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Celebrating 10 years of publishing, Green Chemistry offers the latest research that reduces 
the environmental impact of the chemical enterprise by developing alternative sustainable 
technologies, and provides a unique forum for the rapid publication of cutting-edge and innovative 
research for a greener, sustainable future

* 2006 Thomson Scientific (ISI) Journal Citation Reports ®
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Cover
See Šebesta et al., pp. 484–496.
The image depicts some catalysts
with ionic tags, which can be
advantageously used in ionic
liquids. Molecular models were
prepared by POV-Ray (Persistence
of Vision Pty. Ltd. (2004)
Persistence of Vision Raytracer
(Version 3.6) [Computer software].
Retrieved from
http://www.povray.org/download/).

Image reproduced by permission
from Radovan Šebesta, from
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CHEMICAL TECHNOLOGY

T33
Drawing together research highlights and news from all RSC
publications, Chemical Technology provides a ‘snapshot’ of the latest
applications and technological aspects of research across the chemical
sciences, showcasing newsworthy articles and significant scientific
advances.

EDITORIAL

483

Is catalysis in ionic liquids a potentially green technology?

Professor Tom Welton discusses the whether catalysis in ionic liquids
can be a green technology.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 475–482 | 475
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CRITICAL REVIEW

484

Catalysts with ionic tag and their use in ionic liquids

Radovan Šebesta,* Iveta Kmentová and Štefan Toma

Homogenous supported catalysts combine features of both
homogeneous and heterogeneous catalysis. Ionically-tagged catalysts in
ionic liquids offer several advantages, such as high catalytic activities
and selectivities, easy product isolation and catalyst recyclability.

COMMUNICATION

497

Water-in-ionic liquid microemulsions as a new medium for
enzymatic reactions

Muhammad Moniruzzaman, Noriho Kamiya, Kazunori
Nakashima and Masahiro Goto*

Enzymes can be solubilized in ionic liquids (ILs) by the formation of
water domains in a hydrophobic IL with an anionic sodium
bis(2-ethyl-1-hexyl) sulfosuccinate (AOT) surfactant. The catalytic
activity of one of the enzymes studied (lipase PS) became higher than in
microemulsions of AOT in isooctane.

PAPERS

501

Ionic liquids for liquid-in-glass thermometers

Héctor Rodrı́guez, Margaret Williams, John S. Wilkes and
Robin D. Rogers*

Ionic liquids can constitute a potentially green alternative to the fluids
currently used in liquid-in-glass thermometers, additionally allowing for
a high degree of customization of these devices.

508

Cytotoxicity of selected imidazolium-derived ionic liquids in
the human Caco-2 cell line. Sub-structural toxicological
interpretation through a QSAR study

Andrés Garcı́a-Lorenzo, Emilia Tojo, José Tojo, Marta
Teijeira, Francisco J. Rodrı́guez-Berrocal, Maykel Pérez
González and Vicenta S. Martı́nez-Zorzano*

A group of imidazolium-derived ILs was tested for their cytotoxicity in
the Caco-2 human cell line. Using the experimental data we developed a
QSAR model which was used to elucidate the structural factors that
govern the toxicity of these compounds.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 475–482 | 477
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PAPERS

517

Microwave-assisted synthesis of oligothiophene
semiconductors in aqueous media using silica and chitosan
supported Pd catalysts

Silvia Alesi,* Francesca Di Maria, Manuela Melucci,
Duncan J. Macquarrie, Rafael Luque and Giovanna
Barbarella

Highly pure thiophene semiconductors were prepared by an innovative
microwave-assisted methodology based on Suzuki coupling, using silica
and chitosan supported palladium catalysts in aqueous media.

524

Selective extraction of neutral nitrogen compounds found in
diesel feed by 1-butyl-3-methyl-imidazolium chloride

Li-Li Xie, Alain Favre-Reguillon,* Xu-Xu Wang, Xianzhi
Fu, Stéphane Pellet-Rostaing, Guy Toussaint, Christophe
Geantet, Michel Vrinat and Marc Lemaire*

BMIm+Cl− have been used for the selective extraction of neutral
N-compounds found in diesel feed. Elimination of such HDS inhibitors
could lead to improvement of the deep HDS process.

532

Isosorbide as a novel polar head derived from renewable
resources. Application to the design of short-chain
amphiphiles with hydrotropic properties

Ying Zhu, Morgan Durand, Valérie Molinier and
Jean-Marie Aubry*

The potential use of isosorbide, an original diol readily obtained by the
double dehydration of sorbitol, has been investigated for the synthesis of
novel amphiphilic species.

541

Isolute R© Si-carbonate catalyzes the nitronate addition to
both aldehydes and electron-poor alkenes under solvent-free
conditions

Roberto Ballini,* Giovanna Bosica, Alessandro Palmieri,
Ferdinando Pizzo and Luigi Vaccaro

Commercially available ISOLUTE R© Si-carbonate catalyzes both
nitroaldol and Michael reactions, from nitroalkanes and under
solvent-free conditions, yielding nitroalkanols and
c-nitro-functionalized carbonyl and cyano derivatives

478 | Green Chem., 2008, 10, 475–482 This journal is © The Royal Society of Chemistry 2008
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PAPERS

545

New rhodium catalytic systems with trifluoromethyl
phosphite derivatives for the hydroformylation of 1-octene
in supercritical carbon dioxide

Clara Tortosa Estorach, Arantxa Orejón and Anna M.
Masdeu-Bultó*

Hydroformylation of 1-octene in supercritical carbon dioxide was
performed using new soluble rhodium-phosphite catalytic systems.

553

Hydrous ruthenium oxide supported on Co3O4 as efficient
catalyst for aerobic oxidation of amines

Feng Li, Jing Chen, Qinghong Zhang and Ye Wang*

The hydrous RuO2 catalyst dispersed on Co3O4 can catalyse the selective
oxidation of amines efficiently by oxygen or air. The catalyst is recyclable
and can be operated under solvent-free conditions.

563

Aqueous/organic cross coupling: Sustainable protocol for
Sonogashira reactions of heterocycles

Christoph A. Fleckenstein and Herbert Plenio*

The water soluble Pd complex of dicyclohexyl(2-sulfo-9-(3-(4-
sulfophenyl)propyl)-9H-fluoren-9-yl)phosphine was used for an efficient
copper free and sustainable reaction protocol for Sonogashira cross
couplings of heterocyclic aryl chlorides and bromides.

571

Purification of chemical feedstocks by the removal of aerial
carbonyl sulfide by hydrolysis using rare earth promoted
alumina catalysts

Hongmei Huang, Nicola Young, B. Peter Williams,
Stuart H. Taylor and Graham Hutchings*

Al2O3 (�) is an effective commercial catalyst for COS hydrolysis and
addition of Y2O3 [(�) 3%, (�) 10%] leads to enhancement in catalytic
activity as a result of increased basicity.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 475–482 | 479
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PAPERS

578

A new separation method: combination of CO2 and
surfactant aqueous solutions

Xiaoying Feng, Jianling Zhang, Siqing Cheng,
Chaoxing Zhang, Wei Li and Buxing Han*

Phenol and vanadium-8-hydroxyquinoline complexes in aqueous
solutions can be separated efficiently by combination of CO2 and Triton
X-100. Also, gold nanoparticles synthesized in Triton X-100 micellar
solutions can be recovered by adding CO2 and the surfactant remains in
the solution. This new separation method has wide potential
applications.

584

Imidazolium based ionic liquids in soils: effects of the side
chain length on wheat (Triticum aestivum) and cress
(Lepidium sativum) as affected by different clays and
organic matter

Marianne Matzke,* Stefan Stolte, Jürgen Arning,
Ute Uebers and Juliane Filser

This study checked the influence of clay minerals and organic matter on
the toxicity of imidazolium based ionic liquids for wheat (Triticum
aestivum) and cress (Lepidium sativum). These experiments should help
to enlarge the knowledge base on fate and behavior of ionic liquids in
the terrestrial environment.

592

Solar thermochemical reactions: four-component synthesis
of polyhydroquinoline derivatives induced by solar thermal
energy

Ramadan Ahmed Mekheimer, Afaf Abdel Hameed and
Kamal Usef Sadek*

The synthesis of polyhydroquinoline derivatives via a four-component
unsymmetric Hantzsch reaction induced by solar thermal energy is
reported.

480 | Green Chem., 2008, 10, 475–482 This journal is © The Royal Society of Chemistry 2008
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González, Maykel Pérez, 508
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New role for ionic liquids could take temperature measurement to extremes

Designer thermometers rise to new levels 

Ionic liquid 
thermometers can be 
adapted for a particular 
temperature range by 
changing the liquid’s 
make-up 

©The Royal Society of Chemistry 2008

Scientists in Europe and the US have 
used ionic liquids in liquid-in-glass 
thermometers as alternatives to 
mercury and ethanol.

Ionic liquids (ILs) are salts in 
liquid form and already have a 
wide range of applications, from 
use in drug delivery to fuel cells 
and batteries. Robin Rogers of 
The Queen’s University of Belfast, 
UK, and his colleagues have now 
found another role for them. ‘We 
have known the basic properties 
of ILs and have thought for some 
time that they should make a great 
thermometer fluid,’ says Rogers. ‘We 
simply had to prove it!’ 

ILs offer several advantages 
for thermometers: they have a 
faster temperature response time 
compared to mercury and operate 
over a wider range of temperatures 
compared to many molecular 
liquids, including ethanol. Non-
toxic ILs can be used and their 
low volatility reduces their ability 
to escape into the environment, 
giving an additional environmental 
advantage over mercury, which 
needs to be carefully disposed of if a 

May 2008  /  Volume 5 /  Issue 5  /  ISSN 1744-1560  /  CTHEC2 /  www.rsc.org/chemicaltechnology

Chemical Technology

A bright future for solar cells
Dye-sensitised solar cells look to improve their share of the retail 
market

Nerve agent detector on a chip
Device performs multistep sequence to detect neurotoxins in droplet 
of blood

Instant insight: Detection on the nanoscale
Nicholas Pieczonka and Ricardo Aroca use Raman scattering to look 
at one molecule in a million

Interview: Having a gas
Gary Hieftje tells Nina Notman about the fun side of science

In this issue

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

Reference
H Rodríguez et al, Green 
Chem., 2008, DOI: 10.1039/
b800366a

Chem. Technol. , 2008, 5, T33–T40    T33

thermometer is broken. 
To make its thermometers the 

US team used normally clear ionic 
liquids coloured red with an IL-
dye. This made the liquid level 
easily visible without affecting the 
linear relationship between liquid 
volume and temperature. The 
thermometers could be adapted for 
a particular temperature range by 
changing the make-up of the liquid. 

Rogers and colleagues chose an 
ammonium-based liquid for general 
applications, as it is economical 
and non-toxic. They also used an 
alkylphosphonium-based liquid for 
a more specialised thermometer 
with a wider temperature range. 

Rogers suggests that the 
thermometers could have uses 
both in industry and research 
and development. ‘Specialty 
thermometers with a suitable 
liquid range could be interesting 
for operation under extreme 
environment conditions,’ he says, 
‘for example, Antarctica and deep 
sea vents.’

Gary Baker, who also works 
with ILs, at Oak Ridge National 
Laboratory, US, says that ‘using an IL 
as a filling fluid toward a new class of 
liquid-in-glass thermometer nicely 
illustrates the broad potential of ILs 
as potentially green replacements 
for conventional solvents.’ He adds 
that ‘the work opens up yet another 
avenue in engineering science, as 
ILs continue to find relevance in 
increasingly diverse areas.’
Sylvia Pegg
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A new efficient light harvesting 
molecule could lead to cheaper solar 
cells, claim international scientists.
	 Developed in the early 1990s, 
dye-sensitised solar cells are a class 
of low-cost solar cells which have 
a layer of titanium dioxide coated 
with a light-harvesting sensitiser 
(dye).  Peng Wang from Changchun 
Institute of Applied Chemistry, 
China, and Shaik Zakeeruddin and 
Michael Grätzel from Swiss Federal 
Institute of Technology, Lausanne, 
Switzerland, and colleagues have 
made a new sensitiser with a high 
extinction coefficient – meaning 
it is excellent at absorbing light.  
The new sensitiser is a ruthenium 
complex with highly conjugated 
ligands containing thiophene 
rings.  Preliminary tests using this 
sensitiser in a solar cell obtained 
a power conversion efficiency of 
10.53 per cent, which is comparable 
with the 11.1 per cent achieved by 
the most efficient dye-sensitised 

Dye-sensitised solar cells look to improve their share of the retail market

A bright future for solar cells 

Mitochondria have been used 
to power miniature motors for 
microfluidics.

Specialised subunits found 
within many living cells, 
mitochondria are essentially 
the cells’ power plants. The 
structures use glucose to generate 
adenosine triphosphate (ATP), a 
multifunctional compound that 
transports chemical energy within 
cells. Now Jed Harrison from the 
University of Alberta, Edmonton, 
Canada, and colleagues have used 
mitochondria to synthesise ATP 
as fuel for molecular motors in 
microfluidic systems. 

Roughly the size of a credit card, 
microfluidic devices are used to 
examine fluid flow in structures 
and channels less than a millimetre 
across, often being used in disease 
diagnostics. Using motors allows 
efficient fluid mixing and transport 
inside the devices. 

ATP has already been used to 

A natural energy source for fluid mixing on the small scale

 Cellular power plants fuel molecular motors

Reference 
J R Wasylycia et al, Lab Chip, 
2008, DOI: 10.1039/b801033a

Conjugated ligands 
increase the amount of 
light absorbed by the 
ruthenium complex 

Reference
F Gao et al, Chem. Commun., 
DOI:10.1039/b802909a
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solar cells reported to date.  Grätzel 
says that this ‘looks very promising’.  
This conversion may be lower than 
for commercially available silicon-
based solar cells (at 20–25 per cent 
efficiency) but dye-sensitised solar 
cells are still desirable as they are 
hydrophobic and so more stable and 
robust than silicon-based solar cells, 
which suffer from water sensitivity.

power microfluidic motors based 
on kinesin – a protein that moves as 
it hydrolyses ATP. Currently, ATP is 
produced in microfluidics with the 
enzyme pyruvate kinase, but this 
is a low energy density fuel, and an 
improved ATP source is the goal. 

Using mitochondria to produce 
ATP instead, the Canadian team 
found that these miniature 

machines could power a kinesin 
motor inside a two-chamber 
device. ‘Using mitochondria 
directly avoids the significant 
challenges associated with creating 
a synthetic enzyme cascade to 
duplicate the mitochondrial 
role,’ explains Harrison. ‘We take 
advantage of the biomolecular 
machinery nature has already 
assembled.’

Harrison adds that, although 
there are many future challenges 
for molecular motors, he believes 
this is the first step towards a 
system that has a high energy 
density fuel source and can recycle 
products back into ATP. ‘And 
the simplicity of the device is a 
key point which should ensure 
its success in labs which are not 
specialists in microfabrication,’ 
says Matthieu Piel, who heads a 
systems cell biology research group 
at the Curie Institute, Paris, France.
Rebecca Brodie

The addition of the thiophene 
rings to the ligands in the ruthenium 
complex increases the conjugation, 
and improves the sensitiser’s 
overall light absorbing capabilities.  
‘Less dye is required to extract the 
same amount of energy from the 
available light, which translates 
into immediate cost savings,’ says 
Kevin Tabor, director of science and 
research at G24 innovations, Cardiff, 
UK, a large scale manufacturer of 
solar cells using Grätzel’s technology. 
Additionally, the thiophene ring 
has shifted the absorption band of 
the sensitiser into the red region. 
‘This means further energy uptake 
over other sensitisers and from an 
aesthetics perspective, a deeper 
coloured, almost black solar cell,’ 
explains Tabor.   

Developing a more efficient 
sensitiser will help towards 
increasing the market share of this 
type of solar panel, says Grätzel. 
Emma Shiells

On-chip: kinesin moves 
along microtubules  
as ATP is hydrolysed
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S Sortino, J. Mater. Chem., 
2008, DOI: 10.1039/b802126k
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A film that releases one of the body’s 
signalling molecules could find uses 
from biochemical studies to new 
materials, say scientists in Italy. 
Ludovico Valli and co-workers at the 
Universities of Salento and Catania, 
have developed a multilayer film 
that releases nitric oxide (NO) under 
light stimuli.

NO is more than just an 
environmental pollutant, it also plays 
a vital role in a range of biological 
processes, including blood vessel 
dilation, neurotransmission and 
hormone secretion. Therefore, 
compounds that deliver NO are 
of great interest for biochemical 
research. ‘But only a limited number 
of NO photodonors have been 
integrated in appropriate materials,’ 
says team member Salvatore Sortino, 
explaining the group’s motivation.

