of cytochrome P450 in

homogeneous organic media, in which the axial ligands like

imidazole or pyridine (derivatives) are required necessarily to

activate and stabilize active metal porphyrin species.1–5

Anyway, the intermolecular self-aggregation due to p–p

stacking and the propensity to oxidation led to deactivation,

destruction and difficult recovery of metalloporphyrin in such

systems. In order to solve these problems, many heterogeneous

methods have been developed to improve metalloporphyrin

dispersion, stability and recovery.6–8

Ambient ionic liquids (ILs) are not only environmentally

benign solvents with unique physical properties such as non-

volatility, non flammability, and thermal stability, but are also

mobile and flexible ‘‘carriers’’ of functional units (such as

metal complexes, ligands) through the formation of covalent

bonds.9,10 For example, to avoid metal catalyst leaching out of

IL system, efforts have been made to enhance the solubility/

miscibility of the metal catalysts through grafting electron-

donor ligands into ILs which can coordinate with metal

centers,11 or incorporating imidazolium or pyridinium tags

into a metal complex.12 Herein, we report the oxidation of

styrene and its derivatives with iodosylbenzene (PhIO) oxidant

catalyzed by Mn porphyrin with a pyridinium tag (1c) which

was embedded in an ambient IL of N-butyl-pyridinium tetra-

fluoroborate ([BPy][BF4]) (Scheme 1).13 Without auxiliary

involvement of the axial ligand and the volatile organic solvent,

such a built-up ionic Mn porphyrin in [BPy][BF4] exhibited high

catalytic activity and much improved stability. The considera-

tions of combining metalloporphyrins and ILs together were

highlighted by the following points besides the advantage of IL

as solvent. (1) By introducing pyridinium cations and PF6
2

anions into the skeleton of metalloporphyrin, the conventional

neutral metalloporphyrin could be regarded as a functional

group which was grafted into the IL; (2) pyridine (derivatives)

could act as the axial ligands for metalloporphyrins. ILs based

on the pyridinium (or imidazolium) structure might play the

role of axial ligands to replace the conventional ones; (3) the

common IL based on pyridinium with conjugated features

could interact with the super-conjugated porphyrin through p–p

interactions; (4) The strong electron-withdrawing effect of the

pyridinium cation in metalloporphyrin could decrease the

electron density of porphyrino ring.

Experimental

Measurement and analysis

The 1H NMR (500 MHz, 298 K) spectra were recorded on a

Bruker Avance 500 spectrometer. The elemental analyses were

performed by the Analytical Center in ECNU. The UV-Vis

spectra were recorded on a Cary 100 spectrophotometer. GC

analyses were performed by SHIMADZU-14B chromatography

equipped with a HP-1 capillary column (30 m 6 0.25 mm 6
0.25 mm). GC-MS analyses were recorded on an Agilent 6890

instrument equipped with Agilent 5973 mass selective detector.

Synthesis

Synthesis of manganese tetrakis-(N-methyl-4-pyridinium)-

porphyrin hexafluorophosphate {[MnIIIT(N-Me-4-Py)P][PF6]5,

1c}. In a N2 atmosphere, a mixture of salicylic acid (4.0 g,

28 mmol) and pyridine-4-carbaldehyde (6.4 g, 60 mmol

Shanghai Key Laboratory of Green Chemistry and Chemical Processes,
Chemistry Department of East China Normal University, Shanghai
200062, P. R. China. E-mail: ylu@chem.ecnu.edu.cn;
Fax: 86 21 62233424; Tel: 86 21 62232078 Scheme 1 Multi-component IL system: 1c embedded in [BPy][BF4].
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dissolved in refluxed 500 mL o-xylene) was added to pyrrole

(4.0 g, 60 mmol) dropwise over 40 min. After refluxing for

another 2.5 h, the reaction mixture was cooled to room tem-

perature and poured into 30 mL methanol to stand overnight.

The resultant black precipitates were washed with methanol

until the shining purple solids were obtained as tetrakis(4-

pyridyl)-porphyrin {[H2T(4-Py)P], 1a} with a yield of 32 wt%.
1H NMR (1a, CDCl3): d = 9.1 (d, 8H, pyridyl, CHNCH), 8.9

(s, 8H, pyrrolyl, b-H), 8.2 (d, 8H, pyridyl, CHCCH), 22.9 (s,

2H, 2NH) ppm. UV-Vis (1a): lmax = 417 (s, Soret band), 513

(w, Q band), 547 (w, Q band), 588 (w, Q band), 644 (w, Q

band) nm. Elemental analysis found (calculated) for C40H26N8

(1a): C 77.61 (77.67), H 4.12 (4.21), N 18.20 (18.12).

In a N2 atmosphere, while the solution of 1a (1.5 g, 2.5 mmol)

in 100 mL DMF was heated to 100 uC, MeI (2.8 g, 20 mmol) was

added. After refluxing for 1 h, the reaction mixture was cooled to

room temperature and recrystallized with diethyl ether, yielding

red–brown solid tetrakis(N-methyl-4-pyridinium)-porphyrin

iodide {[H2T(N-Me-4-Py)P][I]4, 1b} (yield: 82%). If 1b dissolved

in deionized water was treated directly with NH4PF6 aqueous

solution, the shining dark-purple solids of tetrakis(N-methyl-4-

pyridinium)-porphyrin hexafluorophosphate [H2T(N-Me-4-

Py)P][PF6]4 (1b9) were obtained after washing with water with

a yield of 95%. 1H NMR (1b9, CDCl3): d = 9.5 (d, 8H,

pyridinium, CHN+CH), 9.2 (d, 8H, pyrrolyl, b-H), 9.0 (d, 8H,

pyridinium, CHCCH), 4.7 (s, 12H, N+CH3), 23.1 (s, 2H, 2NH)

ppm. UV-Vis (1b9): lmax = 422 (s, Soret band), 517 (w, Q band),

550 (w, Q band), 590 (w, Q band), 644 (w, Q band) nm.

Elemental analysis found (calculated) for C44H38N8P4F24 (1b9):

C 41.83 (41.97), H 3.11 (3.02), N 8.79 (8.90).

The mixture of 0.83 g [H2T(N-Me-4-Py)P][I]4 (1b, 0.7 mmol)

and 1.97 g Mn(OAc)2?6H2O (7 mmol) in 100 mL acetic acid

was heated at 80 uC for 6 h. After removal of the solvent

in vacuo, the residues left were recrystallized with methanol/

diethyl ether to yield the dark-purple solids as [MnIIIT(N-Me-

4-Py)P][I]5-x[OAc]x (x = 0–5), which was dissolved in deionized

water, and then treated with excess NH4PF6 aqueous solution.

The purple–red solids precipitated readily. By washing with

deionized water and methanol, the purple solids of manganese

tetrakis-(N-methyl-4-pyridinium)-porphyrin hexafluorophos-

phate {[MnIIIT(N-Me-4-Py)P][PF6]5, 1c} were obtained with

a yield of 86%. Due to the influence of the 55Mn quadrupolar

nucleus and the paramagnetism of MnIII porphyrin 1c, the

signals in the 1H NMR of 1c were broadened to flatness. UV-

Vis (1c): lmax = 463 (s, Soret band), 537 (w, Q band), 581 (w, Q

band), 627 (w, Q band) nm.

Synthesis of manganese tetrakis-(4-pyridyl)-porphyrin

{[MnIIIT(4-Py)P], 2b}. The solution of 0.5 g 1a (0.8 mmol) in

100 mL acetic acid was added with 1.9 g Mn(OAc)2?6H2O

(6.8 mmol). After refluxing overnight, the residues obtained

were washed with deionized water, yielding dark-purple solids

with a yield of 92%. UV-Vis (2b): lmax = 471 (s, Soret band),

568 (w, Q band), 603 (w, Q band) nm.

General procedures for oxidation of styrene and its derivatives

In open air, 2 mL [BPy][BF4] was mixed with [MnIIIT(4-N-Me-

Py)P][PF6]5 (1c) and 400 mmol styrene or its derivative

(analytical grade reagent used as received), yielding a totally

homogeneous light-purple solution in which 600 mmol PhIO

was added afterwards to take up the oxidation at the

appointed temperature. After completion of the reaction,

diethyl ether was used to extract the organic compounds

including reactants and products (2 mL 6 3). The conversions

were based on GC analyses with 1-dodecane as the internal

standard. The selectivities of products were based on GC

analyses with the normalization method. The product struc-

tures were further confirmed by GC-mass analyses.

The ionic liquid phase left was dried in vacuo to remove

traces of diethyl ether and used without further treatment

for the next run. In every run, due to the stoichiometric

consumption of PhIO oxidant, it was added (400 mmol)

additionally besides the substrates.

Results and discussion

The application of ionic metalloporphyrin 1c to catalyze

styrene oxidation was inspired by the basic concept of

functionalization of ILs. By modification of the conventional

neutral manganese porphyrin of [MnIIIT(4-Py)P] (2b) with a

pyridinium tag and a PF6
2 anion, the obtained metallo-

porphyrin could be regarded as a porphyrin-functionalized IL,

although it was surely in solid state without the feature of

melting point ,100 uC. In our work, the selection of PF6
2 as

the anion was because of its hydrophobicity, facilitating the

purification work-up in the synthetic process (by precipitation

of 1c directly from the aqueous phase as described in the

Experimental). In consideration of more similar components,

originally we were supposed to use [BPy][PF6] as the matched

solvent for 1c. However, [BPy][PF6] in solid state at room

temperature was not suitable to be a solvent, and then

[BPy][BF4] was on top of the list. Fortunately, 1c was readily

miscible in [BPy][BF4] due to the ionic nature and their similar

skeletons, building up the multi-component IL system which

was composed of four types of ion {[MnIIIT(N-Me-4-Py)P]5+,

[BPy]+, [PF6]2, [BF4]2} (Scheme 1). The oxidation of styrene

catalyzed by 1c and the conventional neutral 2b in [BPy][BF4]

and a volatile organic solvent, respectively, is indicated in

Table 1. In open air, with ionic 1c embedded in [BPy][BF4] as

the catalytic system, the oxidation of styrene was readily

carried out in the homogeneous phase. Under mild reaction

conditions (30 uC) and no auxiliary involvement of the other

axial ligand, the isoelectronic products of styrene oxide and

phenylacetaldehyde were obtained in a yield of 86% and 10%

respectively, without CLC bond cleavage (No. 1). The use of

pyridine as an axial ligand deteriorated the catalytic activity

badly (No. 2, 4), implying that the ionic liquid of [BPy][BF4]

could behave as the preferred axial ligand and the solvent

dually. The relatively stronger coordination of pyridine to 1c

did not give rise to the formation and stability of the active

species Mn(V)LO.5,14 On the other hand, the miscibility/high

solubility between 1c, styrene and solvent played an important

role for oxidation efficiency (No. 1–6). The excellent match of

1c and [BPy][BF4] in terms of ionic nature, structural skeleton

and miscibility did conquer the limitation of mass transfer,

favoring the catalytic activity. The high efficiency of 1c in

[BPy][BF4] can also be seen in Table 2. Even when the

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1114–1119 | 1115
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concentration of catalyst 1c was decreased to 0.005 mol%, a

styrene conversion of 41% was obtained with turnover rate of

8200 h21. Whereas catalyzed by the conventional neutral Mn

porphyrin of 2b, the effective oxidation of styrene necessarily

required the participation of axial ligands (pyridine or

CH3CN). The catalytic performance was strongly dependent

on the selection of axial ligands and solvents.

As shown in Table 1, the catalytic performance of fresh 1c

in [BPy][BF4] (Table 1, No. 1) and fresh 2b in CH3CN (Table 1,

No. 9) were competitive in terms of activity and selectivity. In

order to compare the stability of the 1c-[BPy][BF4] system to

the conventional neutral porphyrin 2b in CH3CN, recycling

uses of them were carried out (Fig. 1), which presented a

great difference in activity and recyclability. In the system

1c-[BPy][BF4], after five runs the conversion of styrene

maintained at 71%, the product distribution varied dramati-

cally from original styrene oxide to complete phenyl acet-

aldehyde in 5th run (Table 3). The UV-Vis analysis proved

that after five recycling uses, 1c was still present with a

characteristic Soret peak at 465 nm, although degradation of

1c coming from the oxidative destruction of porphyrino ring

was also observed. Whereas, for the system 2b-CH3CN, only

after three runs did the catalyst 2b break down completely with

total loss of activity and without any appearance of a Soret

peak in the UV-Vis profile. Meanwhile, the color of the reac-

tion solution faded from red–purple to light-yellow rapidly,

also indicating the complete degradation of the conjugated

porphyrino ring.

The results in Table 3 show that during the recycling uses of

1c-[BPy][BF4], the selectivity to styrene oxide and phenyl-

acetaldehyde nearly overturned completely in 1st run and 5th

run. In order to clarify the derivation of the various oxidized

products, the purchased (¡)-styrene oxide (Johnson Matthery,

98%) was used to replace styrene in the fresh 1c-[BPy][BF4]

system and the used one, respectively (Table 4). It was found

that there was not any conversion of (¡)-styrene oxide to

Table 1 Comparison of 1c and 2b in IL and organic solvent respectively for oxidation of styrenea

No. Catalyst Solvent Axial ligand Conversion (%)

Selectivity (%)

Styrene oxide Phenylacetaldehyde Benzaldehyde

1 1cb [BPy][BF4] — 96 90 10 0
2 1cb [BPy][BF4] Pyridine 74 80 20 0
3 1cb CH3CNd — 91 80 20 0
4 1cb CH3CNd Pyridine 71 74 26 0
5 1cc CH2Cl2

d — 16 44 36 20
6 1cc CH2Cl2

d Pyridine 32 70 20 10
7 2bb [BPy][BF4] — 48 73 27 0
8 2bb [BPy][BF4] Pyridine 95 69 31 0
9 2bb CH3CNd — 97 86 14 0
10 2bb CH3CNd Pyridine 98 77 23 0
11 2bb CH2Cl2

d — 26 73 20 7
12 2bb CH2Cl2

d Pyridine 52 84 10 6
a Catalyst 0.4 mol% (1.6 mmol); substrate 400 mmol; pyridine 130 mmol; PhIO 600 mmol; solvent 2 mL; reaction temperature 30 uC; reaction
time 1 h. b Homogeneous reaction system. c Inhomogeneous reaction system. d CH3CN and CH2Cl2 were distilled with CaO before use.

Table 2 Effect of the concentration of ionic porphyrin 1c in [BPy][BF4] on oxidation of styrenea

Concentration
of 1c (mol%)d

Conversion of
styrene (%)b

Turnover
Rate/h21

Selectivity (%)c

Styrene oxide Benzaldehyde Phenylacetaldehyde

0.005 (50 ppm) 41 8200 91 0 9
0.025 (250 ppm) 60 2400 90 0 10
0.05 (500 ppm) 88 1760 91 0 9
0.1 (1000 ppm) 95 950 90 0 10
0.4 (4000 ppm) 97 243 90 0 10
0.8 98 123 91 0 9
1.2 97 81 90 0 10
a Styrene 400 mmol; PhIO 600 mmol; [BPy][BF4] 2 mL; reaction time 1 h; temperature 30 uC. b Based on GC analysis with 1-dodecane as an
internal standard. c Based on GC analysis according to the normalization method. d Based on ratio of 1c to styrene.