The researchers incorporated a 
light-sensitive NO donor molecule 
into multilayer films. They found 
that the films were stable in the 
dark, but when illuminated emitted 
a nanomolar amount of NO. The 
NO reservoir size can be varied by 
changing the number of layers. Also, 

Shining light on 
multilayer films releases 
NO on demand

Chem. Technol. , 2008, 5, T33–T40    T35

increasing the films’ light exposure 
times increases the levels of NO 
delivered. ‘This offers the possibility 
of accurately controlling NO dosage 
exclusively by light,’ says Sortino, 
‘making the films ideal for potential 
studies in biochemical research 
where precise control of NO release 
is required.’

Alberto Credi, of the University 
of Bologna, Italy, whose research 
interests include photoactive 
devices and machines, agrees. 
‘Several molecules will release nitric 
oxide under light irradiation in 
homogeneous solution,’ says Credi. 
‘But integrating them into these 
films represents a significant step 
towards molecule-based materials 
and devices for NO delivery with 
spatial and temporal control.’
Vikki Chapman

NO releasing film provides ‘significant step’ towards molecule-based machines

Layered film offers NO control 

Top tips for better chips

Lab on a Chip launches Chips & Tips an online resource 
discussing common problems encountered in the 
miniaturisation and microfabrication field, with expert 
advice from David Beebe and Glenn Walker.

   Learn the tricks of the trade
   Post your own tip
   Go online to find out more

www.rsc.org/loc/chips&tipsPublishing
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Lab-on-a-chip technology could 
soon simplify a host of applications, 
thanks to a new way to move 
droplets up vertical surfaces on 
flexible chips.

Canadian chemists have developed 
an all-terrain droplet actuation 
(ATDA) method to move droplets 
across chips at a wide range of angles. 
Aaron Wheeler and colleagues at 
the University of Toronto say digital 
microfluidic devices using ATDA 
could be used to move fluids rapidly 
between different environments, for 
example to cycle between heating 
and cooling.

Wheeler developed ATDA on 
flexible, water-repellent polyimide 
surfaces, clad with copper, which 
can be bent into a variety of 
shapes including steps, twists and 
overhangs. The fluid beads are 
moved by sequentially activating a 
series of electrode pairs, which is 
thought to pull the droplet forward 
by reducing water repellence in front 

Fluid movement cycles temperature for DNA studies 

Driving water droplets uphill

A microfluidic device that can 
identify exposure to sarin could 
help identify individuals needing 
treatment at sites of terrorist attack.

A lab on a chip that can detect 
traces of sarin and related 
neurotoxins in a small drop of blood 
has been made by Nam-Trung 
Nguyen at Nanyang Technological 
University in Singapore and 
colleagues. Nguyen says that 
the device would allow the first 
responders to a terrorist strike, 
such as the 1995 Tokyo subway 
sarin attack, to quickly distinguish 
the ‘worried well’ from genuinely 
exposed individuals requiring 
treatment.

‘Our device integrates an entire 
protocol for the detection of trace 
amounts of nerve gas agents in blood,’ 
says Nguyen. ‘One of the challenges is 
using whole blood as the sample – the 
device needs to handle several tasks, 
from blood sample preparation to 
final optical detection.’

Device performs multistep sequence to detect neurotoxins in droplet of blood 

 Nerve agent detector on a chip

Reference 
H Y Tan et al, Lab Chip, 2008, 
DOI: 10.1039/b800438b

A reduction in water 
repellence pulls the drop 
up a stepped  surface

Reference
M Abdelgawad et al, Lab Chip, 
2008, DOI: 10.1039/b801516c
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of the droplet. This process gives 
the team full control of the droplet, 
including up and down vertical 
surfaces.

Wheeler suggests several potential 
uses for the technique, including 
PCR (the polymerase chain reaction), 
which is used in DNA analysis. 
PCR depends on rapid temperature 
cycling – and Wheeler showed the 
method can be used to move fluids 
between a cooling structure and a hot 

The blood flows through the chip 
in a sequence of steps. Initially, the 
blood cells are burst open and the 
sarin released, before the blood 
proteins and other particulates are 
filtered out. The purified mixture 
is then mixed with a substrate and 
a chromophore, and passed over an 
immobilised enzyme. If the sample 
contains no sarin, the enzyme reacts 
with the substrate, which then 
attacks the chromophore, which 
is detected by an external UV-
visible spectrometer. But if sarin is 

present it inhibits the enzyme, so the 
chromophore passes to the detector 
unchanged. 

‘The device can also be used 
to detect organophosphorus 
insecticides,’ adds Nguyen. ‘A simple, 
low-cost device for evaluating the 
degree of insecticide contamination 
could be important for rice-
producing countries. Together with 
other future water technologies, 
our technology could be crucial for 
securing and providing clean water 
sources for the population.’ 

Jonas Berquist studies chip-based 
blood analysis at Uppsala University, 
Sweden, and says he is impressed 
with the number of steps integrated 
into the device. He points out that 
the next step would be to remove the 
need for an external detector. ‘For a 
first screen device, it would be nice 
to have something easily detected 
[by eye], like a colour change,’  
he says.
James Mitchell Crow

plate. The team also showed ATDA 
devices can be used to extract DNA 
from a complex organic mixture. 
By half-immersing the device in 
the mixture, and driving the water 
droplet in and out of it, the process 
could automate a tedious technique 
molecular biologists use to purify 
DNA, says Wheeler.

Richard Fair, who studies lab-on-
a-chip devices at Duke University, 
Durham, US, says it is too soon to 
tell whether all-terrain devices will 
be useful. ‘Demonstrating these 
applications is kind of cool, but 
whether ATDA is the best way to do 
them is another issue,’ he says.

Wheeler agrees that the ultimate 
uses of ATDA are still to be 
established. ‘We’re not totally sure 
what this will be good for but it’s 
been fun to do something new,’ he 
says. ‘This certainly isn’t the only way 
to cycle temperature on a lab on a 
chip device but it’s really easy.’
James Mitchell Crow

Trace amounts of sarin 
inhibit an enzymatic 
reaction on the chip
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What motivated you to become a scientist?
As a child I always loved building things like 
model planes. I also enjoyed making things 
explode. As with many chemists, these things 
came together – I would build a model plane and 
also build something to make it explode mid-
flight.  

When I was about 8 years old, I used to play 
with a chemistry set. But the set had a limitation 
– a small alcohol lamp that didn’t get very hot. 
It was possible using the lamp to bend soft glass 
but not to do the real glass blowing I wanted to 
get involved in. So I talked to my uncle who was 
a plumber and learnt a lot about plumbing. I 
then used this knowledge to put in a gas line for a 
Bunsen burner. I was 10 years old when I did it and 
it was all unknown to my father. When I showed 
him this bit of glass that I had blown, he asked me 
where I had done it. I showed him the gas line in 
the basement and he just about went crazy! 

Do you remember your first experiment?
Making gunpowder was my first real chemical 
experiment. At first, this was very conventional 
– a mixture of powdered charcoal, potassium 
nitrate and sulfur. But my mother complained 
about the sulfur stink, so I substituted cinnamon 
for sulfur just out of curiosity. It worked but not 
quite as well. So I looked in a chemistry book and 
learnt that potassium perchlorate was a much 
stronger oxidising agent than potassium nitrate. 
Potassium perchlorate, charcoal and cinnamon 
made a wonderful explosion and also smelled 
pretty good!

What is hot in atomic spectrometry at the moment?
A lot of things are hot, which is a nice term for 
people who use plasmas and flames. One area 
is speciation and a subset of speciation that we 
are calling metallomics – the study of metals in 
living things ranging from single cells to whole 
organisms. 
	 Another hot topic is melding atomic and 
molecular techniques. People are now using 
mass spectrometric methods that involve 
inductively coupled plasma to give elemental 
and atomic information, and other sources such 
as electrospray ionisation to yield molecular 
information.  

How do you see the future of atomic spectrometry?
I see the future in a very positive light. Some people 
view atomic spectrometry as a stagnant field 
because we already have such powerful tools. There 
are good tools, such as inductively coupled plasma 
mass spectrometry (ICP-MS), but there are still a lot 
of unknowns and areas where vast improvements 
are possible. For example, it can be shown on paper 
that detection using ICP-MS could be improved 
down to the single atom or ion level. These 
advances are going to be increasingly important for 
the areas of nano- and bioscience.  

Another important future area for atomic 
spectrometry is the imaging process. Currently, we 
take bulk solutions or samples and determine their 
elemental composition but soon we will also need to 
determine their atomic placement.  

What is the most exciting project your group is working 
on at the moment?
The thing I’m most enthusiastic about right now 
is a new source we have for ambient MS. This 
technique involves determining samples as they are, 
everything from a napkin to something on my hand 
that I have touched. The sample is placed in front 
of a specialised source, which desorbs the species 
from the sample surface and ionises them so they 
can be analysed by MS.  

As a significant role model to young aspiring analytical 
scientists, what advice can you give on a successful 
research career?
It’s really very easy; work hard and have fun. There 
is an awful lot of fun in science. I’ve worked in areas 
ranging from synthetic organic chemistry to the far 
reaches of analytical instrument building. I have 
yet to find an area that isn’t exciting once I’ve learnt 
enough about it.  

What research would you most like to be remembered 
for?
It isn’t the research that I want to be remembered 
for; it is for the students that leave my group. To me 
research is just a very nice, convenient by-product 
of the educational process.

What do you like doing away from work?
I enjoy gin martinis tremendously! I also like skiing, 
water skiing, swimming and running. 

Having a gas
Gary Hieftje tells Nina Notman about the fun side of science

Interview

Gary Hieftje is a distinguished 
professor at Indiana University 
and holds the Robert and 
Marjorie Mann Chair in 
chemistry.  His research 
interests include fundamental 
and applied investigations 
into atomic and molecular 
absorption, emission, and mass 
spectrometry and metallomics. 
Gary is chairman of the 
Journal of Analytical Atomic 
Spectrometry editorial board.

Gary Hieftje

©The Royal Society of Chemistry 2008
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NEW!

www.biotage.com

Sample Preparation

IST Sample Preparation • Bioanalysis • Clinical • Environmental • Forensic • Agrochemical • Food • Doping Control

EVOLUTE® CX
Mixed-mode selectivity, generic methodology and efficient extraction
EVOLUTE® CX mixed-mode resin-based SPE sorbent extracts a wide range of bbaassiicc  ddrruuggss  from biological fluid samples.

EVOLUTE CX removes matrix components such as proteins, salts, non-ionizable interferences and phospholipids, delivering

cleaner extracts with reproducible recoveries for accurate quantitation.

EVOLUTE® ABN
Minimize matrix effects, reduce ion suppression and concentrate analytes of interest
EVOLUTE®ABN (Acid, Base, Neutral) is a water-wettable polymeric sorbent optimized for fast generic reversed phase SPE.

Available in 30 µm columns and 96-well plates for bioanalysis and NEW 50 µm columns – ideally suited for

environmental, food/agrochemical and industrial analysis as well as forensic and doping control applications.

Contact your local Biotage representative or
visit www.biotage.com to request a FREE sample.
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Instant insight

Detection on the nanoscale
Nicholas Pieczonka and Ricardo Aroca of the University of Windsor, Canada, use 
Raman scattering to look at one molecule in a million

©The Royal Society of Chemistry 2008

Single molecule spectroscopy 
(SMS) uncovers the information 
and behaviour that is lost when 
measuring an ensemble of molecules. 
To be able to detect the spectroscopic 
signal from a solitary molecule, it 
must have extraordinary absorption 
or emission properties. And so, the 
majority of SMS work has been 
accomplished by measuring the 
fluorescence of molecules with 
exceptional luminescence abilities. 
But the molecular information and 
the class of molecules that can be 
probed through fluorescence are 
limited. 
	 Raman scattering (RS), the 
inelastic scattering of light from 
molecules, is an alternative optical 
spectroscopy that provides a 
vibrational spectrum, a true 
characterisation of any stable 
electronic state. It is rich in 
information and can be applied 
to virtually any type of chemical 
species. It is not always an efficient 
process; however its cousin, 
resonance RS, can be orders of 
magnitude more intense.

Just over 30 years ago, scientists 
discovered that a molecule’s Raman 
signal could be greatly enhanced 
by putting it close to metallic 
nanoparticles. They found that 
the source of the enhancement 
was the intense fields provided 
by the localised surface plasmon 
resonances (LSPR), or waves of 
electrons, that occur when the 
nanoparticles are excited by light. 
The new physical phenomenon 
delivered several new analytical 
techniques, including surface-
enhanced Raman scattering (SERS) 
and surface-enhanced resonance 
Raman scattering (SERRS). 
Several groups expanded the 
potential for SER(R)S even further 

by demonstrating that certain 
nanostructures provide intense 
field enhancements, known as hot 
spots, that are large enough for single 
molecule detection.

Today, there is a vast body of work 
that illustrates both the promise 
and the inherent challenges in 
SM-SER(R)S. Only two metals 
(silver and gold) and a handful of 
nanostructures (aggregated colloids, 
metal island films and scanning 
tunnelling microscopy (STM) tips) 
have demonstrated SM sensitivity. 
Also, investigations have revealed 
a very strong dependence between 
the scattering ability of the molecule 
and the type of nanostructures that 
can be used. Molecules that are 
relatively weak scatterers require 
nanostructures that can support hot 
spots, whereas for strong scatterers, 
single plasmon supporting 
structures, such as STM tips, will do. 

A daunting challenge to SM-
SER(R)S is that, in many instances, 
SM detection depends critically on 
the structure of the molecule for 
selective adsorption, particularly 
onto hot spots. And although 
ensemble SERS has been observed 

     Chem. Technol., 2008, 5, T33–T40    T39

Reference
N P W Pieczonka and  
R F Aroca, Chem. Soc. Rev., 
2008, 37, 946 (DOI: 10.1039/
b709739p)

Molecules close to 
metallic nanoparticles 
show enhanced Raman 
scattering

for all types of molecular systems, 
SM-SER(R)S has been observed 
only for a very limited selection of 
chemical structures, in particular 
molecules containing electron-rich 
moieties. 

Scientists are developing a greater 
understanding of the underlying 
features of the Raman signal 
measured for a single molecule. At 
present, the most common signature 
that supports the claim that the 
recorded spectrum comes from a 
single molecule is fluctuations of the 
signal. This includes variations in 
the frequency, bandwidth, relative 
intensity and, sometimes, an on-
and-off behaviour of the spectrum. 
These dynamics hold a wealth of 
information that is waiting to be 
untapped.

The use of plasmon supporting 
nanostructures for SM-SER(R)S is 
still at an early stage of development 
and holds enormous promise for 
potential applications. The future 
of SM-SER(R)S will demand a great 
deal of effort from experimentalists 
and theorists but this will be 
justified by the application of 
SMS in areas of nanoscience and 
ultrasensitive chemical analysis. 
The most important implications 
and fascinating applications may 
come from the advancement of our 
understanding of plasmonics. The 
interaction of molecular systems 
with confined electromagnetic 
waves in metallic nanostructures is 
clearly an exciting subject of study 
and will no doubt be the source of 
new knowledge in SM-SER(R)S. 

Read Pieczonka and Aroca’s tutorial 
review ‘Single molecule analysis by 
surfaced-enhanced Raman scattering’ 
in issue 5, a SERS thematic issue of 
Chemical Society Reviews.

InstantInsight-Aroca.indd   40 18/04/2008   14:58:34
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Essential elements

Faced with questions?

Chemical Technology

Did you know...
RSC Publishing book series 
provide authoritative insights into 
critical research, appealing to a 
broad cross-section of scientists 
in multiple disciplines. The book 
series cover new and emerging 
areas of scientific interest such 
as Green Chemistry, Energy, 
Nanoscience & Nanotechnology 
and Biomolecular Sciences. 

Our prestigious Biomolecular 
Sciences series is devoted to the 
coverage of the interface between 
the chemical and biological 
sciences and has contributions 
from leading experts in the fields 
of structural biology, chemical 
biology, bio-and chemo-
informatics, drug discovery 
and development, chemical 
enzymology and biophysical 
chemistry. This month sees the 
publication of two new titles to join 
the series. 

Written by a team of experts, 
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EDITORIAL www.rsc.org/greenchem | Green Chemistry

Is catalysis in ionic liquids a potentially
green technology?
DOI: 10.1039/b805586f

The amount of interest in ionic liquids
over the past decade has been simply
staggering. This issue of Green Chemistry
contains a review of the use of catalysts
bearing a charged functional group de-
signed to impart better retention of the
catalyst in the ionic liquid in biphasic
and/or continuous operation. Much, even
most, of the activity in this field has
centred on the claimed use of ionic liquids
as so-called green solvents. This claim has
been, to say the least, controversial, and
I have seen debates around this get quite
animated. Claims and counter claims are
made, positions taken and plenty of heat
generated, but seldom much light. Al-
though I write from the position of work-
ing with ionic liquids, similar debates can
be found elsewhere.