Fig. 1 Comparison of the recycling uses of 1c in [BPy][BF4] (Table 1,

No. 1) and 2b in CH3CN (Table 1, No. 9) for the oxidation of styrene.
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phenylacetaldehyde in any case, ruling out the possibility of

the subsequent isomerization of styrene oxide to phenyl-

acetaldehyde. The formation of phenylacetaldehyde did

undergo different reaction routes that could be catalyzed by

other active Mn porphyrin species induced from the active

Mn(V)-oxo derivative. Supposedly, the formation of phenyl-

acetaldehyde may resulted from the induced Mn(IV)-oxo

intermediate. And the gradual accumulation of this Mn(IV)-

oxo species in the recycling uses gave rise to the formation of

phenylacetaldehyde. This viewpoint could be supported by the

research in ref. 15a, where the mechanism of Mn porphyrin

catalyzed-oxidation of alkenes was discussed. It was claimed

that the derivation of Mn(V)LO species (coming from 1c

precursor) to different Mn(III, IV, V)-oxo species would lead to

epoxide or rearranged products independently. Among which,

Mn(IV)-oxo species were targeted to the rearranged product

through a radical mechanism, giving rise to an increased

amount of aldehyde relative to the oxide.

On the other hand, the influence of water content on

the catalytic performance of the 1c-[BPy][BF4] system was

investigated in Table 5 (the molar ratio of H2O/[BPy][BF4] was

ca. 0.3–1). It was indicated absolutely that the presence of

water in the 1c-[BPy][BF4] system led to decreased activities,

which resulted from the sluggish formation of the active

Mn(V)LO species with the influence of H2O as an axial ligand,

but not from the breakdown of porphyrin 1c by the interven-

tion of H2O. Since the reaction time was extended, the

excellent conversions could still be obtained as shown in

Table 5. Upon the completion of the reaction, the obvious

Soret band of 1c at 465 nm in the presence of water (No. 4,

reaction for 3 h) was even stronger than that without water

(No. 1, reaction for 1 h), suggesting the surprisingly improved

oxidation tolerance for 1c. Whereas, the hydrolysis of BF4
2 or

PF6
2 within the 1c-[BPy][BF4] system in the presence of water

(possibly leading to the formation of HF, and then the

breakdown of porphyrino ring) could not be observed herein,

implying the more innocent nature of pyridinium based ILs

than that of imidazolium based ILs with a relatively higher

reactivity propensity for hydrolysis and hydrogen bond

interactions.16–20

Hence, it was considered that the gradual degradation of 1c

(accompanied by the loss of the Soret band) was mainly

ascribed to oxidation breakdown caused by active oxygen

donation from excess PhIO, but with no relation to the

influence of water. The decreased catalytic activity of 1c could

be due to the degradation of the porphyrino ring or the

sluggish formation of the active Mn(V)LO species. And the

derivation of Mn(V)LO species to other Mn(III, IV, V)-oxo

species was responsible for the changed selective distribution

of the oxygenated products.

Another advantage of the 1c-[BPy][BF4] system was the

facile separation of the metalloporphin catalyst from the

organic products. Upon completion of the reaction, the homo-

geneous solution was extracted by diethyl ether, leaving behind

the light-purple IL phase which could be reused directly for

next run. The leaching of Mn into the organic phase was

beyond the limit of ICP (inductive coupled plasma emission

spectrometer) detection (,0.01 mg g21).

These obtained results suggest that the deactivation of

1c-[BPy][BF4] resulted from the destruction (self-aggregation

and oxidation degradation) of the metalloporphyrin being

suppressed dramatically as we expected through entailing the

neutral Mn porphyrin with the pyridinium tag and the PF6
2

anion. Due to the common ionic nature, the similar conjugated

features, and the repulsive force between the positive charges

or the negative charges, the p–p interaction between 1c and

Table 4 The isomerization of purchased (¡)-styrene oxide in
1c-[BPy][BF4] system

Catalyst
Conversion of
styrene oxide

Percentage of styrene oxide
and phenylacetaldehyde (%)c

Styrene oxide Phenylacetaldehyde

None 0 98 2
Fresh 1ca 0 98 2
1st use 1cb 0 97 3
2nd use 1cb 0 98 2
a 1c 0.4 mol% (styrene oxide 400 mmol); PhIO 600 mmol; [BPy][BF4]
2 mL; reaction temperature 30 uC; reaction time 1 h. b The used
1c-[BPy][BF4] was the leftover obtained from the oxidation of
styrene after removal of the organic compounds by extraction with
diethyl ether. c Based on GC analysis.

Table 3 Recycling uses of 1c-[BPy][BF4] for oxidation of styrenea

Run Conversion (%)b

Selectivity (%)c

Styrene
oxide

Phenyl
acetaldehyde Benzaldehyde

1 96 90 10 0
2 92 90 10 0
3 87 60 40 0
4 79 17 82 1
5 71 0 99 1
a 1c 0.4 mol% (1.6 mmol); styrene 400 mmol; [BPy][BF4] 2 mL;
reaction temperature 30 uC; reaction time 1 h; PhIO (400 mmol),
which was added per pass. b Based on GC analysis with 1-dodecane
as an internal standard. c Based on GC analysis according to the
normalization method.

Table 5 The influence of water on the catalytic performance of the 1c-[BPy][BF4] system for oxidation of styrenea

No. Solvent Conversion (%)

Selectivity (%)

Styrene oxide Phenylacetaldehyde

1 [BPy][BF4] 95 90 10
2 [BPy][BF4] + 5 mmol H2O 85 93 7
3 [BPy][BF4] + 10 mmol H2O 76 91 9
4 [BPy][BF4] + 15 mmol H2O 70 (95, 3 h)b 92 (81, 3 h)b 8 (19, 3 h)b

a 1c 0.4 mol% (substrate 400 mmol); PhIO 600 mm; [BPy]BF4 2 mL; reaction temperature 30 uC; reaction time 1 h. b Conversion and selectivity
obtained at extended time (3 h) is indicated in parentheses.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1114–1119 | 1117
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[BPy][BF4] counteracted the p–p stacking of the porphyrin

itself, which favored the stability and dispersion of 1c in

[BPy][BF4]. On the other hand, the pyridinium cations in 1c

made the electron density at the meso-carbons decrease, able to

improve the oxidation tolerance of the metalloporphyrin.5

Meanwhile [BPy][BF4] not only acted as the ideal solvent

for 1c and the conjugated substrates, but also played the

role of axial ligand to 1c like pyridine derivative, favoring

stability and activation of the active oxomanganese(V)

porphyrin species.5,15

The generality of 1c-[BPy][BF4] to the substrates was

demonstrated in Table 6, in which a wide array of styrene

derivatives with different electronic and steric effects was

selected. With the electron-withdrawing group in the para-

position of styrene, the selectivities for the oxides were

remarkable (100%). If the substituting groups possess an

electron-donor nature (–Cl, –Br, –CH3), the increased electron

density at the a-C of styrene could easily lead to the subsequent

oxidation of benzaldehyde through the bond cleavage at a-C

and b-C of styrene. While for the substrates (entry 8, 9) with

internal CLC bonds, epoxides were the only products, implicat-

ing the facile access of the substrate to the oxomanganese (V)

porphyrin domain.13 For the olefins with saturated alkyl groups,

such as 1-hexene, 1-chloropropene, cyclohexene etc., poor

conversions were observed because of the severe mass transfer

limitation, mainly ascribed to the immiscibility of such sub-

strates with the conjugated catalytic system of 1c-[BPy][BF4].

Conclusions

In summary, the ionic Mn porphyrin 1c embedded in the

ambient IL of [BPy][BF4] has been developed as an efficient

and recyclable catalytic system for the oxidation of styrene and

its derivatives compared to the conventional neutral 2b. The

good activity and the improved stability of 1c in [BPy][BF4]

were dependent on a number of factors that included the dual

roles of [BPy][BF4] as the axial ligand and the solvent, the

decreased electron density at the meso-carbon of porphyrin 1c,

and the suppressed p–p stacking of the porphyrin itself due to

the ionic nature and the similar conjugated feature between 1c

and [BPy][BF4].{
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Table 6 Oxidation of styrene and its derivatives catalyzed by 1c-[BPy][BF4]a

No. Catalyst Conversion (%)b

Selectivity (%)c

1 96 (1 h)d 90 10 0

2 97 (3 h)d 100 0 0

3 98 (3 h)d 100 0 0

4 95 (4 h)d 57 35 9

5 91 (4 h)d 65 29 6

6 91 (2 h)d 57 40 4

7 96 (4 h)d 100 0 0

8 71 (4 h)d 100 0 0

a 1c 1.6 mmol (0.4 mol%); substrate 400 mmol; PhIO 600 mmol; pyridine 130 mmol; [BPy][BF4] 2 mL; reaction temperature 30 uC. b Based on
GC analysis with 1-dodecane as an internal standard. c Based on GC analysis according to the normalization method. d Reaction time is
indicated in parentheses.

{ [BPy][BF4] was prepared according to standard procedures by
metathesis of [BPy]Cl with NaBF4 in CH3CN, followed by filtration,
removal of the solvent on a rotatory evaporator, and extraction by
CH2Cl2. The obtained solution was then treated with active carbon
and a 5 Å molecular sieve respectively, yielding a viscous liquid after
finally drying in high vacuum.
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b-Amino alcohols are bioactive molecules, used also as catalysts in asymmetric C–C bond

formation. While asymmetric synthesis has been the preferred route for their preparation, there

was always been a need to develop a facile methodology involving environmentally friendly

transformations. Masked amines in the form of phthalimide alcohols, prepared via a fast coupling

reaction in an ionic liquid as a reusable reaction media together with reduction and an

efficient biocatalytic resolution, offer a green methodology for enantiomerically pure products

(ee . 99%, 50 g L21).

The b-amino alcohol structural motif is found in a wide

variety of biologically active alkaloids and peptides.1 They

have recently been used as intermediates for the synthesis of

1-phenyl-2-[(2-phenyl-1-alkylethyl)amino] ethanol derivatives

1, a new and important class of anti-diabetic agent2 and

(R)-denopamine 2 (Fig. 1), a potent orally active b1 receptor

agonist used in the treatment of heart failure.3 The catalytic

use of chiral b-amino alcohols during the addition of

dialkylzinc to prochiral aldehydes4 and in the Henry reaction5

provided an efficient procedure for asymmetric C–C bond

construction. Their importance is also well recognized in

asymmetric catalysis as many chiral auxiliaries and ligands

comprise this vital subunit.6 Consequently, construction of the

b-amino alcohol structural motif has been an important target

for organic chemists.7,8

The asymmetric hydrogenation of prochiral amino ketones

is regarded as one of the important methods for the

preparation of chiral amino alcohols. For example Lei et al.

recently used ruthenium complexes as efficient catalysts for the

asymmetric hydrogenation of amino ketones.8a They reported

enantioselective hydrogenation of a-phthalimide ketones to

corresponding masked primary amino alcohols of general

formula as given in Fig. 2.

An alternative route to optically active b-amino alcohols

involved ring opening of racemic terminal epoxides catalysed

by chiral complexes.9 However, due to the use of metal

complexes at elevated temperature during asymmetric

catalytic hydrogenations,8 there was always a need to develop

alternative synthetic methods in combination with biocatalytic

transformations, thus providing a more environment friendly

route to their preparation. The importance of biocatalytic

methods for the preparation of optically active compounds is

now well recognized.10,11 In the present study, we envisaged

developing a green and facile chemo-enzymatic route for the

preparation of biologically important chiral masked amino

alcohols of general chemical structure as shown in Fig. 2

with high enantiopurity from a readily synthesizable racemic

precursor. The strategy involved the development of a highly

efficient method of preparation of masked amines through the

formation of N-phthalimide derivatives, as free amino func-

tions generally cause inhibition of lipases.

Additional advantages of tagging a phthalimide subunit are

the facilitation of their separation and detection by liquid

chromatography during the course of enzymatic hydrolysis,

miscibility with organic solvents of medium polarity and easy

maneuvering of the free hydroxy group. Our attempts were

initiated with the preparation of a-phthalimido ketones via

coupling of a-bromo ketones and potassium phthalimide in

DMF by a reported method.8a However, the preparation

required longer duration (y12 h) and in our hands the final

yield varied between 70–85%. Therefore, the strategy envisaged

firstly developing a highly efficient method of preparation of

a-phthalimido ketones. The improved methodology involved

the coupling of bromoketones with potassium phthalimide in

an ionic liquid [1-butyl-3-methylimidazolium tetrafluorobo-

rate]. In this method the coupling reaction was completed

within 10–15 min of stirring at room temperature (Scheme 1),

the product 2 was easily extracted in THF in almost quantita-

tive yield, and the ionic liquid could be reused (5 times without

loss of activity) for the reaction. The coupling reaction thus

demonstrated the importance of ionic liquids as reusable and

Indian Institute of Integrative Medicine (CSIR), Canal Road, Jammu
Tawi, 180001, India. E-mail: sc_taneja@yahoo.co.in;
Fax: +91 191 2569017/2569333; Tel: +91 191 2569000-06
{ Electronic supplementary information (ESI) available: Spectra of
novel compounds and HPLC profiles of all the resolved compounds.
See DOI: 10.1039/b701192j

Fig. 1 1-Phenyl-2-[(2-phenyl-1-alkylethyl)amino] ethanol derivatives

1 and (R)-denopamine 2.

Fig. 2 General formula of masked primary amino alcohols.
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green reaction media for fast chemical transformations at

room temperature.12

Sodium borohyride reduction of phthalimide ketones in the

next step failed to give the desired racemic secondary alcohols

due to the hydride attack on the phthaloyl moiety and

formation of major side products.13 However, Pd/C catalysed

hydrogenation at room temperature in a suitable solvent or

NaCNBH3 reduction was highly successful. The results of

hydrogenation/reduction reactions are shown in Table 1.

In the final step, for the kinetic resolution and preparation

of target molecules, enantioselective hydrolysis of racemic

a-phthalimide acetates (6a–6e) was carried out with a panel

of microorganisms bearing lipases belonging to institute

repositories as well as those procured from commercial sources

(Table 2, Scheme 2).

The kinetic resolution reactions of 6a and 6b were carried

out in an aqueous phosphate buffer (0.1 M, pH 7.0), however,

the rate of hydrolysis was found to be very slow and enantio-

selectivity also poor (Table 2).

Therefore, to improve the rate of hydrolysis as well as

enantioselectivity, the use of co-solvents was envisaged as a

practical option. A biphasic system, using an organic solvent

proved to be highly advantageous. Both nonpolar as well as

polar solvents in the ratio ranging from 5–30% (v/v) in buffer

were used and finally toluene (10% v/v) was found to be the co-

solvent of choice as depicted in Table 3. It is evident from these

results that addition of only 10% toluene with respect to buffer

had a dramatic effect both in terms of rate of hydrolysis and

enantioselectivity. Here, a native strain Arthrobacter sp.

Lipase14 designated as ABL (MTCC no. 5125) has been

identified for its excellent performance in the kinetic resolu-

tions of 6a, 6b, 6c and 6d (E values 1059, 1059, 563 and 1059

respectively). In order to optimize the time space yield, the

kinetic resolution reactions were carried out at varied

concentrations ranging from 5–60 g L21. It was found that

ABL was quite active up to 50 g L21. Selecting N-(2-acetoxy-2-

phenyl)ethylphthalimide 6b as a model, the time space yield

calculation showed that a concentration of 30 g L21 was the

optimum. It was also observed that enantiomeric excess

remains unchanged i.e . 99% in the conc. range up to

50 g L21, however, as expected, the rate of hydrolysis

decreased with higher concentrations as shown in Fig. 3. For

the hydrolysis of 6e, Pseudomonas cepacia lipase-II (Amano)

has been found to be the best biocatalyst (E = 296) as

depicted in Table 3. The advantage of obtaining both the

alcohol and the ester mostly with high enaniopurity, can be

utilized to convert any one of the products into a single

enantiomer by the Mitsunobu inversion.15 Thus, alcohol

(+)25 can be in situ converted to (2)26 via the above

reaction while retaining enantiopurity. The enantiomeric

excess (ee%) was measured by chiral HPLC on (R,R)-Whelk-

01 and OD chiral columns using hexane/isopropyl alcohol

in the ratio 95 : 5. The enantiomerically pure masked 1,2-

amino alcohols thus obtained can easily be converted to 1,2-

amino alcohols by the methods (e.g Ing–Manske Reaction)

reported in the literature.8a,16

Scheme 1 Synthesis of racemic substrates.

Table 1 Reaction conditions for hydrogenation of a-phthalimide
ketones

R Reagent Solvent Time/h Yielda (%)

4a (4-OMe-Ph) Pd/C, 10% EtOAc 48 0
4a (4-OMe-Ph) Pd/C, 10% Ethanol 48 90
4b (Ph) Pd/C, 10% EtOAc 6 95
4c (4-Me-Ph) Pd/C, 10% Ethanol 40 85
4d (4-F-Ph) Pd/C, 10% Ethanol 120 60
4e (Me) Pd/C, 10% Ethanol 48 0
4e (Me) NaCNBH3 MeOH 48 85
a Isolated yields.

Table 2 Enzymatic hydrolysis of a-phthalimide acetates, i.e., (¡)-6a
and (¡)-6b at 5 gm L21 concentration at 25 uCa

Sub. Enzyme Conv. (%) Time/h eep (%) ees (%)

6a CCL 34.6 120 8 4.9
6a MM 38.8 120 0.5 0.4
6a CRL ND 120 — —
6a CAL ND 120 — —
6a PSL ND 120 — —
6a AS 41.6 48 1.9 0.3
6a ABL 29.4 24 3.4 3.6
6b Lipase M 35.1 120 3.8 0.3
6b PSL ND 120 — —
6b AA 17.8 46 38.2 9.2
6b AS 2.7 46 25.9 1.3
6b MM ND 120 — —
6b ABL 46.5 16 8.6 9.2
6b CCL 24.3 46 13.5 0.9
6b PSC-II ND 46 — —
a CCL: Candida cylindrica lipase; MM: Mucor miehei; CRL: Candida
rugosa lipase; CAL: Candida antarctica lipase; PSL: Pseudomonas
cepacia Lipase; PSC-II: Pseudomonas cepacia lipase on ceramics;
ABL: Arthrobacter sp. Lipase; Lipase M: Mucor javanicus; AA:
Amano acylase; AS: Lipase from Aspergillus niger; ND = not
detected.

Scheme 2 Enzymatic hydrolysis of a-phthalimide acetates.
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Conclusions

In conclusion, an efficient and green methodology for the

preparation of racemic masked b-amino alcohols and their

kinetic resolution through lipase catalyzed hydrolysis in the

presence of co-solvents with high enantomeric purities of the

products has been demonstrated.

Experimental

Experimental part

1H NMR spectra in CDCl3 were recorded on Bruker 200 MHz

spectrometers with TMS as the internal standard. Chemical

shifts were expressed in parts per million (d ppm). Reagents

and solvents used were mostly LR grade. Silica gel coated

aluminium plates coated on alumina from M/s Merck were

used for TLC. MS were recorded on a Jeol MSD-300 and

Bruker Esquire 3000 LC-mass spectrometer. IR was recorded

on a FT-IR Bruker (270–30) spectrophotometer. Optical

rotations were measured on Perkin-Elmer 241 polarimeter at

25 uC using sodium D light. Enantiomeric excess (ee) was

determined by chiral HPLC on (R,R)-Whelk-01 and OD chiral

columns. Potassium phthalimide and acetophenone derivatives

were purchased from M/s Aldrich Chemicals, Mumbai.

3-Bromo ketones were prepared according to the procedures

reported previously.17

Synthesis of a-phthalimide ketones (4a, 4b, 4c, 4d and 4e)

A mixture of potassium phthalimide (1.1 mmol) and bromo

ketone (1 mmol) in a 10 mL conical flask, was added to 1 mL

ionic liquid [1-butyl-3-methylimidazolium tetrafluoroborate]

and the contents were stirred at room temperature for

10–15 minutes. The reaction mixture was extracted from the

ionic liquid phase with THF (2 6 5 mL). The organic layer

was concentrated and evaporated under reduced pressure. The

residue was purified by column chromatography to obtain the

corresponding product. The ionic liquid left in the flask was

further washed with ethylacetate, dried under vacuum and

reused in four to five subsequent reactions without loss

in activity.

N-(49-methoxybenzoyl)methylphthalimide (4a)

IR (KBr) cm21: 1420, 1600, 1716, 1773. 1H NMR: d 3.90

(s, 3H, OMe), 5.08 (s, 2H, CH2), 6.97 (d, J = 8.9 Hz, 2H,

ArH), 7.76–7.78 (m, 2H, ArH), 7.86–7.93 (m, 2H, ArH),

7.99 (d, J = 8.9 Hz, 2H, ArH). 13C NMR: d 42.9, 54.6,

113.1, 120.3, 125.5, 128.0, 132.7, 133.1, 163.8, 187.2. ESI-MS

(m/z): 295.

N-benzoylmethylphthalimide (4b)

IR (KBr) cm21: 1419, 1914, 1962. 1H NMR: d 5.14 (s, 2H,

CH2), 7.51–7.56 (m, 3H, ArH), 7.74–7.78 (m, 2H, ArH), 7.91–

7.93 (m, 2H, ArH), 8.00 (d, J = 7.1 Hz, 2H, ArH). 13C NMR: d

44.3, 123.6, 127.9, 128.2, 132.1, 133.9, 134.1, 134.5, 167.1,

191.1. ESI-MS (m/z): 265.

N-(49-methylbenzoyl)methylphthalimide (4c)

IR (KBr) cm21: 1416, 1689, 1725, 1775. 1H NMR: d 2.44 (s,

3H, CH3), 5.11 (s, 2H, CH2), 7.26–7.33 (m, 2H, ArH), 7.74–

7.79 (m, 2H, ArH), 7.86–7.93 (m, 4H, ArH) 13C NMR: d 20.8,

43.1, 123.5, 125.7, 128.2, 133.2, 134.1, 134.6, 145.0, 167.9,

187.4. ESI-MS (m/z): 279.

Table 3 Enzymatic hydrolysis of a-phthalimide acetates (6a–6e) at
5 g L21 concentration in biphasic systemsa

Sub. Lipase Co-solvent
Con.
(%) Time/h E

eep

(%)
ees

(%)

6a ABL Nil 29.4 24 1.1 3.4 3.6
6a ABL DIE 10.8 24 3.3 52 5.6
6a ABL THF 5.8 24 122 .99 10.6
6a ABL Toluene 50.0 24 1059 .99 .99
6b ABL Nil 46.5 16 1.3 8.6 9.2
6b ABL THF 50.0 16 1059 .99 .99
6b ABL DMF 50.0 19 1059 .99 .99
6b ABL Dioxan 38.6 30 72 95 57
6b ABL Toluene 50.0 16 1059 .99 .99
6b ABL DCM 38.8 11 11 74.7 29.5
6b ABL DIE 51.0 30 203 95 80
6b ABL CCl4 30.0 16 28 90 34.7
6b AAL Nil 17.8 46 2.4 38.2 9.2
6b AAL Acetone 10.8 24 2.1 33.3 8.4
6b AAL DMF 11.0 24 2.9 47.7 9.5
6b AAL Dioxan 10.0 36 2.5 40 9.3
6b AAL Toluene 13.0 24 14.4 84.7 11.1
6c ABL Nil ND 34 — — —
6c ABL THF ND 34 — — —
6c ABL Toluene 35.8 34 346 .99 56
6c ABL Benzene 25.3 26 279 .99 33.9
6c ABL DIE 2.5 34 51 .99 2.5
6c ABL Acetone ND 26 — — —
6c ABL DMF 2.0 26 406 99 2.2
6c ABL DCM ND 26 — — —
6c ABL Toluene 46.5 47 563 .99 90
6c ABL Toluene 46.5 60 563 .99 90
6d ABL Toluene 50.0 50 1059 .99 .99
6e ABL Nil 21.1 3 2.1 31.7 8.5
6e ABL Toluene 24.2 3 5.2 62 19.7
6e ABL DMF 13.8 3 2.2 34.7 5.5
6e ABL DIE 11.0 3 5.8 68.8 8.1
6e PSC-II Toluene 29.6 120 296 .99 42
6e PSC-II Toluene 40.0 192 68.4 94.5 63
6e PSC-II CH3CN 5.0 120 105 .99 5.2
6e PSL Toluene 30.0 120 22.6 88 23.4
a Experimental conditions: All the reactions were performed at 25 uC
on a shaker at 320 rpm. ee % was measured by chiral HPLC.

Fig. 3 Concentration vs. conversion of 6a, 6b and 6c in toluene/buffer

using Arthrobacter sp. lipase.
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N-(49-fluorobenzoyl)methylphthalimide (4d)

IR (KBr) cm21: 1419, 1510, 1692, 1716, 1775, 2945. 1H NMR:

d 5.04 (s, 2H, CH2), 7.16–7.26 (m, 2H, ArH), 7.74–7.78 (m, 2H,

ArH), 7.87–7.93 (m, 2H, ArH). 8.02–8.09 (m, 2H, ArH), 13C

NMR: d 44.4, 116.3, 116.5, 116.7, 124.0, 131.2, 132.6, 134.6,

168.2, 189.9. ESI-MS (m/z): 283.

N-(2-oxopropyl)phthalimide (4e)

IR (KBr) cm21: 1415, 1467, 1726, 1773, 2940, 3064. 1H NMR:

d 2.27 (s, 3H, CH3), 4.50 (s, 2H, CH2), 7.72–7.78 (m, 2H, ArH),

7.84–7.90 (m, 2H, ArH). 13C NMR: d 27.5, 47.7, 123.6, 132.5,

134.2, 168.0, 203.7. ESI-MS (m/z): 203.

General procedure for the hydrogenation of protected amino

ketones (4a, 4b, 4c and 4d)

Hydrogen gas was purged thoroughly in a solution of

a-phthalimide ketones (1 mmol) and Pd/C (10%) (in catalytic

amount) in anhydrous ethanol (10 mL). The final hydrogen

pressure was adjusted to 40–70 psi and the reaction mixture

was shaken at room temperature. After a certain time the

hydrogen pressure was released and the solvent was removed

after filtration to obtain the product, which was purified

through a silica gel column.

NaCNBH3 reduction of 4e

In a solution of 4e (2 mmol, 406 mg) in methanol, NaCNBH3

(5 mmol, 315 mg) was added at 0 uC, and then a trace of

Bromocresol green was also added to monitor the reaction.

The solution immediately turned to blue and 3N HCl in

methanol was added dropwise to restore the yellow color, the

solution was stirred for 24 h, the contents were concentrated

under reduced pressure and the residue was extracted with

diethyl ether. The combined extracts were dried over

anhydrous sodium sulfate and concentrated under reduced

pressure. The mixture was separated by column chromato-

graphy on silica gel to obtain the product 5e (348 mg, 85%).

N-(2-hydroxy-2-(49-methoxyphenyl)ethylphthalimide (5a)

IR (KBr) cm21: 1462, 1514, 1692, 2923, 3445. 1H NMR: d 2.84

(brs, 1H, OH), 3.83 (s, 3H, OMe), 3.88–4.10 (m, 2H, CH2),

5.02–5.10 (m, 1H, CH), 6.90–6.95 (m, 2H, ArH), 7.39–7.43 (m,

2H, ArH), 7.74–7.78 (m, 2H, ArH), 7.86–7.96 (m, 2H, ArH).
13C NMR: d 45.7, 55.3, 72.1, 114.1, 122.6, 127.2, 131.2, 133.3,

134.2, 159.5, 168.8. ESI-MS (m/z): 297

N-(2-hydroxy-2-phenyl)ethylphthalimide (5b)

IR (KBr) cm21: 1420, 1457, 1695, 1768, 2899, 3460. 1H NMR:

d 3.88–4.02 (m, 2H, CH2), 5.01 (dd, J = 4.2 Hz, 3.3 Hz, 1H,

CH), 7.1–7.3 (m, 5H, ArH), 7.73–7.77 (m, 2H, ArH), 7.84–7.86

(m, 2H, ArH). 13C NMR: d 45.8, 72.6, 123.4, 123.5, 125.9,

127.8, 128.5, 128.9, 131.9, 134.0, 134.1, 141.1, 168.8. ESI-MS

(m/z): 267.

N-(2-hydroxy-2-(49-methylphenyl)ethylphthalimide (5c)

IR (KBr) cm21: 1420, 1605, 1690, 1716, 1775, 2920, 3476. 1H

NMR: d 2.39 (s, 3H, CH3), 2.85 (brs, 1H, OH), 3.98 (m, 2H,

CH2), 5.05 (m, 1H, CH), 7.02 (d, J = 8 Hz, 2H, ArH), 7.42 (d,

J = 8 Hz, 2H, ArH), 7.75–7.82 (m, 2H, ArH), 7.84–7.93 (m,

2H, ArH). 13C NMR: d 21.2, 45.4, 72.3, 123.3, 125.9, 129.3,

131.9, 134.1, 137.9, 138.2, 168.8. ESI-MS (m/z): 281.