Early claims to the greenness of ionic
liquids rested on their extremely low
vapour pressures. Since the ionic liquids
cannot evaporate under typical operating
and storage conditions, they cannot leak
into the atmosphere, as do most organic
solvents that are VOC’s. Many people have
rightly pointed out that this does not on
its own constitute a reason to declare all
processes conducted in ionic liquids to be
green. They note that ionic liquids are
often made from ions that are toxic and
that may accumulate in the environment
and that they are usually made by multi-
step syntheses, often using the very sol-
vents that they are replacing. Others have
countered that ionic liquids can be made
to be less toxic, more biodegradable, from
more environmentally benign sources and
that they can offer process advantages that
outweigh the other disadvantages.

Some would say that the thorough way
to resolve this issue is to use cradle-
to-grave life-cycle analysis. However, to
do this requires information about how
the particular ionic liquid performs in
comparison to the solvent to be replaced
in the process in which it is to be used,
as well as detailed information about the
source, number of recycles possible and
disposal of both the ionic liquid and the

replaced solvent. LCA is a lengthy and
costly technique, and having performed
the analysis the results tell you little about
how this or other ionic liquids will perform
in other processes. It is very good at pro-
viding the information required to make
decisions about the final version of an in-
dustrial process to be implemented, but it
is less able to give guidance about whether
some general area of research is worth
pursuing.

How does one escape this impasse?
First, I would say that it important to
recognise what question should be being
asked at the beginning of the research
process. If one had sufficient information
to hand to be able to undertake a detailed
LCA there would probably be no need to
conduct further studies. The question that
is really being asked is whether the tech-
nology to be applied offers the potential to
provide greener chemicals processes. One
could try testing this question against the
12 principles of green chemistry. So this
is what I have tried to do for catalysis in
ionic liquids below using information con-
tained in the review and my background
knowledge of the area:

1. Prevent waste. Some catalytic ionic
liquid processes are more selective and
give higher yields of the product than
alternative routes. Some catalysts have
been designed to be sufficiently retained
and stabilized in the ionic liquid solution
so that many recycles can be achieved. It
is possible to think of ways in which these
catalysts can be converted into recoverable
forms, but much less is known about
this.

2. Design safer chemicals and products.
If we think of the ionic liquid as the
product in this case, they are generally
non-volatile and non-flammable liquids
and work is already underway to make
these from non-toxic materials.

3. Design less hazardous chemical syn-
theses. See 2 above.

4. Use renewable feedstocks. There are
already ionic liquids made from renewable
resources in use. There has been a great

deal of recent activity on the use of ionic
liquids as process solvents for biomass
derived starting materials.

5. Use catalysts, not stoichiometric
reagents. Catalysis in ionic liquids does
this.

6. Avoid chemical derivatives. Cat-
alytic routes often avoid protection/
deprotection steps. It is possible that the
careful selection of ionic liquid for the
process may improve the selectivity of a
catalyst and so aid this.

7. Maximize atom economy. Some cat-
alytic ionic liquid processes are more selec-
tive and give higher yields of the product
than alternative routes.

8. Use safer solvents and reaction con-
ditions. Ionic liquids are generally non-
volatile and non-flammable solvents, work
is underway to reduce their toxicity and
improve their biodegradability.

9. Increase energy efficiency. Ionic liq-
uids have been shown to increase the rates
of some reactions, and even act as co-
catalysts. Increased rates allow for less
energy input.

10. Design chemicals and products to
degrade after use. There is work in the lit-
erature on designing biodegradable ionic
liquids.

11. Analyze in real time to prevent pol-
lution. Ionic liquids are compatible with
most spectroscopic techniques.

12. Minimize the potential for accidents.
Ionic liquids are generally non-volatile
and non-flammable solvents.

So, the answer to the question of
whether catalysis in ionic liquids has the
potential to provide greener chemicals
processes is overwhelmingly yes. It does
not mean that it will always provide the
greenest process for all products. Solv-
ing that problem is what research is
for.

Tom Welton
Professor of Sustainable Chemistry,
Imperial College of Science, Technology
and Medicine, South Kensington,
London, SW7 2AX, UK

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 483 | 483
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Catalysts with ionic tag and their use in ionic liquids

Radovan Šebesta,*a Iveta Kmentováb and Štefan Tomaa

Received 25th January 2008, Accepted 26th March 2008
First published as an Advance Article on the web 9th April 2008
DOI: 10.1039/b801456f

The concept of homogeneous supported catalysts has emerged as a useful alternative to
homogeneous as well as heterogeneous catalysis, possibly combining positive aspects of both.
Designing catalysts with respect to not only their catalytic activity but also their physical-chemical
properties, appears to be a possible way towards sustainable chemical synthesis. Such tailored
catalytic systems would ideally have high catalytic activities and some property enabling their
efficient recycling. We reviewed the field of specifically designed ionic catalysts used mostly in ionic
liquids.

Introduction

The notion that catalytic reagents are superior to stoichiometric
reagents is one of the green chemistry principles defined by
Anastas and Werner.1 An equally important topic is a search
for more environmentally benign alternatives to conventional
organic solvents.2 Ionic liquids have properties that make
them promising candidates for performing green processes.
In particular, catalytic transformations have been successfully
realized in ionic liquids.3 The use of ionic liquids provides
many advantages over conventional solvents in terms of activity,
stability and reusability of catalyst or solvent–catalyst system.4–8

Reusability is a particularly attractive feature for expensive
transition metal catalysts, and some organocatalysts as well.
Even if the catalyst dissolves well in the ionic liquid, there is often
a dramatic decrease in its activity after several runs. The main
cause of this decrease is usually catalyst leaching during product
extractions from the reaction mixture or during the purification
of the ionic phase before recycling. Use of specifically designed
or modified catalysts, with physical-chemical properties more
similar to that of ionic liquids, may be a possible solution for the
problem of catalyst leaching. Incorporation of an ionic moiety
into the catalyst structure is probably the most straightforward
approach. An important premise being that the ionic tag is
catalytically silent and inert in reaction conditions. However,
it may not be always the case. Therefore, rational design and
optimization of the catalyst structure seems crucial for success.
Introduction of an ionic tag is undoubtedly a useful idea, and
it was also successfully employed for stoichiometric reagents.9,10

Ionic catalysts can also be used in classical organic solvents.
Owing to their insolubility or immiscibility with such solvents,
they can often be easily recovered and reused later.

The aim of this overview is to make a survey of publications
dealing with the introduction of an ionic tag into ligands or
transition metal complexes as well as organocatalysts. Particular

aDepartment of Organic Chemistry, Faculty of Natural Sciences,
Comenius University, Mlynská dolina, 84215, Bratislava, Slovakia
bAuckland Cancer Society Research Centre, School of Medical Sciences,
The University of Auckland, Private Bag 92019, Auckland, 1142,
New Zealand

attention is paid to the relationship between the catalyst
structure and the outcome of the catalyzed reaction. Ionic
liquids having Brönsted acid or base properties are not covered
by this overview. Emphasis is on specifically designed catalysts
and their use in ionic liquids, but some important examples of
utilization in other media are also mentioned.

The majority of the ionic catalysts contain a cationic tag,
which most often is imidazolium or pyridinium ion. The
most common way for introduction of such moieties is a
nucleophilic substitution of a suitable halogen derivative with
1-methylimidazole or pyridine. Several catalysts also feature an
anionic moiety, such as sulfonic or phosphonic acids.

In this review, 1-butyl-3-methylimidazolium and 1-ethyl-3-
methylimidazolium cations are denoted as [bmim] and [emim];
1-butyl-2,3-dimethylimidazolium and 1-hexyl-2,3-dimethyl-
imidazolium as [bdmim] and [hdmim]; 1-butylpyridinium cation
is denoted as [bpyr]; N-ethyl-3-methylpiccolinium cation is
denoted as [epic]. The bis(trifluoromethyl sulfonyl)imide anion
is denoted as NTf2, and triflate and tosylate as OTf and OTs.

Catalysts based on transition metal complexes

Achiral transition metal catalysts

Transition metal complexes with achiral ligands were at the
beginning of development of ionically-tagged ligands as a mean
of possible immobilization. Most of the work concentrated on
hydrogenations, hydroformylations and metatheses.

Chauvin’s work from 199611 suggested that using cationic
ligands/catalyst in ionic liquids may be a good way of catalyst
immobilization and recycling. The ligands TPPMS and TPPTS
(triphenylphosphane mono and trisulfonate, respectively), ini-
tially designed for Ru- or Rh-catalyzed hydrogenations in water,
were employed in ionic liquid or ionic liquid/organic solvent
systems. These catalysts generally showed low activities in ionic
liquids, but catalyst recycling was possible.12,13 In ionic liquids
of type [Cnmim]pTolSO3, the catalyst HRh(CO)(TPPTS)3 was
reported as more active and selective for hydroformylation of
hex-1-ene than in [bmim]BF4/PF6.14 The results imply that
adjusting the properties of reaction medium and conditions for
each reaction can offer a good use of these types of catalysts.

484 | Green Chem., 2008, 10, 484–496 This journal is © The Royal Society of Chemistry 2008
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A catalyst with an incorporated imidazolium cation,
Rh/TPPTI (TPPTI = tri(m-sulfonyl)triphenylphosphane 1,2-
dimethyl-3-butylimidazolium salt) was used for biphasic hy-
droformylation of hex-1-ene in [bmim]BF4, [bmim]PF6 or
[bdmim]PF6. The reaction proceeded slower than with the
conventional Rh/PPh3 catalyst in toluene, but in the instance
of TPPTI/Rh it was better retained in the ionic liquid.15 Also,
Cole-Hamilton and co-workers demonstrated the possibility of
utilization of TPPTS-derived catalyst.16,17 Ligand 1 was used
with Rh2(OAc)4 as the catalyst precursor for the hydroformy-
lation of non-1-ene in scCO2/[bmim]PF6 biphasic system. No
Rh-leaching was observed during the first 9 runs. Throughout
the series of runs, isomerisation increased and, after the ninth
run, Rh-leaching occurred because of the ligand oxidation
from contamination with air during the many openings of the
reactor. The scCO2/[bmim]PF6 system was also used for the
continuous flow hydroformylation of oct-1-ene with ligand 2,
which allowed easy catalyst/product separation, because both
reagents and products have good solubilities in scCO2, whereas
the metal complex with ligand 2 is retained in the ionic liquid
throughout the reaction. The reaction was slow but no catalyst
decomposition occurred during 72 h and less than 1 ppm Rh
was identified in the product stream (Scheme 1).

Imidazolium-tagged phosphorous ligands 3–5 were tested in
biphasic hydroformylation of oct-1-ene using [bmim]PF6 as
solvent. The active catalyst was prepared in-situ by mixing
Rh(CO)2(acac) with two equivalents of the ligand. The reaction
was carried out at 100 ◦C and 30 bar synthesis gas pressure
(CO/H2 1 : 1) for 1 h. The biphasic hydroformylation under
these conditions showed a turnover frequency of 32 mol oct-1-
ene per mol Rh per hour and an n : i ratio of 2.8. No significant
leaching of the Rh-catalyst into the organic layer was observed
(Scheme 1).18

Olivier-Bourbigou and co-workers published Rh-catalyzed
hydroformylation of hex-1-ene using cationic phosphane ligands
6–8 (Fig. 1).19

Monosubstituted guanidinium triphenylphosphane ligands 6
and pyridinium ligand 7 showed good solubility in [bmim]BF4.
Ligand 7 displayed better activity and higher selectivities
towards linear aldehydes than ligand 6. However, the retention

Fig. 1 Achiral ionic phosphanes.

of the Rh-catalyst in ionic liquid phase was more efficient for
ligand 6 with BF4 anion. Ligand 8 showed good catalytic activity
and selectivity for linear aldehyde in [bmim]PF6, but Rh-leaching
and loss of activity was observed in recycling experiments.

A novel phenoxaphosphano-modified ligand 9 has been
prepared and successfully employed in the rhodium catalyzed
hydroformylation of oct-1-ene in [bmim]PF6. Ligand 9 showed
increased activity and good selectivity for the linear aldehyde
over series of 7 recycling experiments, without detectable
phosphorus (<100 ppb) or rhodium (<5 ppb) leaching during
recycling experiments. Furthermore, the catalyst also proved to
be stable for more than two weeks under ambient conditions
(Fig. 1).20

Dyson and co-workers21 recently reported a ruthenium com-
plex bearing imidazolium functionalized g6-arene ligands 10a
and 10b for biphasic aqueous and ionic liquid hydrogenation of

Scheme 1

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 484–496 | 485
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styrene. In water, the complexes showed moderate activity, while
compound 10b, when used in [epic][OTf], afforded markedly
lower reaction rates (Scheme 2).

Scheme 2

Use of the catalyst 10b in water resulted in slight leaching
of the catalyst into the organic phase, (98% yield in the 1st
run, but only 75% yield in the 3rd run), whereas in the ionic
liquid/organic system no catalyst loss was observed. In the
course of the catalytic runs the color of the aqueous solution
changed from orange to brown-purple, but the ionic liquid
solution remained orange, and also 31P NMR spectroscopy
revealed that the complex remained unchanged in the ionic
liquid.

A modified oxime carbapalladacycle catalyst 11, with an
imidazolium group covalently attached to the rest of the
complex, was described by Corma et al.22 The complex 11
was designed to have an increased ionophilicity, with the aim
of achieving increased affinity of the catalyst to ionic liquids
and to minimize the concomitant leaching of Pd from the
complex. Unfortunately, the catalytic activity of this palladium
complex was unsatisfactory, providing very low yields (26%) in
the coupling of halobenzenes with styrene. A marginal increase
in the catalytic activity was observed when the reaction was
performed in [bmim][PF6]/scCO2, which reduced the medium
viscosity (26.3% yield).

The complex 11 was also tested in Suzuki coupling with
similarly disappointing results (less than 10% conversion). The
low activity of complex 11 was attributed to the poor stability of
imidazolium ionic liquids in bases due to formation of carbenes
by deprotonation of 1-butyl-3-methylimidazolium cation at the
2 position (Scheme 3).

An interesting concept is a modification of the ionic liquid in
such a way that it could act both as ligand to a transition metal
and as solvent for reaction. Dyson and co-workers23 synthesized
simple nitrile-functionalized N-butylnitrile pyridinium ionic
liquids, 12, which reacted with PdCl2 to form the complexes
13. All complexes were air-stable, poorly soluble in halogenated
solvents and decomposed in acetonitrile. They could be purified
by washing with water or alcohols, but decomposed in water or
alcohols over prolonged periods of time (Scheme 4).

Complexes 13 were evaluated as catalysts in Suzuki and Stille
coupling reaction. A very good activity of the catalyst was
observed in Suzuki coupling in functionalized ionic liquid, and
after 9 times recycling no loss of activity was observed, but in
non-functionalized ionic liquid 14 the catalyst solution rapidly
lost activity and become inactive after the 5th run.

Scheme 3

Scheme 4

Shreeve et al.24 described several very effective phosphane-free
ionic catalysts, based on an imidazolium moiety, for C–C cross
coupling reactions. Substitution at position 2 with imidazole
and pyridine led to a useful ligand for Pd and also eliminated
the likelihood of side reactions. The monoquaternary product of
2,2′-diimidazole with iodobutane was an ionic liquid that could
act both as a solvent and a ligand in the Pd-catalyzed Heck
reaction. The palladium complex 16, prepared from compound
15 and PdCl2, gave good to high yields (75–91%) in the coupling
of iodo- and chlorobenzene with methyl acrylate and styrene
(2 mol% of 16, Na2CO3, IL, 100 ◦C, 4 h). The products were
easily separated from the reaction mixture by extraction with
diethyl ether. Recovery of the catalyst/ionic liquid could be
done simply, by washing with water to remove the sodium
salt and drying under vacuum before subsequent use. The
high performance exhibited by the catalytic system, even after
ten cycles and using the less reactive chlorobenzene, must be
highlighted. The ionic liquid supported palladium complex 16

486 | Green Chem., 2008, 10, 484–496 This journal is © The Royal Society of Chemistry 2008
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was found to catalyze the Heck reactions with good recyclability
of up to 10 cycles (Scheme 5).