N-(2-hydroxy-2-(49-fluorophenyl)ethylphthalimide (5d)

IR (KBr) cm21: 1510, 1609, 1692, 1709, 2930, 3420. 1H NMR:

d 3.03 (brs, 1H, OH), 3.94–3.99 (m, 2H, CH2), 5.04–5.07 (m,

1H, CH), 7.04 (t, J = 8.7 Hz, 2H, ArH), 7.39–7.46 (m, 2H,

ArH), 7.71–7.76 (m, 2H, ArH), 7.81–7.88 (m, 2H, ArH). 13C

NMR: d 44.6, 71.0, 114.3, 114.7, 119.5, 125.5, 126.5, 129.9,

133.2, 135.0, 165.0. ESI-MS (m/z): 285.

N-(2-hydroxy)-propylphthalimide (5e)

IR (KBr) cm21: 1424, 1611, 1718, 1767, 2928, 2964, 3422,

3484. 1H NMR: d 1.25 (d, J = 6.4 Hz, 3H, CH3), 3.74–3.78 (m,

2H, CH2), 4.15 (m, 1H, CH), 7.72–7.78 (m, 2H, ArH), 7.83–

7.89 (m, 2H, ArH). 13C NMR: d 20.3, 44.9, 65.7, 122.4, 130.5,

132.4, 168.0. ESI-MS (m/z): 205

Acylation of protected amino alcohols (5a, 5b, 5c, 5d and 5e)

Acetic anhydride (1.2 mmol) and a catalytic amount of DMAP

were added to a solution of racemic protected amino alcohols

(1 mmol) in dry dichloromethane and the reaction mixture

kept overnight at room temperature. The contents of the

reaction mixture were poured into ice-cold water and extracted

with dichloromethane. The organic layer was washed, dried

and evaporated to get protected amino acetoxy derivatives in

quantitative yield.

N-(2-acetoxy -2-(49-methoxyphenyl)ethylphthalimide (6a)

IR (KBr) cm21: 1424, 1515, 1613, 1716, 1738, 1774, 3444. 1H

NMR: d 2.05 (s, 3H, CH3CO), 3.83 (s, 3H, OMe), 3.94 (dd, J =

4 Hz, 10.2 Hz, 1H, CH), 4.2 (dd, J = 5.2 Hz, 8.9 Hz, 1H, CH),

6.15 (dd, J = 3.9 Hz, 5.0 Hz, 1H, CH), 6.96 (d, J = 5.1 Hz, 2H,

ArH), 7.45(d, J = 6.8 Hz, 2H, ArH), 7.75–7.79(m, 2H, ArH),

7.86–7.92(m, 2H, ArH). 13C NMR: d 20.9, 42.6, 55.1, 72.7,

113.8, 123.2, 127.9, 129.0, 131.7, 133.9, 134.0, 159.6, 167.7,

170.0. ESI-MS (m/z): 339. Anal. Calc. for C19H17NO5: C,

67.25; H, 5.05; N, 4.13. Found C, 67.09; H, 5.17; N, 4.01.

N-(2-acetoxy-2-phenyl)ethylphthalimide (6b)

IR (KBr) cm21: 1425, 1612, 1716, 1743, 1775, 2361, 2936. 1H

NMR: d 2.03 (s, 3H, CH3CO), 3.93 (dd, J = 10.5 Hz, 3.8 Hz,

1H, CH), 4.17 (dd, J = 8.9 Hz, 5.3 Hz, 1H, CH), 6.13 (dd, J =

3.7 Hz, 5.2 Hz, 1H, CH), 7.35–7.45 (m, 5H, ArH), 7.70–7.75

(m, 2H, ArH), 7.84–7.86 (m, 2H, ArH). 13C NMR: d 21.0, 43.0,

73.3, 123.4, 126.6, 128.6, 128.7, 134.1, 137.2, 167.9, 170.3. ESI-

MS (m/z): 309. Anal. Calc. for C18H15NO4: C, 69.89; H, 4.89;

N, 4.53. Found C, 69.73; H, 5.03; N, 4.37.

N-(2-acetoxy-2-(49-methylphenyl)ethylphthalimide (6c)

IR (KBr) cm21: 1424, 1718, 1741, 1775. 1H NMR: d 2.06 (s,

3H, CH3CO), 2.39 (s, 3H, CH3), 3.98 (dd, J = 3.7 Hz, 10.4 Hz,

1H, CH), 4.22 (dd, J = 6.2 Hz, 9.0 Hz, 1H, CH), 6.17 (dd, J =

3.7 Hz, 6.3 Hz, 1H, CH), 7.22 (d, J = 8 Hz, 2H, ArH), 7.38 (d,
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J = 8.1 Hz, 2H, ArH), 7.75–7.78 (m, 2H, ArH), 7.86–7.93 (m,

2H, ArH). 13C NMR: d 20.0, 20.1, 41.8, 72.1, 122.3, 125.5,

128.3, 131.3, 133.0, 136.2, 168.2, 170.1. ESI-MS (m/z): 323.

Anal. Calc. for C19H17NO4: C, 70.58; H, 5.30; N, 4.33. Found

C, 70.39; H, 5.51; N, 4.21.

N-(2-acetoxy-2-(49-fluorophenyl)ethylphthalimide (6d)

IR (KBr) cm21: 1424, 1513, 1607, 1718, 1743, 1775, 2943,

3073. 1H NMR: d 2.04 (s, 3H, CH3CO), 3.90 (dd, J = 4.1 Hz,

10.1 Hz, 1H, CH), 4.12 (dd, J = 8.6 Hz, 5.5 Hz, 1H, CH), 6.06–

6.13 (m, 1H, CH), 7.05 (t, J = 8.6 Hz, 2H, ArH), 7.39–7.46 (m,

2H, ArH), 7.75–7.79 (m, 2H, ArH), 7.83–7.87 (m, 2H, ArH).
13C NMR: d 20.2, 41.9, 71.5, 114.4, 114.9, 122.4, 127.4, 130.8,

132.0, 133.1, 160.9, 165.5, 168.8. ESI-MS (m/z): 327. Anal.

Calc. for C18H14NO4F: C, 66.05; H, 4.31; N, 4.28. Found C,

65.95; H, 4.45; N, 4.21.

N-(2-acetoxy)-propylphthalimide (6e)

IR (KBr) cm1: 1425, 1612, 2958, 3004. 1H NMR: d 1.27 (d, J =

6.6 Hz, 3H, CH3), 2.01 (s, 3H, CH3CO), 3.83 (d, J = 5.3 Hz,

2H, CH2), 5.17–5.26 (m, 1H, CH), 7.71–7.77 (m, 2H, ArH),

7.82–7.88 (m, 2H, ArH). 13C NMR: d 17.8, 21.2, 42.0, 68.6,

123.4, 130.1, 134.1, 168.0, 171.0. ESI-MS (m/z): 247. Anal.

Calc. for C13H13NO4: C, 63.15; H, 5.30; N, 5.67. Found C,

63.02; H, 5.47; N, 5.56.

General procedure for the hydrolysis of acetyl derivatives of

protected amino alcohols

Racemic acetate (50 mg), aqueous phosphate buffer (2.5 mL,

0.1 M, pH. 7.0), toluene (250 mL) and wet whole cells of

Arthrobacter sp. lipase (150 mg) were shaken (320 rpm) con-

tinuously at 25 ¡ 1 uC. After a certain degree of conversion

(y50%) as indicated by TLC and chiral HPLC, the reaction

was terminated by adding ethyl acetate and centrifuging

the mixture at 10 000–15 000g to remove the enzyme and the

suspended particles. The clear solution was decanted and the

centrifuged mass was extracted separately with ethyl acetate

(3 6 25 mL). The organic layer was combined and washed

with water. The combined organic layer was then dried and

evaporated under reduced pressure to furnish a mixture

comprising hydrolyzed alcohol and unhydrolyzed ester, which

was separated by column chromatography (100–200 mesh)

using a gradient of ethyl acetate in hexane as eluent.

(R)-N-(2-acetoxy-2-phenyl)ethylphthalimide (6b)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D 221.7u (c 1,

CHCl3); HPLC condition ((R,R)-Whelk-01 chiral column,

eluent 2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21,

t1 = 13.9 min).

(S)-N-(2-hydroxy-2-phenyl)ethylphthalimide (5b)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D +23.2u (c 1,

CHCl3); {lit.7a (for R-enantiomer) [a]25
D 225.6u (c 1, CHCl3)}

HPLC condition ((R,R)-Whelk-01 chiral column, eluent

2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21, t1 =

19.0 min.

(R)-N-(2-acetoxy-2-(49-methoxyphenyl)ethylphthalimide (6a)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D 240.8u (c 1,

CHCl3); HPLC condition ((R,R)-Whelk-01 chiral column,

eluent 2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21,

t1 = 22.4 min).

(S)-N-(2-hydroxy-2-(49-methoxyphenyl)ethylphthalimide (5a)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D +20.5u (c 1,

CHCl3); {lit.7a (for R-enantiomer) [a]25
D 218.8u (c 1, CHCl3)},

HPLC condition ((R,R)-Whelk-01 chiral column, eluent 2-pro-

panol : hexane = 5 : 95, flow rate: 0.8 mL min21, t1 = 34.2 min).

(R)-N-(2-acetoxy-2-(49-methylphenyl)ethylphthalimide (6c)

HPLC purity . 99%; HPLC ee 90.2%; [a]25
D 216.5u (c 1,

CHCl3); HPLC condition ((R,R)-Whelk-01 chiral column,

eluent 2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21,

t1 = 13.2 min).

(S)-N-(2-hydroxy-2-(49-methylphenyl)ethylphthalimide (5c)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D +21.5u (c 1,

CHCl3); {lit.7a (for R-enantiomer) [a]25
D 223.8u (c 1, CHCl3)},

HPLC condition ((R,R)-Whelk-01 chiral column, eluent

2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21, t1 =

19.4 min).

(S)-N-(2-hydroxy)-propylphthalimide (5e)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D +20.5u (c 0.5,

CHCl3); {lit.7a [a]25
D +41.3u (c 1, CHCl3); lit.18 [a]25

D +15.7u
(ee = 94%) (c 1.53, CHCl3)}, HPLC condition Chiralcel OD

column, eluent 2-propanol : hexane = 5 : 95, flow rate:

0.8 mL min21, t1 = 39.6 min).

(R)-N-(2-acetoxy-2-(49-fluorophenyl)ethylphthalimide (6d)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D 232.6u (c 1,

CHCl3); HPLC condition ((R,R)-Whelk-01 chiral column,

eluent 2-propanol : hexane = 5 : 95, flow rate: 0.8 mL min21,

t1 = 16.8 min).

(S)-N-(2-hydroxy-2-(49-fluorophenyl)ethylphthalimide (5d)

HPLC purity . 99%; HPLC ee . 99%; [a]25
D +18.1u (c 1,

CHCl3); {lit.7a [a]25
D +18.3u (c 1, CHCl3)} HPLC condition

((R,R)-Whelk-01 chiral column, eluent 2-propanol : hexane =

5 : 95, flow rate: 0.8 mL min21, t1 = 24.7 min).
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The Keggin type 12-molybdophosphoric acid is modified by incorporation of vanadium and iron

and studied for oxidation of various alcohols using molecular oxygen as oxidant. The

molybdophoshoric acid catalyst containing both vanadium and iron is highly active compared

with the catalysts containing either vanadium or iron in the Keggin structure. The iron exchanged

vanadium incorporated molydophosphoric acid catalyst is active for the oxidation of various

primary and secondary alcohols under mild conditions and reusable without any appreciable loss

in activity.

1. Introduction

The oxidation of alcohols into aldehydes and ketones is

of paramount importance in organic chemistry. Numerous

reagents have been reported to accomplish this transformation

efficiently and selectively.1 However most of these oxidants

are toxic, hazardous, or required in large excess. From an

environmental viewpoint, major efforts have been devoted to

the discovery and development of efficient procedures for

oxidation employing O2 (or air) or hydrogen peroxide as

oxidant.2 These systems are particularly interesting as they

release only innocuous by-products such as water.3,4 The

oxidation of alcohols employing molecular oxygen requires

co-reductants such as N- hydroxyphthalimide, diethyl azodi-

carboxylate, hydroquinone, or nitrasonium ions to accomplish

the catalytic cycle with catalysts based on Ru, and Co,5 Cu,6

and Zr.7 Oxidation of alcohols with molecular oxygen is

reported on Pt,8 Rh,9 Pd,10 Ru,11 Co,12 Os,13 and heteropoly

acid catalysts.14

Keggin type heteropoly acids (HPAs) have many advantages

that make them economical and environmentally attractive in

both academic and industrial applications; they are useful as

acid and oxidation catalysts for various reactions since their

catalytic features can be varied at a molecular level.15,16 HPAs

like 12-molybdophosphoric acid (MPA) and vanadium con-

taining molybdophosphoric acid are used for alcohol oxida-

tions. These catalysts are soluble in most of the solvents.

Few reports exist where it was attempted to overcome the

homogeneity of these catalysts by impregnating them on solid

supports. The major problem in these supported catalysts is

the leaching of the active species. Efforts are being made to

overcome the leaching and solubility problem. HPAs are

modified by converting them into their corresponding salts or

exchanging with different metal ions.

In this article, we report the 12-molybdophosphoric acid

based catalysts modified with incorporation of vanadium and

iron ions for the oxidation of various alcohols to their

corresponding carbonyl compounds with molecular oxygen

as oxidant under mild conditions. The oxidation ability of

12-molybdophosphoric acid (MPA), vanadium incorporated

12-molybdophosphoric acid (MPAV1), Fe exchanged 12-

molybdophosphoric acid (FeMPA) and both vanadium and

iron containing 12-molybdophosphoric acid (FeMPAV1) are

tested. The efficiency of these catalysts are studied for the

oxidation reactions using H2O2 or molecular oxygen as oxidant.

2. Experimental

Iron exchanged MPA was obtained as a precipitate by adding

1.1 g of iron nitrate in aqueous solution to 5 g of 12-

molybdophosphoric acid dissolved in 25 ml of distilled water.

The excess water was removed on a water bath and the

resultant salt was dried in an oven at 120 uC for 12 h. Finally

the catalyst is calcined in air at 300 uC for 2 h. The

composition of the final catalyst determined by ICP mass is

Fe0.64H0.36PMo12O40. This catalyst is denoted as FeMPA.

Vanadium incorporated molybdophosphoric acid was pre-

pared according to the procedure already reported.17,18 In the

synthesis of the catalyst where vanadium was incorporated

into the primary structure of MPA i.e. H4PMo11V1O40

(MPAV1) hot aqueous solutions of 7.1 g of disodium hydrogen

phosphate dissolved in 100 ml of distilled water and 6.1 g

sodium metavanadate in 100 ml of water were mixed

thoroughly. The mixture was cooled and acidified with 5 ml

of concentrated sulfuric acid. To this mixture an aqueous

solution of 133 g sodium molybdate dihydrate dissolved

in 200 ml of distilled water was added. Then, 50 ml of

concentrated sulfuric acid was slowly added while stirring,

showing a color change from dark red to light red. The

MPAV1 formed was extracted with diethyl ether as the

heteropoly acid was present in the middle layer as heteropoly

etherate. Subsequently the ether was removed by passing air

through the solution. The orange solid obtained was dissolved

in water and concentrated until the crystals appeared.

Catalysis Laboratory, I&PC Division, Indian Institute of Chemical
Technology, Hyderabad, 500 007, India.
E-mail: nakkalingaiah@iict.res.in; Fax: +91-40-27160921;
Tel: +91-40-27193163
{ IICT Communication No. 070203.
{ Electronic supplementary information (ESI) available: Elemental
analysis of fresh and recycled catalysts. See DOI: 10.1039/b618546k
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Iron exchanged vanadium containing MPA (FeMPAV1)

was prepared by taking appropriate amounts of the above

MPAV1 (4 g) and iron nitrate (1.134 g) in aqueous solution

(25 ml). The excess water was removed on a hot water bath and

the resultant solid was dried in an oven at 120 uC for 12 h and

finally calcined at 300 uC for 2 h in air. The final composition

of this catalyst is determined as Fe0.56H0.44PMo11V1O40.

Oxidation of alcohols was carried out in liquid phase at

atmospheric pressure under reflux conditions. In a typical

experiment a mixture of benzyl alcohol (1 mmol) and catalyst

(50 mg) in acetonitrile (5 ml) fixed with an oxygen balloon was

refluxed at the boiling point of acetonitrile. The progress of the

reaction was monitored by TLC. After completion of the

reaction, the catalyst was filtered and the products analyzed

by gas chromatography. All the yields are based on the

calibration of gas chromatography.

IR spectra of catalysts were taken on a DIGILAB (USA) IR

spectrometer by the KBr disc method. XRD patterns were

measured on a RIGAKU MINI FLEX diffractometer using

Cu Ka radiation (l = 1.54 s). The 2h angles were scanned

from 2–80u at a rate of 2u min21.

3. Results and discussion

3.1. Characterization of the catalysts

The results of catalysts characterized by FT-IR are shown in

Fig. 1. IR spectra of the catalysts shows that all the catalysts

have four strong absorption peaks between 1064 and 785 cm21,

attributed to the characteristic bands of heteropoly anion of

the Keggin structure. The vibration of V–O bond is marked by

the very strong absorption of the Mo–O bond.19 Compared

with those of MPA and FeMPA the characteristic absorption

peaks of MPAV1 and FeMPAV1 are shifted marginally by the

presence of V in MPA. The n(Mo–Ob–Mo) and n(Mo–Oc–Mo)

bands exhibit a red shift of about 5 and 8.4 cm21 respectively.

This red shift of n(Mo–O–Mo) band is due to the influence

of vanadium on the M–O bond. This shift suggests that

vanadium has entered into the primary structure of the

Keggin anion.

Fig. 2 shows the XRD patterns of catalysts. The strong

characteristic peaks of the Keggin structure of MPA are found

in all the samples. The XRD patterns suggest that the Keggin

structure is intact even with the exchange of iron and

incorporation of vanadium into the Keggin structure.

In order to know the activity of modified molybdophos-

phoric acid catalysts for oxidation of alcohols initial experi-

ments are carried out for oxidation of benzyl alcohol. The

molybdophosphoric acid (MPA) and its modified forms

FeMPA, MPAV1 and FeMPAV1 catalysts are tested for

benzyl alcohol oxidation using H2O2 or molecular O2 as

oxidant and the results are reported in Table 1. The results

suggest that oxidation using H2O2 as oxidant afforded smooth

reaction on all the modified molybdophosphoric acid catalysts.

However, the oxidation using O2 results in variation of

oxidation ability of these catalysts. The basic MPA showed

poor activity and its modifications with Fe (FeMPA) or

vanadia (MPAV1) exhibits considerable yield of the desired

product. It is interesting to note that the MPA modified with

Fe and V results in very high oxidation ability with O2 as

oxidant within reasonable reaction time. By the inclusion of Fe

to the vanadium containing MPA the oxidation product

formation is enhanced substantially. It is known that the Mo

Fig. 1 IR spectra of modified MPA catalysts. Fig. 2 XRD spectra of modified MPA catalysts.
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ions play the main role in the oxidation. However, its activity

is enhanced by the presence of both Fe and V.20 The

synergistic role of the presence of iron(III) and vanadium(V)

together is not yet clear, as the presence of either one of the

metals is not highly active. The formation of iron oxo species

and vanadium hydroperoxide species may be the reason for the

high activity. It is known that Fe ions could adjust the Lewis

acidity and the redox properties to some extent. The role of

vanadium is more important in oxidation catalysis as it is

known for its redox properties. It is reported for the vanadium

containing MPA that the polyoxometalate [PMo10V2O40]52

through transfer of two electrons and two protons from the

organic substrate to the catalyst yields the oxidized product

and reduced polyoxometalate.14 The catalyst is reoxidized by

molecular oxygen. These results suggest that the modified

MPA with vanadium and iron leads to a highly active

heterogeneous catalyst for oxidation of alcohols with mole-

cular oxygen.

The activity of the MPA modified with Fe and V catalyst for

the oxidation of various alcohols with molecular oxygen are

studied. Oxidation of a variety of benzyl alcohol derivatives

and aliphatic alcohols are carried out and the results are

presented in Table 2. Treatment of an appropriate alcohol

(1 mmol) with FeMPAV1, in acetonitrile afforded the

corresponding carbonyl compound after the time indicated

Table 1 MPA and modified MPA catalyzed alcohol oxidation of
benzyl alcohol with different oxidantsa

Catalyst
Surface
area/m2 g21 Oxidant

Reaction
time/h

Yield
(%)b

Turn over
number
(TON)

MPA 3.0 H2O2 6 86 —
O2 20 6 —

FeMPA 8.0 H2O2 6 92 54.2
O2 20 35 20.6

MPAV1 7.0 H2O2 6 90 45.0
O2 12 24 12.0

FeMPAV1 10.0 H2O2 6 99 115.5
O2 12 92,90c 107.3,106.6d

a Benzyl alcohol (1 mmol), catalyst (50 mg), acetonitrile (5 ml),
reaction temperature: 80 uC. b GC yields. c Yield after fourth recycle.
d Turn over number (TON) after fourth cycle.

Table 2 Oxidation of a variety of benzyl alcohol derivatives and aliphatic alcohols using FeMPAV1 as catalysta

R{CH2OH CCCA
FeMPAV1

CH3CN

O2,Reflux

R{CHO

Entry Substrates Products Time/h Yieldsb (%) TON

1 12 92 107.3

2 12 93 108.5

3 12 89 103.8

4 14 83 96.8

5 12 85 99.0

6 15 94 109.6

7 16 87 101.5

8 18 82 95.6

9 21 64 74.6

10 24 56 65.3

a Benzyl alcohol (1 mmol), catalyst (50 mg), acetonitrile (5 ml), reaction temperature: 80 uC. b GC yields.
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in Table 2 under reflux conditions. Benzyl alcohol derivatives

are converted to the corresponding benzaldehyde derivatives.

The yields of the products are very high. The presence of an

electron-donating or an electron-withdrawing group on the

aromatic ring has no appreciable effect on the reaction times

and yields. Primary and secondary aliphatic alcohols are also

converted into the corresponding aldehydes and ketones,

respectively. In all cases, no over-oxidation products are

observed even after extended reaction times. It has been

reported that the formation of ester in oxidation of primary

alcohols catalyzed by V2O5.21 The over oxidation products are

observed using quaternary ammonium decatungstate catalyst

with hydrogen peroxide under reflux conditions for oxidation

of aliphatic n-alcohols.22 The FeMPAV1 catalyst is highly

active compared to the catalysts reported for the oxidation of

cyclic and non-cyclic aliphatic alcohols.23 The present catalyst

is compared with some of the heterogeneous catalysts reported

in the literature21,23–25 and details are shown in Table 3. The

FeMPAV1 catalyst is comparable with the other reported

catalysts and showed better yields than some of the catalysts

within reasonable reaction time at low reaction temperature.

Carrying the reaction with the same catalyst, which is

recovered from the first cycle by simple filtration, establishes

the reusability of the catalyst. During the filtration the catalyst

is washed several times with acetonitrile and dried in an air

oven at 120 uC for 1 h. Four recycle experiments are carried

and the yield after the fourth cycle is presented in Table 1. It is

noteworthy to mention that the catalyst is active even after

fourth recycle.

4. Conclusion

In summary, the oxidation of various alcohols with molecular

oxygen as oxidant is achieved using iron-exchanged vanadium

incorporated 12-molybdophosphoric acid catalyst. This cata-

lyst is effective for the oxidation of various primary and

secondary alcohols. The present catalytic system is inexpen-

sive, easy to handle, non-corrosive and environmentally

benign. This catalyst is reusable and exhibits consistent activity

upon recycling.
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V2O5 O2 100 24 82 21
1.68%Pd/Al2O3 O2 88 8 62 23
Hydrous RuO2 O2 80 1.5 16 24
Octahedral molecular

sieves (K-OMS-2)
O2 110 4 85 25
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Synthesis of acrolein by catalytic gas-phase dehydration of biomass-derivate glycerol was studied

over various solid catalysts with a wide range of acid–base properties. The catalyst acidity and

basicity were measured, respectively, by n-butylamine and benzoic acid titration methods using

Hammett indicators. The most effective acid strength for the selective dehydration of glycerol to

form acrolein appeared between 28.2 ¡ H0 ¡ 23.0, with which acrolein was produced at a

selectivity of 60–70 mol%. The catalysts having very strong acid sites (H0 ¡ 28.2) effected a lower

acrolein selectivity (40–50 mol%) due to more severe coke deposition in the reaction. Solid acids

holding medium strong and weak acid sites (23.0 ¡ H0 ¡ +6.8) were found to be not selective

for the acrolein production, the acrolein selectivity being less than 30 mol%. The mass specific

catalytic rate for the acrolein production showed a general trend to increase with the fractional

acidity at 28.2 ¡ H0 ¡ 23.0. The catalytic data also suggest that Brønsted acid sites were

advantageous over Lewis acid sites in catalyzing the selective synthesis of acrolein from glycerol

dehydration. Solid base catalysts were shown not to be effective for acrolein production.

1. Introduction

The catalytic conversion of biomass-derivate feedstocks for the

synthesis of value-added fuels, chemicals and materials has

been attracting much attention, as the depletion of non-

renewable fossil resources could happen in a few decades.1–3

Acrolein, an important and versatile intermediate in the

chemical industry, is nowadays produced by gas-phase

oxidation of petroleum-derived propylene with a Bi/Mo-mixed

oxide catalyst. As a sustainable alternative, acrolein can be

synthesized by the double dehydration of glycerol, which is a

derivate of biomass and is currently a by-product in the

transesterification of vegetable oils (biodiesel production) and

the saponification of natural fats.4,5

There have been a few studies on acrolein production by the

dehydration of glycerol using homogenous or heterogeneous

solid acid catalysts. In an old patent in 1936, an acrolein yield

of 49% was reported by heating an aqueous glycerol solution

(6.3 wt%) at 190 uC in the presence of H2SO4 (8 wt%).6

Glycerol dehydration was also conducted in sub- and super-

critical water (250–390 uC and 25–35 MPa) using inorganic

acids or salts as the catalysts.7–9 Acrolein selectivity up to

75 mol% was obtained at 360 uC and 25 MPa when zinc sulfate

(470 ppm, g g21) was used as the catalyst.9 Owing to the known

technical and environmental problems, such as reactor corro-

sion, catalyst reusability and waste management, mineral acids

or salts are not the desirable catalysts for practical application.

Solid acids including sulfates, supported phosphates and

phosphoric acid (SPA) have been tested as heterogeneous

catalysts for the gas-phase dehydration of glycerol under

atmospheric pressure.10–12 Li3PO4 or FePO4 supported on

pumice, patented by Scheering-Kahlbaum A. G. in 1930,12

produced an acrolein yield as high as 75–80% for the gas-phase

dehydration of glycerol at 400 uC. But, the duplication of the

catalytic reaction at Degussa sixty years later11 showed a much

lower acrolein yield (32–36%). Alternatively, an SPA (H3PO4

supported on a-Al2O3) catalyst was claimed to produce the

highest selectivity to acrolein (65–75 mol% at 100% glycerol

conversion) at 250–340 uC when aqueous glycerol solution

containing 10–40 wt% glycerol was used as the feedstock (gas

hourly space velocity, GHSV, by glycerol was 20 h21).11

Glycerol dehydration reaction was also tested in liquid phase

at 250–300 uC and 70 bar using zeolite HZSM-5 or H-mordenite

as a catalyst.11 The glycerol conversion had to be kept low

(15–25%) in order to obtain a high selectivity (71–75 mol%)

for acrolein production, since the acrolein selectivity decreased

significantly with the increase in glycerol conversion.

In the present work, we studied the glycerol dehydration in

the gas phase using various solid catalysts with a wide range of

acid–base properties. An attempt has been made to correlate

their catalytic performance with the catalyst acidity and/or

basicity to understand the nature of active sites for the

dehydration reaction, which could help to develop more

efficient solid catalysts for a sustainable acrolein production

from biomass-derivate glycerol.

2. Experimental

2.1 Catalyst preparation

Mesoporous SiO2 (SBA-15) and microporous molecular sieve

materials (SAPO-34, Hb and HZSM-5) were supplied by Dr

Zhong-Ming Liu at Dalian Institute of Chemical Physics,

Chinese Academy of Sciences. Amorphous Al2O3 and SiO2–

Al2O3 samples were supplied by Fushun Research Institute of

Innovative Catalysis Program, Key Lab of Organic Optoelectronics &
Molecular Engineering, Department of Chemistry, Tsinghua University,
Beijing, China 100084. E-mail: bqxu@mail.tsinghua.edu.cn;
Fax: +86-10-62792122; Tel: +86-10-62792122
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Petroleum and Petrochemicals (FRIPP), SINOPEC. The

above catalysts were calcined at 500 uC for 4 h in flowing air

before use.

MgO and La2O3 were purchased commercial AR samples.

They were calcined in air at 500 uC for 4 h before use. CeO2

and ZrO2 were prepared by air calcination of a commercial

Ce(NO3)3?6H2O (AR) and homemade zirconyl hydroxide

(hydrogel) at 500 uC for 4 h, respectively.

Niobium oxide (Nb2O5) catalysts with different acidity were

prepared by calcining hydrated niobium oxide (Nb2O5?nH2O,

CBMM HY-340) at various temperatures (350–700 uC) in

flowing air. According to the calcination temperature (T

in uC), these samples were denoted as Nb2O5-T (T = 350, 400,

500 and 700).