Structurally similar ionic liquids with the pyridyl moiety at
C-2 position of imidazolium cation 17 and the resulting Pd-
complexes 18 were prepared by the same authors. The Heck
cross-coupling reactions using catalyst 18 displayed excellent
stability and recyclability of the catalytic system. When each
subsequent cycle was carried out with different substrates, high
isolated yields were obtained for aryl iodides bearing electron
withdrawing and electron donating groups. The catalytic system
could be recycled 14 times with different substrates with no
apparent loss of catalytic activity (Scheme 5).25

Scheme 5

A number of di- and monoquarternised 2,2′-biimidazolium-
based ionic liquids, such as complex 16 have been prepared. The
catalyst 16 was demonstrated to be a very efficient and recyclable
solvent for Suzuki cross coupling reaction. Coupling products
were obtained in high yields (80–90%) up to the 15th cycle.26

New mononuclear palladium ionic liquid complexes 19
and 20, based on pyrazolyl- and 3,5-dimethylpyrazolyl-
functionalized 2-methylimidazolium salts, have been prepared
with anions NTf2 or PF6. Outstanding stability and activity
of these systems was demonstrated in Suzuki, Heck and
Sonogashira cross coupling reactions. These ionic liquids serve
both as solvent and ligand and the Pd catalyst is part of the
ionic liquid in the catalytic system. Decomposition and leaching
of the catalyst was markedly reduced in this way (Scheme 6).27

Pd/TPPTS (5 mol%) catalyzes a reaction of allylic acetates
with various nucleophiles in [emim]BF4/H2O (1/2) with or
without base under MW irradiation. Excellent yields of products
(up to 99%) were obtained together with catalyst recycling for
8 times with a consistent activity. Presence of water and TPPTS

Scheme 6

were essential for reaction, with no reaction occurring without
either of them.28 Bruneau and co-workers29 recently reported
Ru-catalyzed ([CpRu(4,4′-tBu-bipy)(MeCN)][PF6]) allylic alky-
lation of cinnamyl carbonate with different nucleophiles in
[hdmim]PF6 which proceeded under neutral conditions at 50 ◦C,
allowing for a very good conversion, regioselectivity and good
recyclability (4 cycles) of the solvent/catalyst system.

A novel pyridine-based monoquarternary ionic liquid 21
was tested in copper catalyzed cross coupling reaction between
perfluoroalkyl halides and aryl iodides. The ionic liquid again
acted as a ligand for the perfluoroalkylcopper intermediate, and
after isolation of the product by extraction, the catalytic system
could be purified and reused as a solvent. No significant loss
of ionic liquid was observed, and the regenerated ionic liquid
was reused in this way 14 times without any loss of activity
(Scheme 7).30

Scheme 7

Very good examples of utilization of ionic-tagged catalysts
are in Rh and Ru catalyzed olefin metathesis reactions. In 2003,
Guillemine and Yao reported independently the synthesis of
ionic-liquid-supported catalyst for the ring-closing metathesis
(RCM) of olefins, based on Grubbs–Hoveyda catalyst 22.
Prepared catalysts 23 and 24 differ only in the linker between
ruthenium and the ionic part.31,32 The first generation metathesis
catalysts 23a and 24b are highly active and with remarkable

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 484–496 | 487
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recyclability in RCM of various diene and enyne substrates in
ionic liquid or under biphasic conditions ionic liquid/CH2Cl2

(Scheme 8).

Scheme 8

The ionic catalyst 23a has a high activity with a remarkable
recyclability (92% conversion in the 10th cycle) and can be stored
in [bmim]PF6 for several months without significant loss of
activity. The ionic tags were crucial to the recyclability of the
catalysts because the unsupported catalysts rapidly lose their
activity during the recycle experiments. The Grubbs-Hoveyda
catalyst 22 under the same conditions gave low yield after the
second, and was completely inactive after the 4th cycle. Also, the
catalyst 24a can be repeatedly recycled and reused as a highly
active catalyst for RCM of various diene and enyne substrates in
[bmim]PF6/CH2Cl2 without significant loss of its activity, and
also exhibited a high level of recyclability in the RCM reaction.

The second generation metathesis catalysts 23b and 24b can
be used for a wide variety of more difficult substrates.33 Catalyst
24b is particularly useful for di-, tri- and tetrasubstituted
diene and enyne substrates, whereas compound 23b works
well also for range of nitrogen-, oxygen- and sulfur-containing
compounds. Moreover, complex 23b was examined in various
solvents at different temperatures ([bmim]PF6 and [bmim]NTf2

and [bmim]PF6/toluene). Use of a biphasic [bmim]PF6/toluene
(1/3) medium improved the recycling of the catalyst and it led
to very low residual levels of Ru in products. Use of reduced
amounts (2.5 mol%) of the catalyst 23a relative to the substrate

also led to high conversion, even at room temperature. The
recycled catalyst/ionic liquid could be reused consecutively in
the RCM of another three different substrates, each giving high
yields of the respective product, without any replenishment of ei-
ther the catalyst or the ionic liquid. The catalyst remained highly
active even after being recovered from an enyne metathesis.34

Grela et al.35 prepared pyridinium-tagged Ru-complexes for
olefin metathesis in several media, including room temperature
ionic liquids. Complexes 25 and 26 are highly active catalysts for
ring closing metathesis of di- and tri-substituted and also oxygen
containing dienes in biphasic medium, but the recyclability was
disappointing. Catalyst 25 could be reused 6 times with little
loss of activity in [bmim]PF6/toluene (1/3), but for catalyst 26
the yield was only 6% after 4 runs. Differences of activity and
reusability dependent on the counter-anion of the ionic liquid
were observed, in favour of the PF6 anion (Scheme 9).

Scheme 9

The second generation metathesis catalyst 27, modified by
attachment of a pyridinium tag to its benzylidene moiety
through a CH2 spacer, allowed the optimum balance between
the activity of catalyst and its recyclability, exceeding 98% yield
after 6 catalytic runs in the best case (Scheme 10).36

Dixneuf et al.37 prepared ruthenium catalysts 28 and 29 for
olefin metathesis containing the imidazolium tag linked to the
ortho-oxygen atom and to the meta position of the styrenylidene
ligand, and with a methyl group on the imidazolium cation in
the C-2 position. The catalysts were investigated in ring closing
metathesis of N,N-dialyltosylamine in different ionic liquids.
The good activity of catalyst 28 was retained only in the 2nd cycle
(90 vs. 89%), then a decrease of activity was observed (75%).
Catalyst 29 appeared even less recoverable due to a difficult
recoordination of the ligand (Fig. 2).

Yet another way of attaching an ionic tag was reported
Consorti and co-workers.38 They described second generation
metathesis catalyst 30, which has an imidazolium ion linked
through the phosphorus atom. The compound 30 was effective
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Fig. 2 Metathesis catalysts 28–29.

in catalyzing the RCM of octa-1,7-diene and other dienes
(Scheme 10). In the biphasic system [bmim]PF6/toluene, the
catalyst 30 was stable for up to eight cycles.

Scheme 10

A new Mn(III)–Schiff base complex with an imidazolium tag
was synthesized and employed as an efficient and recyclable cata-
lyst for an epoxidation of chalcones with MCPBA/NMO. Com-
plex 31 was a highly effective epoxidation catalyst affording
the corresponding epoxides with excellent yields under mild
conditions. This catalyst can be recovered and recycled for at
least five runs without loss of activity. In addition, ionic liquid
grafted catalysts do not suffer from the extensive mechanical
degradation experienced with solid-supported catalysts after
operating at high stirring rates (Scheme 11).39

Scheme 11

Ionic catalyst 32 is efficient for biphasic atom transfer radical
polymerization of methyl metacrylate (MMA). The polymeriza-

tion of MMA at 60 ◦C was well-controlled, producing polymers
with high initiator efficiency and low polydispersity. The catalyst
32 could be easily isolated after reaction by decantation.
Recycled complex 32 catalyzed the second run polymerization
with similar or even higher activity and improved control. The
residual catalyst concentrations in the polymers were in the range
50–100 ppm. The addition of a small amount of silica gel to
the polymer solution could further reduce the residual catalyst
concentration (Fig. 3).40

Fig. 3 Copper polymerization catalyst.

A novel imidazolium ionic-liquid-grafted 2,2′-bipyridine lig-
and 33 has been prepared and successfully employed in the
copper-catalyzed selective oxidation of alcohols to the cor-
responding carbonyl compounds in [bmim]PF6. The reaction
takes place under mild conditions and the catalytic ionic liquid
solution can be recovered and reused without significant loss of
catalytic efficiency. If the carbonyl compounds were isolated by
distillation the yields were better, 97% yield after the 5th run;
but were only 80% after the 5th run when extraction was used
(Scheme 12).41

Scheme 12

Chauhan and co-workers performed epoxidation of alkenes
with hydrogen peroxide by water-soluble iron(III) porphyrin
complex 34 in [bmim]Br (Fig. 4). The catalyst could be recycled
5 times, with simple product isolation. The selectivity depended
on the substrate, 81% of epoxide formed in the case of cyclooc-
tane, but other oxidation products were formed from styrene and
cyclohexene.42 The catalyst 34 was also used for H2O2-mediated
oxidation of the C=NOH bond in N-hydroxyarginine and other
oximes to C=O in [bmim]BF4. The carbonyl compounds can
be easily isolated from the reaction medium, and the catalyst
immobilized in ionic liquid can be recycled and reused.43

Ionic manganese porphyrin 35 (Fig. 4), with a pyridinium
tag embedded in a pyridinium based ionic liquid [bpyr]BF4, has
been developed as an efficient and recyclable catalytic system for
the oxidation of styrene and its derivatives with iodosylbenzene.
After five runs the conversion of styrene slightly decreased (from
91% to 71%) but the product distribution varied dramatically
from styrene oxide in the 1st run to phenyl acetaldehyde in the
5th run.44

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 484–496 | 489

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 0

9 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

08
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
80

14
56

F
View Online

http://dx.doi.org/10.1039/B801456F


Fig. 4 Porphyrin catalysts.

Chiral transition metal catalysts

Among enantioselective catalysts, chiral transition metal com-
plexes offer the widest range of possibilities in performing
desired transformations. Many unmodified transition metal
complexes were used in ionic liquids and often excellent results
were obtained in such a simple setup.5 However, it is still
highly beneficial, especially in terms of catalyst recycling, to
modify an organic ligand in such a manner that the resulting
complex interacts more strongly with ionic liquid. In several
instances a more active or enantioselective catalyst resulted from
introduction of an ionic tag. In the beginning, the majority of
work concentrated on asymmetric hydrogenations, but lately
other reactions also begin to attract more interest.

Lee and co-workers grafted two imidazolium moieties onto
rhodium/bisphosphane complex.45 Catalyst 36, produced in

this way, exhibited excellent catalytic activities in asymmet-
ric hydrogenation of enamides. In the two-phase system
[bmim]SbF6/iPrOH, the enamide was hydrogenated in 97% ee
with full conversion within 1h. Catalyst 36 was recycled 4 times
with very little loss of catalytic activity (95% ee, 85% conversion
in 1h). Hydrogenation with complex 37 resulted in a similarly
enantioselective reaction in the first run, but in subsequent
runs enantioselectivity and conversion decreased (4th run, 88%
ee, 85% conversion in 12h). A control experiment with only
0.5 mol% of complex 37 (96% ee) showed that rhodium leaching
is not the sole reason for decrease of catalytic performance.
Improved stability of the ionic catalyst 36 in reaction medium
was suggested as a possible explanation of its superior catalytic
activity (Scheme 13).

Researchers from Solvias and Novartis synthesized modified
Josiphos ligands with an imidazolium tag 38.46 Immidazolium
diphosphanes 38 were successfully employed in Rh-catalyzed
asymmetric hydrogenation of methyl acetamidoacrylate (MAA)
and dimethyl itaconate (DMI) (Scheme 14).

Scheme 14

Modified ligands 38 paralleled the behavior of unmodified
Josiphos ligands in asymmetric hydrogenation in classical or-
ganic solvents as well as under biphasic conditions. Reduction of
MAA using ligand 38b proceeded with 99% ee, and for reduction
of DMI ligand 38a was superior (99% ee). Imidazolium-tagged
ligands showed much better reusability in tBuOMe/[bmim]BF4

Scheme 13
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biphasic system compared with unmodified Josiphos ligands
(approx. 15% decrease of TOF for 8th cycle, with constant ee’s).

Ruthenium-catalyzed transfer hydrogenation of ketones is
an important alternative to classical hydrogenation methods.
Several attempts were made to prepare reusable Ru-catalysts
with ionic tags. Geldbach and Dyson introduced an imidazolium
moiety onto g6-arene of the Ru-complex.47 With catalyst 39,
dissolved in [bdmim]PF6, acetophenone was hydrogenated in
a biphasic system, ionic liquid and propan-2-ol (Scheme 15).
When ionic catalyst 39 was used, enantioselectivity was the same
(98% ee) as with the traditional p-cymene ligand. Recycling of
the catalytic system led to decreased conversion (52% in the
4th run compared with 99% in the 1st run) of the reaction, but
enantioselectivity remained the same. The decrease in catalytic
activity was explained by partial leaching of the catalyst from
the ionic liquid due to decomposition of the ruthenium complex.

Scheme 15

Ohta and co-workers chose a different approach to func-
tionalization of the Ru-TsDPEN catalyst.48 They introduced
an imidazolium moiety into the diamine part of Ru-complex.
Using the catalyst 40, transfer hydrogenation of acetophenone
with formic acid/triethylamine in [bmim]PF6 proceeded with
high enantioselectivity (92% ee) and high conversion (98%).
In comparison, classical Ru/TsDPEN (41) gave similar results
(93% ee, 96% conversion) but after the 4th cycle conversion
decreased gradually, whereas catalyst 40 showed slightly better
results (63% and 75% conversion, respectively) (Fig. 5).

Fig. 5 Transfer hydrogenation catalysts 40–41.

Ru-complexes with chiral diamines, such as 1,2-diphenyl-1,2-
ethylenediamine (DPEN), are capable hydrogenation catalysts.
Chen and co-workers made a sulfonated derivative of DPEN,
and used the resulting catalyst in hydrogenation of aromatic

and unsaturated ketones. In a mixture of [emim]OTs/water,
enantioselectivities up to 85 and 76% ee, respectively, were
obtained.49,50

Lin and co-workers prepared two polar phosphonic acid-
derived Ru-BINAP systems (42a) and (42b) for asymmetric
hydrogenation of b-ketoesters in ionic liquids (Fig. 6).51

Fig. 6 Phosphonic acid-derived BINAP complexes.

Several b-ketoesters were hydrogenated with high enantios-
electivities using both catalysts 42a and 42b in [bmim]BF4,
[bmim]PF6 as well as in [bdmim]NTf2. Results were comparable
with Ru-BINAP system. It was possible to recycle the catalyst
in the ionic liquid four times with only small or no decrease in
enantioselectivity and conversion.

The chiral vanadyl salen complex was tagged also with an imi-
dazolium ion. Complex 43 catalyzed asymmetric cyanosilylation
of benzaldehyde in [bmim]PF6. Enantioselectivity of the reaction
(57% ee) was significantly lower than that with unmodified
vanadyl ligand (89% ee). However, catalytic activity of complex
43 was considerably higher than that of the unmodified catalyst
as well as catalyst anchored on silica, activated carbon and single
wall carbon nanotubes (Scheme 16).52

Scheme 16

Moreau and coworkers prepared imidazolium-tagged cam-
phorsulfonamide ligands for Ti-promoted asymmetric Et2Zn
addition to benzaldehyde (Scheme 17).53 Alkylation of ben-
zaldehyde in the presence of the titanium complex of 44 was
performed in CH2Cl2. Conversions were over 99% in all cases,
but enantioselectivities were only moderate (65% ee). Separation

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 484–496 | 491
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Scheme 17

of the product from the catalyst was achieved by evaporation of
the solvent and hydrolysis followed by extraction with diethyl
ether, in which the catalyst was not soluble. The catalytic system
was used four times without any change in catalytic activity and
enantioselectivity.

In our laboratory, we prepared several imidazolium-tagged
ferrocene ligands.54 Ligands 45 and 46 were used in Pd-
catalyzed allylic alkylation of 1,3-diphenylprop-2-enyl acetate
with dimethyl malonate (Scheme 18).

Scheme 18

The highest enantioselectivity (92% ee) was achieved with
diphosphine 46 in [bmim]PF6. Interestingly, this enantioselec-
tivity is higher than that of the corresponding ligand without
imidazolium moiety (BPPFA) when used in THF as well as
in [bmim]PF6. Other ionic ligands were inferior. Recycling
experiments led to a slight decrease of enantioselectivity and
considerable decrease of yield (1st run 94%, 89% ee; 2nd run
57%, 77% ee; 3rd run 16%, 69% ee in [emim]EtOSO3).

Imidazolium-tagged bis(oxazoline) 47 has been prepared and
used as a chiral ligand in the copper-catalyzed Diels–Alder
reaction of N-acryloyl and N-crotonoyloxazolidinones with
cyclopentadiene.55 Using the ligand 47, a significant enhance-
ment in rate and enantioselectivity of the reaction in ionic liquid
was achieved compared with dichloromethane. Compared with
unfunctionalized bis(oxazoline) ligand, similar enantioselectiv-
ities were obtained, but with marked rate enhancement in ionic
liquid in the case of imidazolium tagged ligand. The catalyst
could also be recycled 10 times without loss of activity and
enantioselectivity (Scheme 19).