5 wt% H3PO4/a-Al2O3, 5 wt% H3PW12O40/a-Al2O3 and

5 wt% NiSO4/a-Al2O3 catalysts were prepared by wet

impregnation of a commercial a-Al2O3 with the required

amount of aqueous solution of phosphoric acid (H3PO4),

tungstophosphoric acid (H3PW12O40, AR) and NiSO4?6H2O

(AR) at room temperature, respectively. Then, the solution

was evaporated in a rotary evaporator at 60 uC; the remaining

powder was dried in air at 110 uC overnight.

5 wt% SO4
22/ZrO2 was prepared by impregnation of the

zirconyl hydroxide (hydrogel) with the required amount of

aqueous solution of (NH4)2SO4 (AR), followed by drying in a

rotary evaporator at 60 uC. The final calcination temperature

of the catalyst was 600 uC.

The preparation of WO3/ZrO2 was described elsewhere in

detail.13 15 wt% WO3/ZrO2 catalyst was prepared by impreg-

nation of zirconyl hydroxide (acolgel) with required amount of

ammonium paratungstate (N5H37W6O24?H2O, AR) aqueous

solution at 50–60 uC for 4 h. Then the excess water was removed

in a rotary evaporator at 60 uC. The remaining powder was

dried in air at 110 uC overnight, followed by calcination in air at

900 uC for 4 h. The preparation methods of zirconyl hydroxide

hydrogel and acolgel are described in the references.14,15

All catalysts investigated in this work were pressed, crushed,

and sieved to 20–40 mesh before use.

2.2 Measurement of catalyst acidity and basicity

According to the references,16–18 the catalyst acidity (strength

and amount) was measured by the n-butylamine titration

method using various Hammett indicators (Table 1) with

pKa ¡ +6.8; the catalyst basicity was measured by the benzoic

acid titration method using those with pKa ¢ +7.2. Acid

strength was expressed by the Hammett acidity function (H0)

that was scaled by the pKa values of the indicators with pKa ¡

+6.8, while the base strength (H2) was scaled by the pKa

values of the indicators with pKa ¢ +7.2. Before the measure-

ment, the samples were formulated to 100–180 mesh and

pretreated at 315 uC for 4 h in flowing dry nitrogen.

For microporous molecular sieves (SAPO-34, HZSM-5 and

Hb), the acidity measured by n-butylamine titration method

may be lower than their actual acidity, since their pore sizes

(y0.45 nm for SAPO-34, y0.55 nm for HZSM-5 and

y0.7 nm for Hb) could be smaller than the dynamic sizes of

the indicator molecules (0.5–0.8 nm).

2.3 Catalytic reaction

The gas-phase dehydration reaction of glycerol to acrolein was

carried out at 315 uC under atmospheric pressure in a vertical

fixed-bed quartz reactor (i.d. 9 mm). The catalyst with a

constant volume of 0.63 ml was charged in the middle section

of the reactor, with quartz wool packed in both ends. 2 ml

quartz sand was placed above the catalyst bed in order to

preheat and vaporise the feed. Prior to the reaction, the

catalyst was pretreated at 315 uC for 1.5 h in a flow of dry

nitrogen (30 ml min21). The reaction feed, an aqueous solution

containing 36.2 wt% glycerol (molar ratio of glycerol/water =

1/9), was fed into the reactor by a micro-pump. Generally, the

catalytic performance of the solid catalysts was evaluated at a

gas hourly space velocity (GHSV) by glycerol of 80 h21. For

several key catalysts, that retained 100% conversion for 10 h at

80 h21, a higher GHSV of 400 h21 was also adopted to

investigate the catalyst stability and selectivity. The reaction

products were condensed in an ice-water trap and collected

hourly for analysis on a HP6890 GC equipped with a HiCap

CBP20-S25-050 (Shimadzu) capillary column (i.d.0.32 mm 6
25 m) and a FID detector. The reaction was continued for 10 h

and the condensed products during the first hour of the

reaction were abandoned due to poor material balance.

Glycerol conversion and product selectivity were calculated

according to the following equations:

Glycerol conversion %ð Þ~ Moles of glycerol reacted

Moles of glycerol in the feed
|100

Product selectivity mol%ð Þ~
Moles of carbon in a product defined

Moles of carbon in glycerol reacted
|100

The carbon deposits (coke) over the used catalysts were

measured by temperature-programmed oxidation (TPO) in

flowing air (50 ml min21) from 100 uC to 800 uC at a heating

rate of 20 uC min21 on a thermal-analyzer (Mettler-Toledo

TG/SDTA 851e). The weight loss due to carbon oxidation/

combustion was detected between 250 uC and 500 uC and

normalized to show the amount of carbon deposits on a unit

gram of the fresh catalyst.

3. Results and discussion

According to the measured highest acid or base strength (H0 or

H2), the catalysts investigated in this work are classified into

four groups as follows:

Table 1 Hammett indicators used for the measurement of acidity and
basicitya

Indicators pKa

Neutral red +6.8
p-Dimethylaminoazobenzene +3.3
Dicinnamalacetone 23.0
Anthraquinone 28.2
2, 4-Dinitroaniline +15.0
Bromothymol blue +7.2
a Hammett indicators with pKa = 28.2–+6.8 were used to measure
the acidity, while those of pKa = +7.2–+15.0 were used to measure
the basicity of the catalyst samples.
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Group-1 (H- ¢ +7.2): base catalysts.

Group-2 (-3.0 ¡ H0 ¡ +6.8): medium strong and weak acid

catalysts.

Group-3 (28.2 ¡ H0 ¡ 23.0): strong acid catalysts.

Group-4 (H0 ¡ 28.2): very strong acid catalysts.

Presented in Table 2 are the measured basicity (amount) of

group-1 catalysts and in Table 3 the acidity of group-2–4

catalysts in the different base or acid strengths.

3.1 Catalytic performance

The gas-phase dehydration reaction of glycerol was carried out

at 315 uC with a GHSV by glycerol of 80 h21. For most of the

catalysts, the glycerol conversion declined more or less with

increasing the reaction time-on-stream (TOS) but the forma-

tion of acrolein often showed an induction period (2–8 hours).

Summarized in Table 4 are the glycerol conversion and

acrolein selectivity data at two intervals of TOS = 1–2 h and

9–10 h, the catalysts are grouped according to their acid

and base strength defined as above. Several catalysts were able

to maintain a 100% glycerol conversion for longer than 10 h.

These ‘‘key’’ catalysts were also evaluated by increasing by five

fold the space velocity of glycerol, that is at GHSV = 400 h21,

and the results are also listed in Table 4 for comparison. While

the induction period for obtaining the steady acrolein

selectivity was shortened using the higher GHSV, the steady

acrolein selectivity (i.e., at TOS = 8–9 h) was generally little

affected by the variation in glycerol conversion after the

induction period.

3.1.1 Solid base catalysts (group-1). The solid base catalysts

in group-1 were characterised by their low selectivity for the

production of acrolein and their relatively slow deactivation

rates, shown by the difference in glycerol conversion at the two

TOS intervals (Table 4). The highest acrolein selectivity

obtainable was only 10–13 mol% when La2O3 was the catalyst.

For CeO2 catalyst, the increase of the reactant GHSV to 400 h21

to lower the reactant conversion did not improve the acrolein

selectivity but resulted in much heavier carbon deposition.

Table 5 gives the product distribution at TOS = 9–10 h

over the basic catalysts. The main products identified were 1,2-

propandiol (13 mol% by selectivity) and methanol (8 mol%

by selectivity) over the CeO2 catalyst. These two products,

however, were not formed over the La2O3 catalyst, over which

the formation of acrolein became relatively favored. When

MgO was used as the catalyst, the main products identified

were 1-hydroxyacetone (21 mol% by selectivity) and methanol

(7 mol% by selectivity). Interestingly, when the reaction was

conducted with GHSV=400 h21 the product distribution over

the CeO2 catalyst changed to resemble that over MgO at

GHSV = 80 h21. A high percentage (.60 mol%) of the reac-

tion products over these base catalysts remained unidentified

in this work. Also, significant quantities of CO and H2 (not

quantified) were detected in the uncondensed outlet gas, which

was especially remarkable in the first few hours of the reaction

and might have relation with the formation of the unidentified

products, including carbon deposits.

It is therefore clear that solid base catalysts were not

effective for the dehydration glycerol for acrolein production.

Solid bases are known as effective dehydrogenation catalysts

in the reaction of monohydroxyl alcohols;16 their ineffective-

ness for intra-molecular dehydration of glycerol is not

surprising. Clacens et al.19 reported that basic mesoporous

MCM-41 materials modified with alkali/alkaline or rare earth

metal oxides were effective catalysts for the selective formation

of polyglycerols in the liquid-phase etherification of glycerol at

260 uC under atmospheric pressure. However, no significant

amount of polyglycerols was detected in the reaction systems

examined in this present work. This difference might be due to

the fact that the formation of polyglycerols became unfavor-

able at the much higher reaction temperature of the present

study (315 uC).

3.1.2 Solid acid catalysts (group-2, -3 and -4). The glycerol

conversion experienced, in general, a relatively rapid decline

with TOS (Table 4) but the acrolein selectivity went through an

induction period in the first few hours over each of the acidic

catalysts. The 100% glycerol conversion observed over the

Al2O3, SiO2–Al2O3, SO4
22/ZrO2 and WO3/ZrO2 catalysts for

up to TOS =10 h in the reactions at GHSV = 80 h21 was

due to insufficient use of the catalysts, as the same catalysts

deactivated when the reactant space velocity was increased to

GHSV = 400 h21.

Table 3 Catalyst acidity at different acid strengths

Catalyst

Acidity/mmol g21

H0 ¡

28.2
28.2 ¡

H0 ¡ 23.0
23.0 ¡ H0

¡ +6.8 Total

Group-2
SiO2 (SBA-15)a — — 0.48 0.48
ZrO2

a — — 0.10 0.10
Nb2O5-700 — — 0.02 0.02
Group-3
Al2O3

a — 0.42 0.48 0.90
HZSM-5a — 0.28 0.36 0.64
Nb2O5-400 — 0.20 0.14 0.34
15 wt%WO3/ZrO2

b — 0.14 0.32 0.46
Nb2O5-500 — 0.06 0.10 0.16
5 wt%H3PO4/a-Al2O3

c — 0.01 0.02 0.03
5 wt%H3PW12O40/
a-Al2O3

c
— 0.01 0.23 0.24

SAPO-34a — 0.01 0.05 0.06
5 wt%NiSO4/a-Al2O3

c — 0.005 0.025 0.03
Group-4
5 wt%SO4

22/ZrO2
d 0.42 0.08 0.18 0.68

SiO2–Al2O3
a 0.12 0.44 0.20 0.76

Hba 0.06 0.70 0.30 1.06
Nb2O5-350 0.04 0.28 0.20 0.52
a Calcination temperature: 500 uC. b Calcination temperature: 900 uC.
c Pretreated at 315 uC for 4 h in flowing dry nitrogen. d Calcination
temperature: 600 uC.

Table 2 Basic catalysts and their basicity in different base strengths

Catalysta

Basicity/mmol g21

+7.2 ¡ H2 ¡ +15.0 +15.0 ¡ H2 Total

Group-1
CeO2 0.10 — 0.10
La2O3 0.03 0.01 0.04
MgO 0.04 0.34 0.38
a Calcination temperature: 500 uC.
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Listed in Table 6 are the product distribution at TOS =

9–10 h over the acidic catalysts. The main product of the

glycerol dehydration reaction was acrolein over the solid

acid catalysts (in group-2, -3, and -4), except for ZrO2 where

1-hydroxyacetone and acetaldehyde appeared as the main by-

products. 1,2-Propandiol and methanol, which were formed in

significant amounts over basic MgO and CeO2 catalysts

(Table 5), were hardly detected (,1 mol% by selectivity).

Also, the amount of CO and H2 detected in the uncondensed

outlet gas was significantly less than that detected when the

solid bases (group-1) were used as the catalysts.

With only a couple of exceptions, the strong acid catalysts in

group-3, which have strongest acid strength at 28.2 ¡ H0 ¡

23.0, generally showed the highest acrolein selectivity, while

the medium strong and weak acid catalysts in group-2,

with acid strength at 23.0 ¡ H0 ¡ +6.8, showed the lowest

selectivity for the production of acrolein. The acrolein

selectivity over the very strong acid catalysts in group-4 was

between those over the group-2 and -3 catalysts.

It might be possible that the very different glycerol

conversions could make comparison of the acrolien selectivity

unreliable. This possibility can almost be excluded when the

catalytic data at GHSV = 80 h21 were compared with that at

GHSV = 400 h21 for Al2O3, 15% WO3/ZrO2 and SiO2–Al2O3

catalysts at TOS = 9–10 h (Table 6) because acrolein selectivity

over each of these catalysts did not vary significantly, e.g.,

65% versus 68% over 15% WO3/ZrO2 and 40% versus 46%

over SiO2–Al2O3 catalyst, although the glycerol conversion

was reduced remarkably due to the five-fold increase in the

reactant GHSV (Table 6). Therefore, a distinct feature of the

acid catalysts for the glycerol dehydration reaction is that after

being stabilized in the induction period, the catalytic selectivity

for acrolein production becomes insensitive to the conversion

level of the glycerol reactant.

Table 4 Catalytic performance of solid acid–base catalysts for the gas-phase dehydration of glycerol at 315 uC and glycerol GHSV = 80 h21

Catalyst (0.63 ml) Catalyst amount/g

TOS = 1–2 h TOS = 9–10 h

Carbon depositsc/mg g-cat21Xa(%) Sb(mol%) Xa(%) Sb(mol%)

Group-1
CeO2 0.90 100 1 100 1 11
CeO2

d 0.90 96 1 86 1 43
La2O3 1.06 100 10 100 13 25
MgO 0.36 50 5 40 5 50
Group-2
SiO2 (SBA-15) 0.15 71 29 31 30 30
ZrO2 0.81 100 1 100 7 31
Nb2O5-700 0.84 40 26 32 28 4
Group-3
Al2O3 0.23 100 16 100 30 384
Al2O3

d 0.23 86 36 70 38 309
HZSM-5 0.38 80 36 23 52 54
Nb2O5-400 0.57 100 37 88 51 108
15 wt% WO3/ZrO2 0.71 100 48 100 65 82
15 wt% WO3/ZrO2

d 0.71 68 66 23 68 88
Nb2O5-500 0.61 100 29 92 35 74
5 wt% H3PO4/a-Al2O3 0.63 81 55 50 59 16
5 wt% H3PW12O40/a-Al2O3 0.75 69 68 25 70 23
SAPO-34 0.40 55 34 32 48 201
5 wt% NiSO4/a-Al2O3 0.71 87 58 49 63 3
Group-4
5 wt% SO4

22/ZrO2 0.71 100 2 100 20 189
5 wt% SO4

22/ZrO2
d 0.71 80 30 64 33 179

SiO2–Al2O3 0.20 100 23 100 40 431
SiO2–Al2O3

d 0.20 94 43 75 46 375
Hb 0.23 95 34 60 43 214
Nb2O5-350 0.57 96 33 75 47 117
a Glycerol conversion. b Selectivity for acrolein. c After the catalyst was reacted for 10 h. d The catalytic data were obtained at glycerol
GHSV = 400 h21.