Ligand 47 was also recently used in copper-catalyzed
Mukaiyama aldol reaction. Reaction was again faster in ionic

Scheme 19

liquid than in dichloromethane. It was completed in only 2 min
and the aldol product was obtained with good enantioselectivity
(94% ee). In [emim]NTf2, the copper complex of 47 was recycled
three times with no loss of activity and enantioselectivity.56

Gavrilov and Reetz prepared imidazolium-tagged phosphate
and diamidophosphite ligands. Their Rh and Pd-complexes
were efficient catalysts for asymmetric hydrogenation and allylic
substitution in organic solvents. Interestingly, hydrogenation in
[bdmim]BF4 was less selective than that in dichloromethane (79
vs. 94% ee).57

Organocatalysts

Ionic liquids proved to be useful media for various organocat-
alytic reactions. Particularly, L-proline-catalyzed aldol reactions
work well in ionic liquids.58,59 A smaller amount of the catalyst
can be used than in DMSO, although yields of the products
decrease significantly in the 3rd recycling. To circumvent these
problems, several imidazolium-tagged organocatalysts were re-
ported, even though some of them were tested only in organic
solvents. So far, most of the attempts have concentrated on
typical organocatalytic reactions such as aldol condensations
and Michael additions. But regarding the great progress of
organocatalysis, there are without any doubt many possibilities
for further research.

Derivatives of trans-4-hydroxy-L-proline, like compound 48,
are interesting catalysts for the aldol reaction (Scheme 20).60

Scheme 20

The catalyst 48 catalyzed the aldol reaction of different
aromatic aldehydes with acetone. Reactions were carried out
either in excess of acetone or in DMSO at room temperature
for 25 h with 30 mol% of the catalyst. The immobilized L-
proline derivative was a more efficient catalyst than L-proline
itself under similar conditions and it was possible to reuse it in
subsequent experiments. The advantage of the catalyst 48 is also

492 | Green Chem., 2008, 10, 484–496 This journal is © The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 0

9 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

08
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
80

14
56

F
View Online

http://dx.doi.org/10.1039/B801456F


that volatile starting material can be distilled off and the residue
is simply rinsed with dichloromethane to extract the product.
The catalyst, which is insoluble in CH2Cl2, can be used in the
next experiment. The authors did not carry out the reaction
in any ionic liquid, nor did they test aldolisation with cyclic
ketones. Also, chiral pyrrolidine derivatives 49–54 were recently
employed in aldol reaction (Fig. 7).61

Fig. 7 Pyrrolidine-based ionic catalysts.

Reactions were carried out with p-nitrobenzaldehyde and
acetone : water 4 : 1 mixture with some additives (Scheme 21).
The full conversion of aldehyde was observed, but aldolisation
was accompanied with the undesired Claisen–Schmidt reaction.
The best catalysts were compounds 49 (with BF4 anion), 51 and
54.

Scheme 21

Reactions of aromatic aldehydes can also be performed
with cyclic ketones, but it usually requires 1 equivalent of
water and 5 mol% of acetic acid as additives. The rate of the
reaction depends on the cycle size of ketones. Reactions with
cyclopentanone were usually finished after 2–6 h, but cylooc-
tanone needed 105 h to reach full conversion. Stereoselectivity
of the reaction was rather low (syn/anti 4.8:1 and 50% ee).
Recently, Tromboni et al.62 described two proline-based ionic
organocatalysts 55 and 56 (Fig. 8).

The authors performed a thorough study of aldol reaction of
p-nitrobenzaldehyde with acetone (10 mol excess) catalyzed with
compounds 55 and 56 in [bmim]NTf2. Both catalysts have simi-
lar activities and products were isolated in up to 79% yields after

Fig. 8 Proline-derived catalysts.

24 hours using only 5 mol% of the catalyst. Enantioselectivity
of the reaction was reasonable (up to 84% ee). They also proved
that these catalysts were more efficient in ionic liquids than L-
proline, with which only medium yield and enantioselectivity
was obtained (50% yield, 72% ee). Surprisingly, the product
yield decreased to 30% in the 3rd cycle, probably because of
catalyst leaching or decomposition during work-up procedure.
The residual acetone was distilled off the reaction mixture and
the product was isolated by extraction with diethyl ether. The
catalytic system was vacuum dried before reuse. Also, Zlotin
and co-workers recently used an imidazolium-derived proline
catalyst, similar to compound 56. Aldol reactions of cyclic
ketones with aldehydes in water proceeded with high yields,
diastereoselectivities as well as enantioselectivities.63 In our
laboratory, we demonstrated that Michael addition of different
aldehydes and ketones can be catalyzed by organocatalysts
in ionic liquids.64 The reactions proceeded with high yields
and reasonable enantioselectivities, but activity and selectivity
decreased after the 2nd run. Xu et al.65 described the first
imidazolium-tagged organocatalyst 57 for conjugated addition
of ketones to nitroolefins (Scheme 22).

Scheme 22

The activity of the imidazolium-tagged catalyst and enantios-
electivity (98%, 99% ee) of the addition reaction in [bmim]PF6

remained high until the 4th recyclation. On the other hand,
the reaction with L-proline was much slower and the addition
product was only isolated in 30% yield and with low selectivity
(d.r. 86 : 14, 24% ee).

Luo et al.66 have tested pyrrolidine-based organocatalysts 58
and 59 (Fig. 9) in the same reaction with similar results. The
authors used 15 mol% of the catalyst and 5 mol% of TFA as co-
catalyst with an excess of cyclohexanone as solvent. Compound
59 was the most efficient catalyst, with excellent yield and
selectivity in short reaction time (100% yield, syn/anti 99 : 1,
99% ee). Part of the catalyst was probably lost during the work
up, because at the 3rd recycle reaction time had to be prolonged
to 24 h to obtain similar results.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 484–496 | 493
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Fig. 9 Pyrrolidine organocatalysts.

Compounds 58–59 with PF6 anions were less effective.
Comparable results were achieved also with substituted b-
nitrostyrenes and preliminary experiments proved that addition
of aliphatic aldehydes to b-nitrostyrene were also possible.
Similarly, Headley and co-workers67 described pyridinium-based
organocatalysts 60. These compounds effectively catalyzed
Michael addition (92% yield, syn/anti 99 : 1, 99% ee). The
same reaction was catalyzed by pyridinium-derived catalysts
described by Xu and co-workers.68 Catalysts of this type were
also effective in desymmetrization of prochiral ketones via
asymmetric Michael addition reaction to nitrostyrenes.69

Liang et al.70 described more complicated ionic-liquid-
supported catalysts 61 and 62 (Fig. 10), and employed them
in the Michael addition of cyclohexanone to b-nitrostyrene.
Reactions were carried out with 2 equivalents of cyclohexanone
in several solvents (DMSO, CHCl3, H2O), but the best results
were achieved without solvent (97% yield, syn/anti 97 : 3, 94%
ee). Catalysts could be recycled 3 times in such conditions with
good results. The catalyst can be separated by dilution of the
reaction mixture with diethyl ether. However no ionic liquid was
tested as the solvent.

Fig. 10 Catalysts with triazole and sulfonamide linker.

These catalysts also performed well in Michael addition
of cyclohexanone to substituted b-nitrostyrenes. The addition
of cyclopentanone resulted in a lower yield and selectivity
(syn/anti 5 : 3, 81 and 77% ee, respectively). The authors also
tested addition of acetone (good yields, but low ee) as well as
isovaleraldehyde (high syn/anti ratio, modest ee).

Sulfonamide derivative 63 is an efficient catalyst for addition
of aldehydes to b-nitrostyrene as well (Scheme 23).71 Catalytic ac-
tivity of this compound was verified in reaction of b-nitrostyrene
with isobutyraldehyde in several conventional organic solvents
(MeOH, i-PrOH, CH3CN, THF, DCM, CHCl3, EtOAc, Et2O).

Scheme 23

The best yields of the product were obtained in diethyl ether
(58%, 82% ee). No decrease of catalytic activity, or selectivity
was observed in 3rd recyclation. After dilution of the reaction
mixture with diethyl ether, the catalyst precipitated and was
easily recovered.

Reactions with unbranched aldehydes also proceeded well
(50–60% yields) and with high diasteroselectivities (d.r. 96 : 4)
and reasonable enantioselectivities (64–73% ee).

Xu and co-workers72 published very interesting work recently.
A range of simple compounds, 64, were evaluated as catalysts in
Michael additions of cyclic ketones to b-nitrostyrenes in DMSO
and different polyethylene glycols as the reaction media (Fig. 11).
The authors found that the best catalyst (R = Me and A =
PhCOO) and polyethylene glycols bigger than PEG 720 form a
special pocket, which can wrap (solvate) the cation of the catalyst
and thus improve its catalytic activity. The existence of such an
entity was proved by ESI MS. Practically full conversion of
starting materials was achieved in 12 h with high diastereoselec-
tivity syn/anti 97 : 3 as well as high enantioselectivity (97% ee).
In DMSO, the reaction was considerably slower (36 hours). The
product isolation was simple and the catalyst in PEG was reused
in 7 subsequent recyclations, but reaction required a longer time.

Fig. 11 Catalyst 64 for use in PEG and polymer bound ionic
organocatalyst.

Also, polymer bound insoluble catalyst 65 was prepared
from a chiral pyrrolidine derivative. It was first connected
to imidazole, and the resulting product was alkylated with
Merifield resin.73

The compound 65 was an excellent catalyst for solvent-
free Michael additions giving higher than 90% yields of the
products with more than 90% ee, and d.r. usually higher than
95 : 5. L-Prolinamide 66, immobilized on methylimidazole, is
a capable catalyst for Claisen–Schmidt reactions of aromatic
aldehydes with acetone. Under solvent-free conditions, yields of
unsaturated ketones were higher than 80%, but rather a high
amount of catalyst had to be used (20 mol%).

Quinuclidine derivative 67a (Fig. 12) was used as the catalyst
for the Morita–Baylis–Hillman reaction.74 Several solvents were
tested as reaction media but ionic liquids had a negative influence
on the reaction. The best results were achieved in methanol

494 | Green Chem., 2008, 10, 484–496 This journal is © The Royal Society of Chemistry 2008
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Fig. 12 Prolinamide and quinuclidine catalysts.

(84% yield after 8 h; 74% yield in the 3rd recycle, and in the 6th
recycle the reaction time had to be prolonged to 36 h to reach the
same yields). Immobilized compound 67a was as good a catalyst
as its soluble counterpart, having a benzyl group instead of
imidazolium cation, but the immobilized catalyst can be easily
recovered and reused. Later these authors described a similar
catalyst 67b (Fig. 12) with a hydroxyl group in the ionic part. The
hydroxyl-derived catalyst displayed better catalytic properties in
the Morita–Baylis–Hillman reaction than the original catalyst
67a.75

Liang and co-workers synthesized imidazolium-tagged sul-
fonamide 68.76 The catalyst 68 was effective in mediating borane
reduction of aromatic ketones in excellent yields and with
enantioselectivities up to 94% ee (Scheme 24). After aqueous
work-up, products remained in the organic solvent and the
water-soluble catalyst was recycled after drying. In reduction
of acetophenone, yield of the product remained unaltered
but enantioselectivity decreased from 73 to 65% ee over four
recyclings.

Scheme 24

Conclusion and outlook

Catalysis in general is one of the key strategies towards sus-
tainable chemical synthesis. Furthermore, with many expensive
catalysts there certainly is a need for recycling, for environ-
mental as well as economic reasons. Catalyst immobilization
is a well-established strategy to achieve recycling. However,
heterogeneous systems often suffer from decreased activities, so
homogeneous supported catalysts emerge as a valuable concept.
We demonstrated in this overview that ionically-tagged catalysts
have already proved to be useful alternatives to unmodified

structures. The catalytic activities of these catalysts often parallel
or even surpass those of classical catalysts with the added
benefit of simplified product isolation and possible catalyst reuse.
Published data suggest that careful design and optimization of
catalyst structure in connection with each reaction are often
crucial for achieving high activities and selectivities throughout
recycle experiments. There is a great potential for improvements
of catalyst physical and chemical properties by altering both
the cation and anion parts of these molecules. The number of
possible variations becomes almost uncountable if we also take
the ionic liquid media into account. Although great progress
has already been achieved in this field, there is still much to
be discovered and improved. One of the most important issues
seems to be the stability of catalytic system in desired reaction.
Several stable and highly active catalysts already exist, which
can be recycled even more than 10 times with no or minimal loss
of activity. However, a majority of catalysts still fail to achieve
these parameters. The usual amount of ionic catalyst used in
reactions is a few percent, typically 1–5 mol% for metal catalyzed
reactions, but with organocatalysts this number often reaches
20% or even more. These numbers are quite high, especially
from the point of view of potential industrial deployment. Using
one catalytic system for different reactions or various substrates
(even between recycle experiments) is another particularly
attractive feature, which is also rather unexplored. Also, only
a limited number of enantioselective transformations that use
transition metal catalysts have been studied so far. We think
that more research effort could be directed towards exploring
more challenging asymmetric C–C and C–heteroatom bond
forming reactions. In the field of organocatalyzed reactions, the
majority of the work with ionically-tagged catalysts concentrates
on aldolisations or simple Michael additions. Here, too, it would
be beneficial to explore other transformations. We believe that
this review can help stimulate further research and development
in this exciting area of green chemistry.
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The insolubility of enzymes in most ionic liquids has been
overcome by the formation of aqueous microemulsion
droplets in a hydrophobic ionic liquid stabilized by a layer
of anionic surfactant sodium bis(2-ethyl-1-hexyl) sulfosuc-
cinate (AOT) in the presence of 1-hexanol as a cosurfactant
and the catalytic activity of one of the enzymes studied
(lipase PS) became higher than in microemulsions of AOT
in isooctane.

Ionic liquids (ILs), representing no measureable vapor pressure,
have been proved to be useful as a replacement for ordinary
organic solvents to reduce volatile organic compound (VOC)
emissions.1 Not only are ILs more environmentally attractive
than organic solvents, but ILs possess many unique physic-
ochemical properties, such as having very good dissolution
properties for most organic and inorganic compounds, being
non-flammable, fire resistant, having high thermal stability
and wide liquid temperature ranges. ILs are also chemically
diverse owing to the huge number of possible cation/anion
combinations that can be synthesized. The main applications
for ILs as a solvent include extraction,2 organic synthesis3 and
separation4 and their uses continue to expand.

The technological utility of enzymes can be enhanced greatly
by their use in ILs rather than in conventional organic solvents
or in their natural aqueous reaction media due to their unique
physicochemical properties. The use of ILs has manifested many
advantages, such as high conversion rates, high enantioselectiv-
ity, better enzyme stability, as well as better recoverability and
recyclability.5–7 However, one important drawback regarding the
use of enzymes in ILs is the fact that they are not soluble in
most ILs. Although some ILs can dissolve enzymes through
the weak hydrogen bonding interactions, they often induce
enzyme conformational changes resulting in inactivation. In
fact, enzyme powder directly added in ILs needs to be stirred
or shaken vigorously to interact with substrates, as there is a
possibility of inactivating the enzymes. One of the most effective
approaches to affect enzyme solubility in ILs is to add a small
amount of water. However, the dissolved enzymes show low

aDepartment of Applied Chemistry, Graduate School of Engineering,
Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka, 819-0395, Japan.
E-mail: mgototcm@mbox.nc.kyushu-u.ac.jp; Fax: (+81)92-802-2810;
Tel: (+81)92-802-2806
bCenter for Future Chemistry, Graduate School of Engineering, Kyushu
University, Japan
† Electronic supplementary information (ESI) available: Experimental
details and enzyme solubility study. See DOI: 10.1039/b802501k

catalytic activity due to their conformational change in ILs.6

Another attempt to improve the solubility of enzymes was
to conjugate lipase with polyethylene glycol (PEG) through
chemical modification,7b,8 because PEG shows good solubility
in ILs. It has been found that enzyme activity was significantly
increased by increasing the solubility in ILs through their
modification with comb-shaped polyethylene glycol.8 However,
such a modification is often laborious and time consuming.
This is why the feasibility of enzymatic reactions in ILs is very
limited. To find an easy way to combine enzyme solubility and
activity in ILs is very essential to expand the use of ILs as green
solvents.