Table 5 Product distribution at 315 uC and glycerol GHSV = 80 h21 over the investigated solid base catalysts

Catalyst
(0.63 ml)

Conversion
(%)

Product selectivity at TOS = 9–10 h (mol%)

Acrolein Acetaldehyde Allyl alcohol 1-Hydroxyl-acetone Methanol 1,2-Propandiol Unknownsa

Group-1
CeO2 100 1 6 2 3 8 13 67
CeO2

b 86 1 4 — 21 4 2 68
La2O3 100 13 6 — 10 — — 71
MgO 40 5 5 — 21 7 2 60
a Selectivity for the unknowns (mol%) = 100 2 total selectivity for all identified products. b The catalytic data were obtained at glycerol
GHSV = 400 h21.
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Another feature disclosed in the present work is that the

amount of carbon deposits on the used catalysts (except Al2O3

and SAPO-34) generally increased with increasing the catalyst

acid strength. Interestingly, the reaction at GHSV = 400 h21

(over Al2O3, 15% WO3/ZrO2 and SiO2–Al2O3 catalysts) did

not resulted in more severe carbon deposition over the

catalysts when compared with the reaction at GHSV = 80 h21.

3.2 Catalyst acid–base property and performance in glycerol

dehydration

All catalysts investigated in this work are listed in Fig. 1

according to their acid–base strength and steady acrolein

selectivity. Apparently, the strongly acidic catalysts in group-3

and -4 with H0 ¡ 23.0 showed higher acrolein selectivity

than those catalysts with weaker acidity, indicating that the

intramolecular double dehydration of glycerol for acrolein

production requires the participation of acidic sites with H0 ¡

23.0. However, the generally highest acrolein selectivity

obtained over the strong acid catalysts in group-3 (28.2 ¡

H0 ¡ 23.0) would suggest that the most favorable acid

strength for the acrolein production is 28.2 ¡ H0 ¡ 23.0.

An attempt was made to correlate the catalytic rates at

TOS = 9–10 h for glycerol consumption and acrolein forma-

tion with the fractional acidity at 28.2 ¡ H0 ¡ 23.0. The

average catalytic rates over a single acid site at 28.2 ¡ H0 ¡

+6.8 (i.e., TOF) show no clear relationship with the fractional

acidity at 28.2 ¡ H0 ¡ 23.0, which could be distorted

significantly due to the severe coking on the catalysts.

We then attempted to correlate the catalytic rates based on

the catalyst mass with the catalyst acidity, to avoid the

disturbance of carbon deposits. As shown in Fig. 2, both of the

catalyst mass specific rates for glycerol consumption and for

acrolein production tend to increase with the fractional acidity

at 28.2 ¡ H0 ¡ 23.0, which further suggest that the strongly

acidic sites at 8.2 ¡ H0 ¡ 23.0 are more efficient than those

of medium strong and weak acid sites.

The observation that catalysts with a stronger acidity tend

to coke more severely than catalysts with a weaker acidity

(Table 4) could hint that acrolein molecules formed over the

very strong acid catalysts (H0 ¡ 28.2, group-4) are easily

subject to secondary reactions leading to surface carbon

deposits. To demonstrate such a possibility, an aqueous

acrolein solution was reacted over a fresh SiO2–Al2O3 catalyst

with the conditions for the glycerol dehydration. The reactant

acrolein in the reaction feed was completely converted in the

first couple of hours, but the acrolein conversion declined to

ca. 40% at TOS = 6 h. The reaction of acrolein appeared very

‘‘selective’’ for the formation of carbon deposits, since almost

no product was detected in the condensed liquid at the reactor

outlet. Another reaction test was done by adding acrolein to

the regular reaction feed (acrolein/glycerol molar ratio being

1.0), this reaction test resulted in a negative formation of

acrolein and significantly enhanced deactivation of the

catalyst. Therefore, in comparison with the very strong acid

catalysts in group-4, the strong acid catalysts in group-3 offer

the higher selectivity for acrolein production because their

catalytic acid sites of 28.2 ¡ H0 ¡ 23.0 were less effective in

inducing the secondary reaction of acrolein.

It seems not surprising that the catalyst acidity requirement

(28.2 ¡ H0 ¡ 23.0) for efficient acrolein production from

glycerol is similar to the case of ethanol production from

ethylene hydration over solid acid catalysts.16 A main by-

product in the present reaction system was 1-hydroxyacetone,

which is a product from a single dehydration of glycerol

(Scheme 1). However, the selectivity of this by-product

Table 6 Product distribution at 315 uC and glycerol GHSV = 80 h21 over the investigated solid acid catalysts

Catalyst (0.63 ml) Conversion (%)

Product selectivity at TOS = 9–10 h (mol%)

Acrolein Acetaldehyde Allyl alcohol 1-Hydroxylacetone Unknownsa

Group-2
SiO2 (SBA-15) 31 30 3 2 10 55
ZrO2

b 100 7 6 2 21 64
Nb2O5-700 32 28 2 5 19 46
Group-3
Al2O3 100 30 8 6 12 44
Al2O3

c 70 38 6 3 17 36
HZSM-5 23 52 3 2 7 36
Nb2O5-400 88 51 4 1 12 32
15 wt% WO3/ZrO2 100 65 3 — 5 27
15 wt% WO3/ZrO2

c 23 68 2 1 15 14
Nb2O5-500 92 35 5 2 14 44
5 wt% H3PO4/a-Al2O3 50 59 1 3 14 23
5 wt% H3PW12O40/a-Al2O3 25 70 2 — 7 21
SAPO-34 32 48 4 2 11 35
5 wt% NiSO4/a-Al2O3 49 63 3 1 13 20
Group-4
5 wt% SO4

22/ZrO2 100 20 9 2 10 59
5 wt% SO4

22/ZrO2
c 64 33 7 2 16 42

SiO2–Al2O3 100 40 10 1 12 37
SiO2–Al2O3

c 75 46 10 — 10 34
Hb 60 43 8 2 7 40
Nb2O5-350 75 47 5 1 10 37
a Selectivity for nnknowns (mol%) = 100 2 total selectivity for all identified products b Methanol (3 mol%) and 1,2-propandiol (8 mol%) were
also present in the product over this catalyst. c The catalytic data were obtained at glycerol GHSV = 400 h21.
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(10–20 mol% in most cases) was not significantly affected

(Tables 5 and 6) by the acid–base property of the catalysts

investigated in this present study.

Besides acid strength, the nature of acid sites (Brønsted or

Lewis type) would play a key role in determining catalytic

performance for solid acid catalysts. Among the strong acid

catalysts in group-3 (28.2 ¡ H0 ¡ 23.0), Al2O3 and Nb2O5-

500 can be taken as typical Lewis acid catalysts;16 they both

showed a poor steady selectivity (,40 mol%) for the acrolein

production. The supported phosphoric acid (5% H3PO4/

a-Al2O3) and heteropoly acid (5% H3PW12O40/a-Al2O3) are

typical Brønsted acids, and they both effected high acrolein

selectivity (60–70 mol%). The 5% NiSO4/a-Al2O3 and 15 wt%

WO3/ZrO2 catalysts would have both Brønsted and Lewis

sites,20,21 and they also both showed a high selectivity (ca.

65 mol%) for the acrolein production. Therefore, in view of the

selectivity for the production of acrolein, Brønsted acid sites

seem to be superior to Lewis acid sites for the glycerol

dehydration reaction. It is likely that the large amount of water

in the present reaction system (the molar water-to-glycerol

ratio was 9) could convert at least some Lewis acid sites to

Brønsted acid sites,22 which could in turn induce some acrolein

selectivity over the seemingly termed Lewis acid catalysts.

The microporous molecular sieves, such as HZSM-5 and

HSAPO-34, are also Brønsted acid catalysts.23 The relatively

low acrolein selectivity (ca. 50 mol%) and glycerol conversion

over these catalysts were not proportional to their acidity,

which might be a consequence of micro-pore blockage by the

carbon deposits during the reaction.

3.3 Possible reactions involved in the dehydration of glycerol

Possible reactions involved in the gas-phase dehydration of

glycerol are proposed in Scheme 1 based on the products

identified in this work. The reaction of glycerol would be

initiated by the dehydration involving either the central –OH

(step I) or terminal –OH (step II), which result in parallel

formation of two enol intermediates. The enols would undergo

rapid rearrangement to 3-hydroxypropionaldehyde (3-HPA)

or 1-hydroxyacetone, respectively. The 3-HPA, which is often

assumed as the reactive intermediate in acrolein synthesis by

Fig. 1 Catalyst highest acid–base strength (H0 or H2) and acrolein

selectivity obtained at TOS = 1–2 h (open columns) and 9–10 h (solid

columns). Reaction temperature: 315 uC, glycerol GHSV: 80 h21.

Fig. 2 Catalyst fractional acidity at 28.2 ¡ H0 ¡ 23.0 and mass

specific catalytic rates for glycerol consumption (A) and acrolein

formation (B) at TOS = 9–10 h. Reaction temperature: 315 uC, glycerol

GHSV: 80 h21.
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aldol condensation reaction of acetaldehyde with formalde-

hyde,24,25 would be very unstable at the reaction temperature

(315 uC) and can easily give rise to a further dehydration for

the production of the desirable acrolein (step III). A secondary

hydrogenation reaction of the acrolein product will lead to the

formation of allyl alcohol (step VI). The unstable intermediate

3-HPA would also decompose, according to a reversed aldol

condensation (step IV), to acetaldehyde and formaldehyde; a

follow up hydrogenation or decomposition of formaldehyde

would result in met the formation of methanol or CO and H2

(steps VII and VIII). It seems that hydrogenation of the

carbonyl group in 1-hydroxyacetone (step V), which produced

1,2-propandiol, was only possible when the solid bases in

group-1 were used as the catalysts (Table 5).

No attempt was made in this work to understand side

reactions leading to unidentified products including coke on

the catalyst. The formation of the unidentified products could

involve many complicated side reactions, which would deserve

an independent piece of comprehensive research in the future.

For example, acrolein itself could be converted to many

heavier products including higher aldehydes, olefins, hetero-

cyclic and/or aromatic compounds by a complex reaction

network including the reductive coupling, aldol condensation,

Diels–Alder reaction, dehydration, and dehydrogenation as

well as hydrogenation.26,27

4. Conclusions

The present data shows that the most selective acid–base

catalysts for the production of acrolein by gas-phase glycerol

dehydration are those having the strongest acid strength in the

range of 28.2 ¡ H0 ¡ 23.0; the highest steady acrolein

selectivity obtained was 70 mol%. The catalysts having further

stronger acid sites (H0 ¡ 28.2) produce a lower acrolein

selectivity (40–50 mol%) due to more severe catalyst coking.

The mass specific catalytic rate for the acrolein production

tends to increase with the fractional acidity at 28.2 ¡ H0 ¡

23.0. Brønsted acid sites seem to be superior to Lewis acid

sites for the acrolein production. Solid base catalysts are

basically not effective for the formation of acrolein.
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H. Knözinger and J. Weitkamp, VCH, Weinheim, 1997, vol. 5,
pp. 2370–2380.

23 P. Espeel, R. Parton, H. Toufar, J. Martens, W. Holderich and
P. Jacobs, in Catalysis and Zeolites: Fundamentals and Applications,
ed. J. Weitkamp and L. Puppe, Springer-Verlag, Berlin Heidelberg,
Germany, 1999, pp. 393–396.

24 E. Dumitriu, N. Bilba, M. Lupascu, A. Azzouz, V. Hulea, G. Cirje
and D. Nibou, J. Catal., 1994, 147, 133–139.

25 M. Ai, Bull. Chem. Soc. Jpn., 1991, 64, 1342–1345.
26 A. B. Sherrill, h. Idriss, M. A. Barteau and J. G. Chen, Catal

Today, 2003, 85, 321–331.
27 C. P. Bezouhanova, C. V. Titorenkova and C. Chanev, J. Mol.

Catal. A: Chem., 1998, 132, 87–90.

Scheme 1 Reactions leading to the detected products in the glycerol dehydration over solid acid–base catalysts.

1136 | Green Chem., 2007, 9, 1130–1136 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
2 

Ju
ne

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
22

00
J

View Online

http://dx.doi.org/10.1039/B702200J


An efficient microwave-assisted green transformation of cellulose into
levoglucosenone. Advantages of the use of an experimental design
approach{

Ariel M. Sarotti, Rolando A. Spanevello and Alejandra G. Suárez*
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The microwave-assisted pyrolysis of cellulose towards its conversion into levoglucosenone is

reported. An experimental design approach was used to find the variables involved in this

transformation. Using this approach we established the optimal conditions to obtain the

maximum yield of product.

Introduction

Biomass is a widely available raw material which has been

recognized as an important source of fuels and chemical

products.1 A substantial amount of research activity is

currently undertaken world-wide to identify attractive chemi-

cal transformations to convert biomass into highly valuable

organic chemicals. By far, carbohydrates are the major

annually renewable biofeedstocks from which to develop

viable organic chemicals that can compete with or eventually

replace those derived from fossil sources.2 Apart from being

more accessible, carbohydrates have many other advantages

like functionality, chirality, and structural variation, all

features that are not present in petroleum.

Levoglucosenone (1,6-anhydro-3,4-dideoxy-b-D-glycero-

hex-3-enopyranos-2-ulose) (1) is a versatile and readily

available member of the carbohydrate derived chiral pool.

During the last decade this substrate has been employed as

chiral synthon for the synthesis of a wide variety of natural

and unnatural products.3–5 Recently, it was also used as

template in the preparation of chiral inductors for asymmetric

organic synthesis.6

The conventional pyrolysis of cellulose is one of the most

frequently used transformations to obtain levoglucosenone as

it provides a simple methodology to obtain enantiomerically

pure materials.3,7

In the last decade, the use of microwave irradiation to

accelerate organic reactions has been of growing interest as a

type of environmentally friendly process, particularly when it

is carried out under solvent-free conditions. One key advant-

age of using microwaves is the flash heating effect, which often

leads to much reduced reaction times, from hours down to

minutes.8 To make the most of this feature, it is essential to

follow an efficient optimisation protocol to rapidly identify the

best conditions for the microwave-assisted reaction.9

In this study we present the microwave-assisted pyrolysis of

cellulose for the production of levoglucosenone under solvent-

free conditions. In the course of our studies we found that the

use of an experimental design approach allowed the efficient

determination of the optimal conditions for microwave-

assisted pyrolysis.

Results and discussion

The conventional pyrolysis of acid pre-treated cellulose in an

electrical furnace at 270 uC affords levoglucosenone in 3–5%

overall yield. The crude material is generally found with

2-furfuraldehyde as the major impurity.3,7 Our interest to find

a greener procedure to obtain this valuable chiral starting

material encouraged us to investigate a microwave-assisted

protocol for this reaction to provide the desired product in

acceptable yields.