The insolubility of enzymes in ILs can be overcome by the
formation of nano/micrometre-sized aqueous domains in an IL
continuous phase (referred to as water-in-IL microemulsions)
stabilized by a layer of surfactants. It is well recognized that
enzymes can be solubilized in organic solvents by the use of
surfactants (generally referred to as water-in-oil microemulsions
or reverse micelles) without the loss of their catalytic activity.9

Enzymes can also be solubilized in organic solvents at very low
surfactant concentrations.10 The polar core of microemulsional
systems has the ability to solubilize significant amounts of water,
which form water pools. Enzymes solubilized in such water pools
are protected from the unfavorable effect of organic solvents
by the surfactant layer. Therefore, the new microemulsion in
IL is interesting from academic, environmental and practical
points of view. However, the formation of IL microemulsions
is generally hindered by the insolubility of most conventional
surfactants, particularly anionic surfactants such as AOT
(sodium bis(2-ethyl-1-hexyl) sulfosuccinate) which has been used
extensively to form microemulsions in organic solvents.11 In our
previous study,12 we reported that AOT could be dissolved in a
hydrophobic IL [C8mim][Tf2N] (1-octyl-3-methyl imidazolium
bis (trifluromethyl sulfonyl) amide) with the aid of 1-hexanol
as a cosurfactant and upon addition of a small amount of
water, these solutions formed optically transparent aqueous
nano-environments. This domain of water is thought to be very
suitable for enzymatic reactions in ILs. However, the solubility
as well as the activity of enzymes in AOT based water-in-IL
microemulsions have not been studied yet.

Here, the objective of the present study is two-fold: first, it
is intended to demonstrate that the water domains in the IL
microemulsions able to dissolve enzymes. Second, this study
addresses the question of whether such a dissolved enzyme shows
catalytic activity. In this study, lipase-catalyzed hydrolysis of p-
nitrophenyl butyrate (p-PNB) has been used as a model reaction.
Burkholderia cepacia lipase (former Pseudomonas cepacia lipase,

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 497–500 | 497
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also known under its commercial trade name as lipase PS) was
chosen because nowadays it is becoming one of the most used
enzymes applicable to various processes because of its high
activity in hydrolysis as well as in synthesis.13

The solubility studies showed that water-in-IL microemul-
sions can solubilize various enzymes and proteins, whereas the
IL alone and water-saturated IL cannot (see the ESI).† The
results imply that the water domains in the microemulsions12

make it possible to solubilize proteins in the IL phase. We also
checked the solubilization of one of the enzymes (lipase PS)
by fluorescence spectroscopy. This lipase contains 3 tryptophan
residues (Trp30, Trp209, and Trp 284) as intrinsic fluorophores
being highly sensitive to the polarity of the microenvironment.
The fluorescence properties of the tryptophans in lipases
microencapsulated in water-in-oil microemulsions have been
described in a number of articles.14 Lipase was dispersed in pure
IL as well as in water saturated IL for any residual emission;
essentially none was found. With the addition of AOT to
form water domains, the lipase dissolved and showed strong
fluorescence intensity (Fig. 1). For comparison, we showed
spectra of lipase in AOT based microemulsions in isooctane
at W 0 (molar ratio of water to AOT) = 10 and bulk buffer
solution. The maximum emission wavelength (kmax) of lipase in
AOT/water/isooctane system was found at 328 nm, which was
blue-shifted (generally observed with the decrease in polarity
of the environment15), relative to the emission peak in water
(≈334 nm). Similar results have been reported for other lipases
dissolved in AOT/isooctane microemulsions.14 This trend of
lipase solubilzed in the water domains of AOT based oil
microemulsions is well known because the physicochemical
properties of water pools are different from those of bulk water.
However, the kmax obtained from the new IL microemulsions is
comparable to that of lipase in buffer. The results indicate that
the lipase experiences an environment similar to that of bulk
buffered water. This notable result can be explained by the large
size of water domains formed in the IL microemulsions12 because
Venables et al.16 provided the evidence for bulk-like character for
water in large microemulsions.

Fig. 1 Fluorescent emission of lipase in various systems. Experimental
conditions: [AOT] = 0.1 M, [lipase] = 0.64 lM, W 0= 4 and 10 for
microemulsions formed in IL and isooctane, respectively.

Our next aim was to examine the catalytic activity of such a
solubilized enzyme in the IL microemulsions. Fig. 2 shows the
initial rate of hydrolysis of p-NPB as a function of enzyme con-
centration. As expected, the initial reaction rate was found to be
linearly dependent on enzyme concentration. This suggests that

Fig. 2 Dependence of the initial rate of lipase-catalyzed hydrolysis of
p-nitrophenyl butyrate on enzyme concentration at 35 ◦C. Conditions
were: [AOT] = 0.15 M, [p-NPB] = 0.005 M, W 0= 4.

reaction is an enzymatically controlled reaction, e.g., the enzyme
is continuously fed with the substrate through the surfactant
layer existing within microemulsions. We also investigated the
dependence of the initial rate on the concentration of p-NPB at
a fixed enzyme concentration. The results show that the trend
of enzyme activity as a function of substrate concentration is
similar to the substrate-saturation trend obtained for enzyme-
catalyzed reactions that follow Michaelis–Menten kinetics (data
not shown), a common phenomenon found for enzymes mi-
croencapsulated in microemulsions formed in organic solvents.17

The results again confirmed that the reaction is a kinetically
controlled enzymatic reaction.

For comparison, the same reaction was also performed in
AOT/water/isooctane microemulsions and in water saturated
IL. For the hydrolysis in IL, lipase was added to 1 ml IL and was
shaken mildly for a few minutes. The supernatant was separated
by centrifugation. The lipase activity in the supernatant was as-
sayed in p-NPB hydrolysis and found essentially none. However,
the hydrolysis rate was faster in the water-in-IL microemulsions
than in the water-in-isooctane microemulsions (Fig. 3).

Fig. 3 Product vs. time kinetic curve for lipase-catalyzed hydrolysis of
p-NPB at 35 ◦C. Conditions were: [AOT] = 0.15 M, [lipase]= 0.64 lM,
[p-NPB] = 0.005 M, W 0= 4 and 15 for microemulsions formed in IL
and isooctane respectively, where buffer pH= 8.0.

The kinetic parameters (maximum reaction rate, V max and
apparent Michaelis constant, Km,app) for the lipase-catalyzed
hydrolysis of p-NPB in water-in-IL microemulsions and in
AOT/water/isooctane microemulsions were measured. The

498 | Green Chem., 2008, 10, 497–500 This journal is © The Royal Society of Chemistry 2008
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Table 1 Michaelis–Menten parameters for lipase in the hydrolysis of p-PNB in IL/water/AOT and isooctane/water/AOT microemulsions at
35 ◦C. The concentration of lipase (per total volume of the system) was 0.64 lM. W 0 = 4 and 15 for microemulsions formed in IL and isooctane,
respectively

Microemulsions system V max/lM min−1 Km,app/× 10−3 M V max/Km,app/× 10−3 min−1

AOT/water/isooctane 5.3 ± 0.4 4.7 ± 0.6 1.1 ± 0.15
AOT/water/IL 25.0 ± 2.0 7.5 ± 1.5 3.0 ± 0.20

kinetic parameters were obtained from Lineweaver–Burk plots
(see the ESI)† and listed in Table 1. The lipase intrinsic activity
(kcat/Km, which is proportional to V max/Km as the enzyme
concentration is kept constant) in the IL microemulsion was
about 3 times higher than that in microemulsions of AOT in
isooctane under the given experimental conditions. This en-
hanced catalytic activity of lipase in water-in-IL microemulsions
may be due to (i) aqueous microenvironmental changes (see
Fig. 1), (ii) the partition of the substrate or other molecules
involved in the reaction between water and IL phases, and
(iii) the existence of 1-hexanol as a cosurfactant. Further study
will be required to assess the contribution of each of these
mechanisms. We believe that the catalytic performances of en-
zymes in this new microemulsion will be improved by optimizing
the physicochemical parameters (e.g., pH, temperature, ionic
strength, surfactant concentration and water content (W 0)).
Ongoing work is being conducted to thoroughly characterize
the IL microemulsions.

In conclusion, a new approach for carrying out enzymatic re-
actions in ILs has been reported by forming aqueous nanometre-
sized domains comprising AOT as a surfactant. To the best
of our knowledge, this is the first report of an enzymatic
reaction being conducted in the AOT based IL microemulsions.
Therefore, this work opens up new possibilities for studying
enzymes in ILs. The IL microemulsions could have advantages
over conventional microemulsions (prepared in organic solvents)
as reaction media for carrying out biotranformations with
polar or hydrophilic substrates such as amino acids,6a,b and
carbohydrates,18 which are poorly soluble in most organic
solvents (e.g., isooctane and hexane).

Experimental

For enzymatic reactions in AOT/water/IL/1-hexanol systems,
a typical experiment was performed as follows. AOT (1.35 g) was
dissolved in an IL (21.23 g) containing 10% (v/v) 1-hexanol (1.46
g). Then, 100 ll Tris-HCl (50 mM) buffer (pH 8.0) was added
to prepare a microemulsion. Clear and stable solutions were
obtained by vortex mixing and used as stock solutions. 10 ll
enzyme solution (2 mg ml−1) prepared in buffer was injected
into a 0.78 ml stock solution. Following the injection of enzyme
solution, the mixtures were shaken mildly for approximately
30 s to obtain a clear and optically transparent solution. The
molar ratio of water to AOT (W 0, calculated by subtracting
the independently known amount of water soluble in pure
IL without surfactant from the total amount of water12) of
the microemulsions were adjusted by injecting an appropriate
amount of buffer solution. The reaction was commenced by
adding 200 ll of p-NPB solution (25 mM, 10.46 mg) prepared in
above stock solution (2.5 g). For the cases when the amounts of

p-NPB solutions were less than 200 ll, stock solution was added
to obtain the final reaction volume of 1 ml. All concentrations
are given with respect to the total volume of the system.

The lipase activity in microemulsions was measured as the
initial reaction rates of hydrolysis. For this purpose, lipase-
catalyzed hydrolysis of p-NPB was monitored by following the
production of p-nitrophenol (p-NP) with time using a UV-Vis
spectrophotometer (Jasco V-570) at 35 ± 0.2 ◦C. From the slopes
of the linear portions of the absorbance versus time curves,
obtained by least squares fitting, the values of the initial rates (v)
were measured in lM min−1 considering the value of the molar
extinction coefficient of p-NP in each microemulsion (see the
ESI).† The monitoring wavelength was 410 nm (see the ESI).†
All initial rates were corrected by subtracting the non-enzymic-
catalyzed rates of hydrolysis.

Fluorescence emission spectra were recorded using a Perkin
Elmer Luminescence Spectrometer with an excitation wave-
length at 280 nm, a selective excitation wavelength for trypto-
phan residues.14 Excitation and emission band passes were 5 and
10 nm, respectively. All spectra were corrected by subtracting a
‘blank’ spectrum (without lipase). Lipase was added as a solid to
produce a concentration of 0.64 lmol dm−3 (20 lg ml−1) based on
the total volume of the system. For convenience, each spectrum
was normalized to the maximum of the lipase + AOT + water +
IL fluorescence in each measurement.
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Postdoctoral Fellowship, P07133) and the necessary funding for
this work. The present work is also supported by a Grant-in-Aid
for the Global COE Program, “Science for Future Molecular
Systems” from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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Ionic liquids for liquid-in-glass thermometers
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The varied portfolio of applications of ionic liquids (ILs) is broadened in this work
by presenting the possibility of their use as thermometric fluids in liquid-in-glass thermometers.
Two ILs, namely tris(2-hydroxyethyl)methylammonium methylsulfate ([TEMA][MeSO4])
and trihexyl(tetradecyl)phosphonium bis{(trifluoromethyl)sulfonyl}amide ([P66614][NTf2]), have
been selected for the construction of thermometers with ranges of operation tuned to general and
speciality applications. The regular expansion of the IL volume with changes in temperature has
been tested, and successful prototypes have been built, consisting of liquid-in-glass devices with an
approximately spherical reservoir and a capillary tube attached. These devices have the advantage of
operating with a fluid of ionic nature and a practically negligible vapor pressure. In addition, the in-
herent tunability of IL properties is a powerful tool in the possible design of speciality thermometers.

1. Introduction
In the last ten years, the scientific and industrial communities
have witnessed a formidable burgeoning of interest in and
applications of ionic liquids (ILs).1 These substances, consisting
of salts with melting points below the arbitrary mark of 100 ◦C,2

initially attracted great interest in the late 1990s as neoteric
solvents with a very appealing set of properties for reactions and
separations.3–5 Besides the research into their use as solvents,
more recently many other applications have been proposed,
for example as lubricants,6–9 as energetic materials,10–14 or in
polymer science.15–18

The high rate of development of the IL field, combined with
the controllable variability of their properties, is responsible for
the appearance of an important number of novel applications
over a broad range of areas. In this vein, we report here
the utilization of ILs as alternatives to the traditional filling
fluids currently used in the construction of liquid-in-glass (LIG)
thermometers for the measurement of temperature.

Various types of temperature sensors are known, including
LIG thermometers, bimetallic thermometers, pressure-spring
thermometers, resistance thermometers, thermistors, thermo-
couples, radiometers, and semiconductor devices.19,20 Depending
upon the temperature to be measured, the required accuracy of
the measurement, and other factors, such as durability or cost,
one type of temperature sensors may be preferable over another.
In general, each type presents some advantages, but also specific
drawbacks. Thus, bimetallic thermometers are cheap, durable,
and easily calibrated, but they require frequent calibration
to maintain accuracy and they exhibit slow response times.

aDepartment of Chemistry, Center for Green Manufacturing and
Alabama Institute for Manufacturing Excellence, The University of
Alabama, Tuscaloosa, AL, 35487, USA
bQUILL, School of Chemistry and Chemical Engineering, The Queen’s
University of Belfast, Belfast, Northern Ireland, UK BT9 5AG
cDepartment of Chemical Engineering, University of Santiago de
Compostela, E-15883, Santiago de Compostela, Spain
dDepartment of Chemistry, US Air Force Academy, 2355 Fairchild Dr.,
Suite 2N225, USAF Academy, CO, 80840-6230, USA

Thermocouples, for example, provide a rapid response and
are durable and accurate over a broad temperature range;
however, these devices require expensive ancillary equipment
and electronics to operate. An interesting comparative summary
of advantages and disadvantages of the different types of
thermometers is provided by Dunn.20

Although of limited temperature precision, LIG thermome-
ters deserve a favored place in the lore of thermometry. There
are many applications of these types of thermometers, the
leading one being the measurement of air temperatures, both
indoors and out. Other widespread applications assist medical,
biological, veterinary, air conditioning, automotive, chemical
and other manufacturing personnel, and engineers employed
in a wide range of processing industries in measuring and
regulating temperature. Laboratory types of LIG thermometers
include clinical standard thermometers, calorimetric thermome-
ters designed to measure temperature differences accurately,
and thermometers recommended by organizations such as the
American Society for Testing and Materials.19

LIG thermometers are simple, with their operation depending
on the thermal expansion of a liquid contained in a glass
envelope. This holder usually consists of a fine glass bore
connected to a fluid reservoir. The desired temperature range is
the main criterion in the choice of the thermometric liquid.19,21

The most common liquids used in LIG thermometers are
the molecular liquids mercury and ethanol. Mercury LIG
thermometers are inexpensive, durable, accurate, and easily
calibrated. Another advantage of the mercury LIG thermometer
is its high temperature range (the upper operating temperature
limit for a mercury LIG thermometer is about 350 ◦C). Several
disadvantages are that mercury is not useful in low temperature
situations because it freezes at −38.87 ◦C,22 that mercury
responds slowly in response to changes in temperature, and that
mercury is volatile and toxic at low concentrations.23 Mercury
also poses an environmental hazard associated with the storage
and disposal of broken mercury thermometers.

For temperature measurements below ca. −35 ◦C, LIG
thermometers containing ethanol are commonly used. Ethanol

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 501–507 | 501
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has a freezing point of −112 ◦C, and a boiling point of 78.4 ◦C.22

Ethanol has a faster response time and is less hazardous than
mercury. However, fluid loss by evaporation is hard to avoid with
ethanol and the upper operating temperature of 78 ◦C limits the
utility of ethanol LIG thermometers over a wide temperature
range.

A relatively overlooked feature of ILs is that many have a
very wide liquidus range, allowing their use as liquids over a
much wider range than most molecular liquids.3 In addition, ILs
may deserve consideration as a green alternative to the hazards
and limitations associated with the use of mercury and ethanol
as working fluids in LIG thermometers. ILs can be prepared
from edible ion combinations,24 and the volatility of ILs is
practically negligible under usual conditions of temperature and
pressure,25 therefore not releasing hazardous vapors. Moreover,
the tailoring of their properties by tuning the chemical structures
of its constitutive ions allows designing the appropriate IL for
a specific desired performance.26,27 For instance, and in addition
to other physical, chemical or biological properties, ILs with the
adequate liquid range for a given application can be created by
suitable selection and combination of cations, anions and related
substituents. Thus, we can think of designing either a standard
thermometer operating over conventional temperature ranges
(e.g. ambient temperatures and the liquid range of water), or a
more specific thermometer for speciality applications operating
over a much wider temperature range. Both the standard and
speciality approaches have been considered herein as a proof
of concept of the versatility potentially offered by ILs as filling
fluids in LIG thermometers.