As a starting point for the development of a microwave-

assisted methodology we performed the pyrolysis of acid pre-

treated cellulose (4.0 g) at 490 W in a household oven over

6.0 min. The condensed crude material obtained was 2.1%

of the amount of cellulose pyrolyzed. The analysis of this

pyrolytic crude material by 1H NMR and GC-MS demon-

strated that it was formed almost quantitatively by a mixture

of levoglucosenone (1), levulinic acid (2) and 5-hydroxy-

methylfurfuraldehyde (3) in a ratio 92 : 6 : 2 respectively,

Scheme 1.

It has been already studied in depth that 5-hydroxy-

methylfurfuraldehyde decomposed to levulinic acid under acid

catalysed conditions.10 For this reason we considered that the

formation of 2 arose from the transformation of 3 under the

pyrolytic conditions employed.

Instituto de Quı́mica Orgánica de Sı́ntesis, Facultad de Ciencias
Bioquı́micas y Farmacéuticas, Universidad Nacional de Rosario –
CONICET Suipacha 531, S2002LRK Rosario, Argentina.
E-mail: asuarez@fbioyf.unr.edu.ar; Fax: 54 341 4370477;
Tel: 54 341 4370477
{ Electronic supplementary information (ESI) available: 1H NMR
spectra of a crude mixture of the pyrolytic product and GC-
chromatogram of a crude mixture of the pyrolytic product. See DOI:
10.1039/b703690f Scheme 1

PAPER www.rsc.org/greenchem | Green Chemistry

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1137–1140 | 1137

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
1 

Ju
ly

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
36

90
F

View Online

http://dx.doi.org/10.1039/B703690F


We used the Design-ExpertTM software to design a set of

screening reaction conditions to determine the factors which

could have a significant effect on the outcome of the

reaction.11

It was noted that heat transfer is an important parameter in

the pyrolysis of cellulose with conventional heating. Under this

condition an inverse relationship between the yield and the

sample size was generally found, which was attributed to the

poor heat transfer of the substrate.7b Therefore, the amount of

material to be pyrolyzed and the heat exchange surface is

always crucial for the outcome of the reaction. Due to the

difference in the microwave heating process, we decided to

investigate two different methodologies to treat the sample

into the oven. The cellulose was loaded into a glass tube

as a thick layer (method X) or spread as a thin layer in an

Erlenmeyer (method Y).

It is well known that pyrolysis of cellulose involves a

complex series of concurrent and consecutive reactions that

afford a variety of products.7b For this reason, we considered

the different parameters that can affect the yield and purity of

levoglucosenone in a microwave-assisted pyrolytic process.

The factors we decided to investigate were: power of

microwave irradiation (400–490 W), time of applied irradia-

tion (10–20 min), cellulose mass (4–6 g) and the methodology

to carry out the pyrolysis (method X or Y). We employed a full

two-level factorial design giving 16 experiments. Table 1 shows

the coded selected levels for each factor and the response

obtained. The signs + and – are the codification of higher and

lower levels.

After these experiments were performed, the application of

analysis of variance (ANOVA) allowed us to draw conclusions

about the significance of the factors studied. The evidence is

based on the probability that differences in response, due to

the changes introduced by the effects, are greater than the

differences that could be expected from random errors. An

analysis of the main effects obtained from the results in Table 1

showed that the most important factor was D, being that

method X is the one that gives the best yields. The other three

factors (A, B, C) were much less significant.

Due to the fact that there was a very important difference in

the results by changing the methodology, the eight runs carried

out with method Y were excluded, while the other three main

factors (A, B, C) were considered and two-factor interactions

were evaluated.

In this reduced model, the results of the analysis of variance

are shown in Table 2. It was observed that the three factors

were significant (p , 0.05) and we also found a very important

interaction between power and time (AB interaction).

The results of the analysis of variance demonstrates that the

value of power and mass should be set at high levels to achieve

better yields of levoglucosenone (positive effect of factors A

and C). On the other hand, the negative effect of factor B

means that a low irradiation time should be preferred. It can

be noted in Table 2 that a negative sign affects the interaction

between AB factors, which indicates that high power combined

with low time should increase the yield of pyrolyzed material.

As a result of this analysis, the following pre-optimal working

conditions were chosen, Table 3.

After selecting the most significant factors, another optimi-

sation step was undertaken. This was done by applying a

surface response methodology to find the optimum combina-

tion of factors evaluated. Using a central composite design the

microwave-assisted pyrolysis of microcrystalline cellulose was

evaluated by a three-factor design with five levels for each

factor. In this case, the design requires fourteen experiments

plus three in the middle, which were performed in duplicate

and were randomly run. The three extra experiments were

included to have an estimation of the response in the center of

the design. The selected parameters were microwave power

(A), irradiation time (B) and cellulose mass (C). Table 4

Table 1 Full two-level factorial design used to evaluate the most
important factors for the microwave pyrolysis of cellulose

Factor

Level

21 +1

A: microwave power/W 400 490
B: irradiation time/min 10.0 20.0
C: cellulose mass/g 4.0 6.0
D: pyrolysis method Method X Method Y

Exp. A B C D Yield (%)a 1 (%)b 2 (%)b 3 (%)b

1 1 21 21 21 4.85 87.3 10.1 2.6
2 21 21 21 21 2.86 86.4 11.1 2.5
3 1 21 21 1 2.01 85.3 10.5 4.2
4 1 21 1 21 5.76 86.8 10.5 2.6
5 21 1 21 21 3.77 85.4 12.1 2.5
6 1 21 1 1 2.30 86.5 10.2 3.3
7 1 1 21 21 3.35 89.0 7.6 3.5
8 21 1 1 1 1.51 84.1 11.8 4.1
9 21 1 1 21 4.80 88.0 10.4 1.6
10 21 1 21 1 1.66 82.6 12.6 4.8
11 21 21 21 1 0.06 84.1 8.4 7.5
12 1 1 1 21 4.50 85.3 12.3 2.5
13 21 21 1 21 4.15 87.6 9.8 2.6
14 1 1 1 1 1.86 80.9 16.0 3.2
15 21 21 1 1 0.58 84.1 8.4 7.5
16 1 1 21 1 2.02 88.2 8.3 3.4
a Yield corresponds to the weight of pyrolyzed material from
cellulose. b Relative proportions of 1, 2 and 3 in the crude
pyrolyzate.

Table 2 Results obtained by applying ANOVA of the selected most
significant factors for the microwave pyrolysis of cellulose

Studied
factor Effect

Sum of mean
squares F test

Value
of p Significanta

A 0.72 1.04 78.25 0.0030 Yes
B 20.3 0.18 13.58 0.0346 Yes
C 1.10 2.40 180.98 0.0009 Yes
AB 21.08 2.33 176.06 0.0009 Yes
a The factor was considered significant when the associated
probability (p) is ,0.05.

Table 3 Results obtained by applying ANOVA of the selected most
significant factors for the microwave pyrolysis of cellulose

Studied factor

Level

Pre-optimal21 +1

A: microwave power/W 400 490 490
B: irradiation time/min 10.0 20.0 10.0
C: cellulose mass/g 4.0 6.0 6.0
D: pyrolysis method Method X Method Y Method X

1138 | Green Chem., 2007, 9, 1137–1140 This journal is � The Royal Society of Chemistry 2007
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lists the design matrix for experiments and the values given to

each factor.

The design allowed us to obtain the surface response, fitting

the data to the polynomial mathematical model by the linear

least-square application shown in the following equation:

j = b0 + b1A + b2B + b3C + b11A2 + b22B2 + b33C2 + b12AB +
b13AC + b23BC

Where j is the response, b0 is the center point of the system,

bi, bii and bij correspond to coefficients of linear, quadratic and

interactive effects respectively.

The regression coefficients and their statistical significance

are presented in Table 5.

Analysis of variance indicates that the response models

developed for yield, and percentages of 1 and 2, have a very

good fit. However, the model for the percentage of 3 has a

poor correlation (R2 = 0.45), which could indicate that the

amount of 3 in the crude pyrolyzate is random and has no

dependence on the factors studied.

The optimal conditions for maximum yield were predicted

to be a microwave power of 620 W, 12.0 min of irradiation

time and 4.0 g of cellulose. The predicted values of the

response under these experimental conditions and the values

obtained experimentally are shown in Table 6.

To our delight, the observed values (after three replications)

were slightly superior to those predicted. It is important to

point out that the model could really predict the combination

of factors to give the best response.

These results demonstrate that the microwave pyrolysis of

cellulose under the optimised conditions affords levoglucose-

none in slightly better yields than those obtained under con-

ventional pyrolytic conditions (3–5%).3 The levulinic acid can be

easily removed by washing the material with dilute NaHCO3

solution, recovering 95% of the amount of levoglucosenone.

In order to test the reproducibility of the method developed in

a domestic oven (MW-1), we also performed the same experi-

ments in a different microwave oven (MW-2). The representative

runs were carried out in duplicate and are shown in Table 7.

The results obtained with two different domestic microwave

ovens showed an excellent reproducibility of the results under

the optimised conditions.

Conclusions

We have demonstrated that cellulose can be pyrolyzed under

microwave irradiation to produce levoglucosenone. To the

best of our knowledge this is the first example of the successful

preparation of levoglucosenone under microwave-assisted

conditions. An experimental design approach was used to

establish the variables (factors) involved in this transformation

and to find the optimal conditions that give a maximum yield

of product.

Experimental

General

Nuclear magnetic resonance spectra were recorded on a Bruker

Avance-300 with tetramethylsilane as an internal standard and

deuterochloroform as solvent. GC-mass spectra were carried

Table 4 Central composite design

Factor

Level

21.68 21 0 1 +1.68

A: microwave power/W 460 490 540 590 620
B: irradiation time/min 1.6 5.0 10.0 15.0 18.4
C: cellulose mass/g 3.0 4.0 5.5 7.0 8.0

Exp. A B C Yield (%) 1 (%) 2 (%) 3 (%)

1 21.68 0 0 5.60 86.1 11.3 2.6
2 21 21 1 5.26 88.8 8.6 2.6
3 0 0 0 5.09 86.4 11.1 2.5
4 21 1 1 6.16 86.7 10.8 2.5
5 0 0 21.68 3.67 85.0 12.5 2.5
6 1 1 21 6.05 85.9 10.8 3.3
7 0 0 1.68 6.32 84.5 12.2 3.3
8 0 21.68 0 1.25 93.3 2.1 4.6
9 21 1 21 4.71 86.6 11.7 1.7
10 0 1.68 0 4.62 84.4 11.1 2.5
11 1 21 1 4.41 90.5 7.8 1.7
12 1.68 0 0 5.70 86.1 10.6 3.3
13 21 21 21 1.28 90.1 8.1 1.8
14 0 0 0 4.27 87.8 9.7 2.5
15 0 0 0 4.46 86.2 11.2 2.5
16 1 1 1 3.70 81.8 15.0 3.2
17 1 21 21 4.83 88.7 8.7 2.6

Table 5 Regression coefficients in terms of coded factors of the
model developed for yield and percentage of 1, 2 and 3 in the mixture

j Yield 1 2 3

b0 4.60 86.76 10.67 2.54
b1 0.13 20.40 0.13 0.27
b2 0.77 22.34 2.20 20.11
b3 0.52 20.32 0.19 0.14
b11 0.37 20.06 0.16 20.01
b22 20.59 0.90 21.39 0.22
b33 0.14 20.53 0.64 20.03
b12 20.48 20.73 0.44 0.29
b13 21.03 20.14 0.47 20.32
b23 20.56 20.56 0.47 0.09
F 14.82 6.28 8.00 0.64
p 0.0009 0.0121 0.0060 0.7407
R2 0.95 0.89 0.91 0.45

Table 6 Regression coefficients in term of coded factors

Predicted

Yield (%) 1 (%) 2 (%)

7.33 84.9 11.8

Observed

Yield (%) 1 (%) 2 (%)

7.57 86.4 11.1
7.65 86.5 10.9
7.36 86.2 11.3

Table 7 Microwave pyrolysis of cellulose (4 g) at 620 W over 12 min

Oven Yield (%) 1 (%) 2 (%) 3 (%)

MW-1 7.53 86.4 11.1 2.5
MW-2 7.17 84.8 12.7 2.5

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 1137–1140 | 1139
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out in a Perkin Elmer Autosystem XL gas chromatograph with

a Perkin Elmer mass detector model TurboMass. Microwave-

assisted reactions were performed in domestic ovens: Whirpool

VIP-20 M-600 (MW-1) or Philco MPR 4020 (MW-2), which

were located inside the fume hood. Flash column chromato-

graphy were performed using Merck silica gel 60H with ethyl

acetate as eluent. The optimisation process was carried out

using Design-Expert version 6.0.10 program.

General procedures

The acid pre-treated cellulose was obtained by suspending 80 g

of microcrystalline cellulose 99% (Anedra) in 400 mL of

methanol with 2.4 g of H3PO4. The suspension was stirred for

30 min and evaporated. This procedure is similar to the one

described in the literature.3

Microwave-assisted pyrolysis of cellulose was performed by

the following methods:

Method X: the corresponding amount of acid pre-treated

microcrystalline cellulose was placed in a borosilicate glass

tube (2 cm internal diameter and 10 cm long). The tube was

introduced into a 125 mL Erlenmeyer and covered with a

40 mL beaker. The equipment was placed into a glass

crystalliser and covered with a 500 mL beacker to capture

the volatiles that can escape from the first cover.

Method Y: the same equipment was used as in method X,

with the only difference being that the cellulose was placed

directly as a thin layer in the 125 mL Erlenmeyer.

After the corresponding period of microwave irradiation the

glass equipment was removed from the microwave oven and

kept inside the fume hood until it reached room temperature.

Both glassware and char were washed with EtOAc and

filtrated through a short path of silica gel to eliminate the

char. The filtrate was evaporated in a vacuum. The yield of the

reaction was calculated by the weight of the pyrolyzed material

with respect to the amount of cellulose introduce into the oven.

The molar fractions of 1, 2 and 3 were calculated from the 1H

NMR spectra.

The spectroscopic and physical data of these products were

in good agreement with those reported in the literature.7

Calibration of the microwave field strength was accom-

plished by measuring the temperature rise in 1 kg of water

exposed to microwave irradiation for a fixed period of time.

This technique is described as Method 1015A by the U. S.

Environmental Protection Agency.12
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Our attention has been drawn to the elegant work of Kaupp, Pogodda and Schmeyers entitled ‘Gas/Solid Reactions with Acetone’

(Chem. Ber., 1994, 127, 2249–2261) who use a somewhat different strategy for making the salt of benzodiazepine via a gas phase

reactor with acetone. Our paper complements this work and provides an alternative route to the product, which may well be

optimised in the future to give similar yields.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Additions and corrections can be viewed online by accessing the original article to which they apply.
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