2. Results and discussion

2.1. Selection of the IL candidates

The choice of ILs for the two types of thermome-
ters is determined by numerous properties. The IL candi-
dates obviously must have suitable melting and decompo-
sition temperatures and appropriate coefficients of expan-
sion. Other relevant properties for the standard thermometer
are toxicity, biodegradability, and expense. An ammonium-
based IL, tris(2-hydroxyethyl)methylammonium methylsulfate
([TEMA][MeSO4]), was selected as candidate for the standard
thermometer, since it is reasonably inexpensive and a complete
set of toxicological data is available (see Table 1).28

For the speciality approach, tetraalkylphosphonium-based
ILs have remarkably low glass transition temperatures,
and their thermal stability is very good. We selected trihexyl-
(tetradecyl)phosphonium bis{(trifluoromethyl)sulfonyl}amide

Table 1 Toxicological data set for the IL [TEMA][MeSO4]28

Parameter Result

Acute oral toxicity Not harmful
Skin irritation Non-irritant
Eye irritation Non-irritant
Sensitization Non-sensitizing
Mutagenicity Non-mutagenic
Biological degradability Readily biodegradable
Toxicity to daphniae Not acutely harmful
Toxicity to fish Not acutely harmful

([P66614][NTf2]), because it has reported glass transition and
decomposition onset temperatures of −76 ◦C and 400 ◦C,
respectively.29 The chemical structures of both candidates are
displayed in Fig. 1.

Fig. 1 Chemical structures of the ILs used in this work: (a)
[TEMA][MeSO4]; (b) [P66614][NTf2].

2.2. Investigation of the volumetric behavior and IL dyeing

As previously mentioned, the regular variation of the volume
of a fluid with changes in temperature is an indispensable
requirement for its use in LIG thermometers. Thus, to assess
the suitability of the selected IL candidates, a study of their
volumetric behavior was imperative. Measurements of density
as a function of temperature for both ILs are shown in Table 2.

The graphical representation of the experimental points in a
density versus temperature plot yields a linear trend to the eye.
Indeed, the correlation coefficient (R2) and standard deviation
(r) of the linear regressions are good for both series: R2 =
0.9991 and r = 5 × 10−4 g cm−3 for [TEMA][MeSO4]; and R2 =
0.9998 and r = 3 × 10−4 g cm−3 for [P66614][NTf2]. However,
it was verified that improved linear regressions are achieved
when plotting the inverse of the density (i.e. the specific volume)
against the temperature: R2 = 0.9995 and r = 4 × 10−4 g cm−3

for [TEMA][MeSO4]; and R2 = 0.99990 and r = 2 × 10−4 g cm−3

for [P66614][NTf2]. The numerical difference might seem not very
significant, but it acquires relevance from a conceptual point of
view, as described below.

The molar volume V of a substance is given by the quotient
of its molecular weight (or formula weight) M over its density
q, eqn (1):

(1)

Since M is a constant for a given substance, the fact that the
inverse of its density varies linearly with temperature is equiv-
alent to its molar volume (or its overall volume, for a confined
amount of substance) doing so, too. This is conceptually the
ideal volumetric behavior of a liquid planned to be used as
a thermometric fluid in a LIG thermometer, mathematically
expressed as eqn (2):

V = a+ bT (2)

where coefficients a and b are constants. Linear fits in the plot
of molar volume versus absolute temperature are displayed in

502 | Green Chem., 2008, 10, 501–507 This journal is © The Royal Society of Chemistry 2008
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Table 2 Density at several temperatures for [TEMA][MeSO4] and [P66614][NTf2], as well as for 1 wt% solutions of the IL-dye [P66614]2[Direct Red 81]
in each

Density/g cm−3

Temperature/K [TEMA][MeSO4] [P66614][NTf2] [TEMA][MeSO4] + dye [P66614][NTf2] + dye

277.15 1.3543 1.0465 1.3512 1.0461
288.15 1.3482 1.0391 1.3451 1.0387
303.15 1.3390 1.0282 1.3359 1.0278
313.15 1.3334 1.0214 1.3303 1.0211
323.15 1.3279 1.0144 — —
333.15 1.3220 1.0074 1.3189 1.0071
353.15 1.3119 0.9943 1.3088 0.9940

Fig. 2 Molar volume V as a function of temperature T for
[TEMA][MeSO4] (squares) and [P66614][NTf2] (circles). The solid lines
represent the linear regressions.

Fig. 2. The equations corresponding to these regressions, strictly
valid only within the temperature range of the experimental
density measurements (277.15 K to 353.15 K), are given in eqn
(3) and (4):

(V [TEMA][MeSO4]/cm3 mol−1) = 179.1 + 0.08724 × (T/K) (3)

(V [P66614][NTf2]/cm3 mol−1) = 589.4 + 0.5069 × (T/K). (4)

Coloration. Both pure [TEMA][MeSO4] and [P66614][NTf2]
are colorless. This is a handicap which would make the
visualization of the liquid column in the bore and the reading of
the temperature in the IL-based LIG thermometer difficult. To
avoid this limitation, while keeping the absolutely ionic nature
(and non-volatility) of the filling fluid, it was decided to test the
doping of the proposed candidates with another IL with dyeing
properties. The IL-dye chosen, [P66614]2[Direct Red 81], which is
a dark red waxy solid at room temperature and atmospheric
pressure, provided red color and the cation (two per formula
mass) is the same as in [P66614][NTf2] (see Fig. 1b.). The divalent
anion responsible for the color is shown in Fig. 3.

To verify that the effects of the addition of the dye on the
volumetric properties of the IL candidates were negligible, 1
wt% solutions of IL-dye in [TEMA][MeSO4] or [P66614][NTf2]
were prepared, and the density at several temperatures was
measured (Table 2). (A 1 wt% concentration of dye is actually
much higher than needed to actually provide an intense red
tone to the originally colorless ILs.) The differences between the

Fig. 3 Chemical structure of the anion of the IL-dye [P66614]2[Direct
Red 81].

pure ILs and the doped ones are extremely small, about 3 ×
10−3 g cm−3 for [TEMA][MeSO4] and in the range (3 to 4) ×
10−4 g cm−3 for [P66614][NTf2]. Thus, the volumetric behavior of
the pure ILs remains practically unaltered by the addition of the
IL-dye, especially in the case of the more similar phosphonium-
based IL. Since these results were obtained for the case of a
1 wt% concentration of dye, it is reasonable to assume that the
effect caused by lower concentrations (as they will be ultimately
used), will be negligible.

Liquid range. The density data in Table 2 do not cover
entirely the liquid ranges of the ILs studied, basically due to
the limitations of the densitometer used. In principle, there
is no guarantee of the validity of extrapolating the regular
volume expansion behavior outside this range. In fact, as
thermodynamically required, the volume expansivity of a fluid
(defined by eqn (5), in subsection 2.3 below) has to diverge
to +∞ when approaching its critical point, therefore imply-
ing a clear violation of constant variation in volume with
changes in temperature. However, since the critical point is
often obscured in ILs under common experimental conditions
because of prior decomposition,25 it may be reasonable to
extrapolate the constancy of volume variation with temperature
for [TEMA][MeSO4] and [P66614][NTf2] (or their IL-dye doped
versions) over most of their liquid range. Therefore, for the
design of the standard and speciality thermometers, the total
liquid range of each IL was initially considered in the cal-
culations, introducing a safety margin from the solidification
and decomposition points to delineate the upper and lower
measurable temperatures in each case.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 501–507 | 503
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2.3. Thermometer design

A classical model consisting of a tube with a bore in liquid
communication with a spherical reservoir was chosen for the
prototypes to be built, as proof of concept for the IL LIG
thermometers. The volume expansivity a of a pure fluid is a
measure of how its volume changes with temperature, and is
defined as in eqn (5):30

(5)

where V T is the total volume, T is the absolute temperature,
and subscript p indicates constant pressure. Taking into account
that the bore of the proposed prototype is cylindrical, with a
constant diameter D, and considering constant pressure in the
system, eqn (5) can be rearranged and expressed as eqn (6):

(6)

with h representing the length of the liquid column in the bore,
and Da being the difference between the volume expansivities of
the filling fluid and the glass. Eqn (6) is a classical formula for
evaluating the sensitivity of a thermometer, which can be used
as a design formula in eqn (7):

(7)

However, the application of eqn (7) for the design of the
thermometer involves approximations such as the consideration
of constant volume of the filling fluid and constant values of
the volume expansivities of both the filling fluid and the glass.
Since emphasis has been previously put in the linear variation
of the volume of the selected ILs with changes in temperature
(and therefore a strictly non-constant value of their volume
expansivity with temperature), an alternative design method
has been preferred, looking for a greater degree of conceptual
consistency.

For a reservoir-and-bore thermometer in which the level of
the liquid column in the bore is zero at the lowest operational
temperature and L at the highest operational temperature, where
L stands for the total length of the bore, we can write eqn (8):

(8)

where n is the number of moles, subscripts h and l refer
respectively to the states at the highest and lowest operational
temperatures, and the second term of the equation obviously
corresponds to the total volume of the cylindrical bore. Rewrit-
ing the expression in mass terms, and by combination with eqn
(2), we obtain eqn (9):

(9)

where m represents the mass of IL inside the glass holder, and
M is its formula mass.

On the other hand, for the state of lowest operational
temperature, the volume of the reservoir is equal to the total
volume of the IL. Therefore, assuming that the reservoir is
perfectly spherical, and already considering eqn (2), the balanced

equation is eqn (10):

(10)

with φ representing the diameter of the sphere. The actual
internal diameter of the spherical reservoir will need to be
somewhat smaller, so that the minimum temperature in the scale
can be read not exactly at the junction of the tube with the
reservoir, but at some point throughout the tube, with a length of
liquid column x �= 0 in the bore. Therefore, considering a perfect
junction of sphere and attached cylinder, we have eqn (11):

(11)

where φc represents the corrected internal diameter of the ideal
sphere of the reservoir. Adding an extra length x′ to the tube
in order to avoid the top reading at the highest operational
temperature being coincident with the sealed extreme of the
tube, the total length can be calculated as in eqn (12):

Lc = L + x + x′ (12)

where Lc is the corrected length of the tube.
For a given bore diameter D, known Th and Tl, and assigning

a value to e.g. the length L of the tube, with eqn (9) and (10), it
is possible to calculate the mass m of IL needed and the internal
diameter φ of the spherical reservoir. With eqn (11) and (12), and
the corresponding estimations of x and x′, the diameter of the
reservoir and the length of the tube can be corrected, obtaining
φc and Lc. Therefore, congruent theoretical solutions {m, D,
φc, Lc} can be generated by using eqn (9)–(12), and the more
convenient combination of these parameters can be chosen. The
theoretical values finally selected for each of the approaches
considered are summarized in Table 3.

A negligible expansion/contraction of the glass with changes
in temperature was considered in the development of eqn (8)–
(12). For Pyrex (the borosilicate glass available at the glassblow-
ing workshop for the construction of the prototypes), the linear
coefficient of thermal expansion has been reported to be 3.3 ×
10−6 K−1.31 The volume expansivity will be approximately the
triple of this value, therefore ca. 9.9 × 10−6 K−1. With eqn (5) and
the data in Table 2, volume expansivities lying in the range (4 to
7) × 10−4 K−1 can be found for the IL candidates. Therefore, the
volume expansivity of Pyrex represents between 1.4% and 2.4%
of the volume expansivity of the ILs in the range of temperatures
investigated.

Table 3 Theoretical values calculated and selected for the design vari-
ables of the prototypes of both the standard and speciality approaches
considered, according to the procedure described in subsection 2.3

Parametera Standard thermometer Speciality thermometer

m/g 5.354 1.278
D/mm 1.2 1.2
φc/mm 22.4 16.0
Lc/mm 340 340

a Mass of IL (m), internal diameter of the tube (D), corrected internal
diameter of the ideally spherical reservoir (φc), corrected length of the
tube (Lc).
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Eqn (6) and (7) would consider this effect, but they would
fail to evaluate the change of volume expansivity of the ILs with
temperature. In fact, it can be calculated that a varies as much as
3.0% for [TEMA][MeSO4] and 4.9% for [P66614][NTf2] from 4 ◦C
to 80 ◦C. Regardless of this, due to limitations at the glassblowing
workshop, the reservoir blown will not be perfectly spherical,
and its volume will not be accurately assessed either; so, the
actual value will be just an approximation of the theoretical
value. Therefore, no further precision is of interest in the
designing process, and later testing of the constructed prototypes
will be required to check the extent to which their performance
agrees with the theoretically expected design considerations.

2.4. Construction and testing of the prototypes

Thick-wall Pyrex tubes with nominal internal diameters of
1.2 mm were selected for the construction of the prototypes.
They were cut at the appropriate length, and after that,
approximately spherical bulbs were blown at one of the ends,
in the glassblowing workshop. Only the external diameter of the
bulb could be controlled during the process, so an estimation of
the thickness of the glass shell of the reservoir was required in
order to approximately match the value of the internal diameter
obtained in the theoretical design.

Batches of [TEMA][MeSO4] and [P66614][NTf2] were col-
ored with the IL-dye [P66614]2[Direct Red 81]. It was found
(not unexpectedly) that the IL-dye was much less soluble in
[TEMA][MeSO4] than in [P66614][NTf2]. Thus, a very low con-
centration of dye (62 ppm) was used to color [TEMA][MeSO4],
whereas for preparation of the colored [P66614][NTf2], a solution
with almost 0.1% of dye (952 ppm) was prepared. Nonetheless,
even in the first case, the color intensity was strong.

In Table 2 it was shown that the influence of 1% dye in the
density values is higher in [TEMA][MeSO4] than in [P66614][NTf2].
Thus, the fact of using a very low concentration of dye for
preparing the colored solution of [TEMA][MeSO4] (although
the concentrations in both cases are well below the 1% used to
produce the data reported in Table 2) enhances the assumption
of negligible effect of the dye in the volumetric behavior of the
IL candidates.

The colored ILs were introduced in their corresponding
customized glass holders through the open extreme of the tube,
by means of a double-tipped stainless steel needle, with one tip
inside a plastic syringe to which it was connected with a rubber
septum, and with the other tip located in the reservoir space,
after introduction of the needle across the glass tube from its
open end. Due to the difficulties in controlling the weight of
the introduced fluid during the filling process, the appropriate
amount of thermometric fluid to be placed inside the holder
was calculated not by mass, as suggested by the procedure
described in subsection 2.3, but by estimation of the length of
the liquid column in the bore which should correspond to room
temperature (Fig. 4). To remove the bubbles formed during this
action, as well as to completely degasify the liquids introduced,
both prototypes were placed for several hours in ultrasonic
baths. Due to the generally hygroscopic nature of some ILs,1,32

special care was taken during this period to prevent the ILs from
picking up moisture from the atmosphere. Next, the prototypes

Fig. 4 Colored [TEMA][MeSO4] filling the reservoir and part of the
bore of the glass holder of the standard thermometer prototype.

were connected to a vacuum line through their open end, and
were sealed with a torch.

Once the prototypes were sealed under reduced pressure,
calibration was carried out by fixing two points: the ones
corresponding to boiling water (100 ◦C) and melting ice (0 ◦C).
Following recommendations in the literature,33 the mark at
100 ◦C was fixed first, by immersing the bulbs of the prototypes
in a bath with deionized water in ebullition. Analogously, the
mark at 0 ◦C was fixed by immersing the bulbs in a bath of
melting ice. No special control of the atmospheric pressure
was carried out during these steps; however a commercial LIG
thermometer was placed in parallel in the same baths, and its
readings were verified to agree with the supposed temperature
(either 100 ◦C or 0 ◦C) within the uncertainty of the apparatus.
In Fig. 5 the experimental setup for calibration is shown for the
standard thermometer.

Fig. 5 Experimental setup for the calibration of the standard ther-
mometer with the red-dyed [TEMA][MeSO4], in baths of boiling water
(left picture) and melting ice (right picture) for determining the marks
at 100 ◦C and 0 ◦C respectively, while compared with the readings of a
commercial LIG thermometer (with blue filling fluid).

With the two reference marks fixed, the rest of the scale
could be drawn by equidistant distribution of the degrees.
Thus, keeping safety distances between the lowest readable

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 501–507 | 505
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temperature and the reservoir-bore junction, as well as between
the highest readable temperature and the top sealed end of
the bore, a scale from −40 ◦C to 140 ◦C was assigned to the
standard thermometer, and from −50 ◦C to 300 ◦C for the
speciality thermometer. The validity of the scale was confirmed
by placing the bulbs of the graduated prototypes in different
organic solvents in ebullition (diethylether, MTBE, acetonitrile,
1-methylimidazole), covering a good range of boiling points. All
readings matched the expected temperature within ± 2 ◦C. The
poor precision can be justified by the degree of purity of some of
the solvents used (as low as 98% in some case) or to fluctuations
in the uncontrolled atmospheric pressure, thus altering the
boiling temperature of the solvent.

The IL-based thermometers were found to be kinetically
slower than equivalent commercial LIG thermometers. This can
be attributed to the much wider diameter of the bore in our pro-
totypes, which implies a much larger amount of thermometric
fluid in the liquid column. A professional manufacturing process
for the IL thermometers would surely minimize this problem.
The work developed herein has basically focused on proving the
concept of customized LIG thermometers operating with ILs
as filling fluids, rather than on the straight manufacturing of a
thermometer ready for commercialization.

3. Experimental

The IL [TEMA][MeSO4], a colorless viscous liquid synthesized
by BASF, was purchased from Fluka with a nominal purity
≥95%, although 1H and 13C NMR analyses did not identify
any impurity; its water content was measured by Karl–Fischer
titration and it was found to be <100 ppm. The preparation and
characterization of [P66614][NTf2] was carried out as described
elsewhere.29

The IL-dye, [P66614]2[Direct Red 81], was synthesized by a
metathetic reaction, mixing trihexyl(tetradecyl)phosphonium
chloride (commercial name CYPHOS R© IL 101, from Cytec)
and Direct Red 81 (from Sigma–Aldrich, product no. 195251,
disodium salt); the mixture was stirred for a minimum of 2 h at
room temperature, washed with water, and dried under vacuum
while slowly increasing the temperature to a maximum of 80 ◦C.

Due to the lack of precise data in the literature for the liquid
range of [TEMA][MeSO4], differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) were carried out
for this substance in a TA Instruments model 2920 Modulated
differential scanning calorimeter (with the sample placed in
an aluminium pan and heated at a rate of 2 ◦C min−1 and
cooled at 5 ◦C min−1 in nitrogen atmosphere) and a TGA 2950
TA Instrument (programmed at a heating rate of 5 ◦C min−1

and also under nitrogen atmosphere), respectively. In the DSC
thermogram, a glass transition temperature T g = −81 ◦C was
observed. Then, [TEMA][MeSO4] remains stably liquid from
this temperature up to around 200 ◦C, where the first symptoms
of decomposition were observed in the TGA. No precise onset
decomposition temperature could be determined.

A Mettler Toledo DE40 densitometer was used to determine
the densities of the pure ILs [TEMA][MeSO4] and [P66614][NTf2],
and of their colored mixtures with the IL-dye. The instrument
was calibrated using filtered and degassed water (with a resistiv-
ity of 18 MX cm at 25 ◦C) through a temperature range from

4 ◦C to 80 ◦C. Since the IL samples to be examined were viscous
in nature, the automated viscosity correction of the apparatus
was activated. After calibration, the density of each sample was
determined in triplicate at the reported temperatures.

Glassblowing works and construction of the prototypes have
already been detailed in section 2.

4. Conclusions

Liquid-in-glass prototypes of a standard thermometer and a spe-
ciality thermometer, operating over different temperature ranges
and oriented to different applications, were successfully built
using the ILs [TEMA][MeSO4] and [P66614][NTf2], respectively, as
thermometric fluids. Both ILs were selected according to their
previously reported properties, and their volumetric behavior as
a function of temperature was investigated. Linear variation of
the volume with changes in temperature was observed for both
ILs, being an ideal result for their utilization as thermometric
fluids in LIG thermometers. The drawback of the lack of color
of the selected ILs was overcome by doping with an IL-dye,
thus providing color and facilitating the reading of the liquid
column in the bore, while keeping the completely ionic nature
of the fluid. Some difficulties for practical application may arise
from, for example, slow response times as a result of the high
viscosity of the ILs, especially at low temperatures, or high heat
capacity. Nevertheless, this work demonstrates the opportunities
of ILs in creating customized devices for the measurement
of temperature, designed according to different requirements
in parameters such as operational temperature range, price,
toxicity, or biodegradability.
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Room-temperature ionic liquids (ILs) are considered green chemicals that may replace volatile
organic solvents currently used by industry. However, toxicological effects of ILs are not well
known. In this study, we describe the cytotoxicity of selected imidazolium-derived ILs in Caco-2
cells, prototypical human epithelial cells. The most toxic IL was 1-decyl-3-methylimidazolium
chloride ([C10mim][Cl]), whereas the least toxic was 1,3-dimethylimidazolium methyl sulfate
([C1mim][MSO4]). Using the toxicological experimental data obtained we developed a
Quantitative Structure–Activity Relationship (QSAR) study using the Topological Sub-Structural
Molecular Design (TOPS-MODE) approach. The model found showed excellent statistical
parameters and from their interpretation, we arrived to some important conclusions such as: For
1-alkyl-3-methylimidazolium chloride derivatives, a correlation between the R2 alkyl chain length
and toxicity was observable. A positive contribution of p-chloro substituent in benzyl ring is
detected among 1-methylarylimidazolium chloride derivatives. Regarding the contribution of the
anion, anion chloride presents a positive contribution to toxicity whereas for compounds
[C1mim][MSO4] and [C1eim][ESO4], a negative fragment contribution can be detected in anion
methyl or ethyl sulfate. The EC50 values determined for the ILs analysed in this study in Caco-2
cells are lower than the data reported in the literature on the toxicity of classical solvents assessed
with cell lines. In conclusion, our results indicate that the possible cytotoxic effect of ILs should be
considered in the design and overall evaluation of these compounds. Nevertheless, any toxicity
evaluation of ILs should take their bioavailability into account, which will be affected by their low
volatility, compared to conventional solvents.

Introduction

Ionic liquids (ILs) are organic salts that are liquids at low
temperature (usually at or below 100 ◦C).1 In the last few years,
interest in ILs research has dramatically increased and has
resulted in the development of a vast number of novel ILs with
a wide range of interesting applications.2

The most often cited attributes of ILs are their non-volatile
properties, which make them potential green substitutes for con-
ventional volatile organic solvents. Other favourable properties
include their very good dissolution properties for most organic
and inorganic compounds, high intrinsic ionic conductivity,

aDepartment of Biochemistry, Genetics and Immunology, University of
Vigo, 36310, Vigo, Spain. E-mail: vzorzano@uvigo.es
bDepartment of Organic Chemistry, University of Vigo, 36310, Vigo,
Spain
cDepartment of Chemical Engineering, University of Vigo, 36200, Vigo,
Spain
dMolecular Simulation and Drug Design Group, Chemical Bioactive
Center, Central University of Las Villas, Santa Clara, 54830, Villa
Clara, Cuba
† This article is dedicated to José Tojo and to Maykel Pérez González in
memoriam.

thermal and oxidative stability, a wide electrochemical window,
broad liquid range, excellent heat transfer properties, and
efficient absorption/transfer of microwaves.3

Another advantage of ionic liquids is that their physical and
chemical characteristics can be modified over a wide range
by modification of the cation’s fine structure and the anion’s
identity. These variabilities and combinations therefore lead to
an enormous number of theoretically accessible ionic liquids.

These chemicals have been widely used as solvents or
co-catalysts in a variety of reactions including organic
catalysis,4 biocatalysis,5 inorganic synthesis,1 polymerisation,6

electrochemistry,7 and traditional extraction processes and gas
separation.8 In addition, there is an increasing use of ILs as
engineering liquids for industrial processing,1 and consequently
their utilization in different branches of the chemical industry
has quickly expanded.

Although ILs are usually described as green solvents, tox-
icity research studies have recently received attention and
it has been demonstrated that many commonly used ILs
have a certain level of toxicity.2 Recent toxicity studies have
documented ILs effects on organisms such as bacteria,9–16

algae,17,18 invertebrates,14,16,17,19–23 fish,24,25 plants,26,27 mammalian
cell cultures,11,28,29 or rat.30,31

508 | Green Chem., 2008, 10, 508–516 This journal is © The Royal Society of Chemistry 2008
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Nevertheless, only a few studies have analyzed the toxicity
of ILs on human cell lines.32–34 These in vitro systems have
been extremely useful studying the molecular basis of chemical’s
biological activity, including its mechanisms of toxic action35

and could facilitate extrapolation of in vitro data with regard to
possible effects on humans.36

Another important challenge in ILs research is to be able
to predict the toxicity of compounds that could be ILs by the
construction of structure–activity relationship. This information
can be used as the basis to design rules in synthesizing ILs with
minimal toxicity.

In this connection, Quantitative Structure–Activity Relation-
ship (QSAR) modelling is a potentially useful tool for this
propose.37 This involves the generation of mathematical models
that relate the physical–chemical and structural properties of
chemicals with their biological effects, by developing models
based on the use of a training set of chemicals with known
structures and biological activities.38–40 QSAR studies have been
extensively applied for predicting the toxicity of a wide range of
chemicals for a diversity of endpoints.41–43 QSAR modelling can
be used for screening purposes and for prioritizing compounds
in the early stages of development, and even before they have
been synthesized, in virtual applications.44–46

In this paper, we report experimental data on the cytotoxicity
of selected imidazolium-derived ionic liquids using the Caco-2
human cell line. These data were then used to build a predictive
toxicity model based upon QSAR modelling methods.41,47,48 The
model was used to elucidate the chemical and structural factors
that govern the toxicity of these compounds.

Results and discussion

This study investigates the cytotoxicity of selected imidazolium-
based ionic liquids in the Caco-2 human cell line including some
compounds whose cytotoxicity has not ever been determined.
All ionic liquids were prepared as described in previous papers
and characterized using FAB mass spectrometry and 1H and 19F
NMR,49–58 and are summarized in Table 1.

We have used Caco-2 cells because as Ranke et al. suggested,29

cytotoxicity tests in largely dedifferentiated cancer cell lines such
as the one used in this study provide a convenient screening
method for obtaining first rough estimates for the toxic potential
of chemical substances. Furthermore, Caco-2 cells represent
prototypical cells of the human epithelium, and they were chosen
because the first contact of an organism with toxic compounds
generally takes place in the epithelial cells. During the writing
of this manuscript, a new paper has been published describing
the effect of ionic liquids on human colon carcinoma HT-29
and Caco-2 cell lines.34 Among the ILs that we tested, only
one compound ([C8mim][PF6]) was already analysed in the
mentioned work. On the other hand, in contrast to this previous
study,34 we develop a QSAR model that could be used to predict
the toxicity of the compounds.

For all the ILs investigated, concentration–response curves
could be fitted with the linear logistic model and the ef-
fective concentration 50 (EC50) values were calculated. As
examples, dose–response curves for Caco-2 cells exposed to [p-
ClBnmim][Cl] after 24 and 48 h of incubation are shown in
Fig. 1.

The EC50 values, as well as the decadic logarithm of these data
for the ILs tested, are summarized in Table 1. Considering all the
ILs assayed, differences in their EC50 values of more than three
orders of magnitude were found. The EC50 data obtained ranged
from 0.03 up to 81.24 mM (from 1.5 to 4.9 in logarithmic form)
after 24 h of incubation, and from 0.01 up to 31.69 mM (from
1.0 to 4.5 in logarithmic form) with an incubation time of 48 h.
These values are in agreement with those reported by Ranke
et al.29 showing a range of cytotoxicity values for imidazolium
ILs from about 10 mM to about 0.01 mM.

As it can be seen in Table 1, a reduction in the EC50 values
(indicating an increase in the cytotoxicity effect) for most of the
ILs assayed was observed when the exposition time extends from
24 to 48 h. There were only two exceptions: [C4mim][MSO4] and
[C4eim][ESO4]. This trend of increasing toxicity with increasing
exposure time was especially significant for the group of 1-alkyl-
3-methylimidazolium chlorides.

Table 1 Effective concentration (EC50) values for different imidazolium-derived ionic liquids tested in Caco-2 cellsa

Exposition time: 24 h Exposition time: 48 h

Ionic liquid EC50 SD log EC50 R2 EC50 SD log EC50 R2

I1 [C4mim][Cl] 28.69 10.24 4.5 0.96 3.80 0.66 3.6 0.99
I2 [C6mim][Cl] 5.24 4.79 3.7 0.89 0.24 0.18 2.4 0.93
I3 [C8mim][Cl] 0.54 0.66 2.7 0.92 0.03 0.02 1.5 0.99
I4 [C10mim][Cl] 0.03 0.02 1.5 0.91 0.01 0.01 1.0 0.98
I6 [C6mim][PF6] 15.67 3.78 4.2 0.97 6.87 1.62 3.8 0.95
I5 [C8mim][PF6] 5.12 1.81 3.7 0.94 1.46 0.29 3.2 0.99
I7 [C1mim][MSO4] 81.24 24.76 4.9 0.96 31.69 14.53 4.5 0.94
I11 [C4mim][MSO4] 20.46 7.88 4.3 0.99 23.34 13.03 4.4 0.96
I13 [Bnmim][MSO4] 16.96 6.71 4.2 0.98 14.13 4.75 4.1 0.99
I8 [C1eim][ESO4] 44.11 26.48 4.6 0.94 13.60 5.94 4.1 0.94
I12 [C4eim][ESO4] 8.50 11.29 3.9 0.93 13.08 1.99 4.1 0.99
I14 [Bneim][ESO4] 14.08 5.00 4.1 0.97 10.37 0.61 4.0 1.00
I15 [Bnmim][Cl] 30.76 6.41 4.5 0.99 11.09 0.67 4.0 1.00
I9 [p-FBnmim][Cl] 20.37 7.28 4.3 0.98 2.78 0.99 3.4 0.95
I10 [p-ClBnmim][Cl] 4.58 0.51 3.7 0.99 1.07 0.12 3.0 0.99

a EC50 values are expressed as mean and standard deviation (SD) calculated from three independent experiments and expressed in mM. log EC50:
Decadic logarithm of the EC50 values expressed in lM. R2 indicates the proportion of variability explained by the fitted equation.
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Fig. 1 Dose–response curves for Caco-2 cells exposed to [p-
ClBnmim][Cl] for 24 h (�) and 48 h (�). Data are the mean and SD
of three independent experiments.

Our finding of an increased cytotoxicity of most of the
compounds tested in function of the exposure time contrasts
with the data reported for some ILs containing tetrafluoroborate
in HeLa cells, describing similar or even higher EC50 values
after 44 h of incubation in comparison to the values obtained
after 24 h.32 However, in accordance with our results, a trend of
increased toxic effect of ILs on the alga Cyclotella meneghiniana
by increasing the exposure time from one to ten days of culture
has been reported.17

On the other hand, with the aim of interpreting in a more
extensive way the experimental results obtained, we developed a
QSAR model using the TOPS-MODE approach.59–61 This tool
permits us to predict the potential contribution of the different
sub-structures that constitute the ILs under study.

The model selection was subjected to the principle of
parsimony.62 Then, we chose a function with higher statistical
signification but having as few parameters as possible. For that
reason, although several models were developed for the spectral
moments (TOPS-MODE approach), changing the number of
variables in every step of the analysis, the preliminary best model
that we found was described with the following equation and
followed by the statistical parameters of the regression:

−log(EC50) = −0.928(±0.026) + 2.665(±0.188)lsumB20
4 −

4.549(±0.239)l1lDist
15 + 2.265(±0.077)l1l

Hyd
1 (1)

N = 15, R2 = 0.989, S = 0.101, F = 332.88, p < 10−5, AIC =
0.017, LOF = 0.021, FIT = 38.111, q2

CV−LOO = 0.983, SCV-LOO =
0.115, q2

CV−Boot = 0.934, SCV-LGO = 0.128, R2
Scram = 0.121, q2

Scram =
−0.478.

where N is the number of compounds included in the model,
R2 is the square of the correlation coefficient, S is the standard
deviation of the regression, F is the Fisher ratio, AIC is the
Akaike’s information criterion and FIT is the Kubinyi function.
Furthermore, we calculated the validation parameters shown
previously like cross-validated squared regression coefficient q2

and the standard deviation SCV of the LOO and bootstrapping
procedures. Finally, a scrambling technique verifies models with
chance correlations, using R2

Scram and q2
Scram after that the sequence

of response vector has been randomly modified. The procedure

is repeated 300 times and the model show good results from
statistical points of view.

The parameter q2 is used as a criterion of both robustness and
predictive ability of the model. Many authors consider high q2

(for instance, q2 > 0.5) as an indicator or even as the ultimate
proof that the model is highly predictive.63 As we can see, the
model proposed by us as the best one presents appropriate values
of statistic parameters. Nevertheless, it would be interesting to
show the analysis that we carried out to determine the best model
with the TOPS-MODE descriptors family.

As we mentioned above, we developed several models for the
TOPS-MODE descriptors changing the number of variables in
every step of the analysis. In other words, once a model was
developed, we calculated their statistical parameters and tested
if the addition of a new variable to the model was justified.
If it was the case, we compared the results with the previous
models and we repeated this analysis whenever we included a
new variable.

In this connection, it was very important to calculate some
criterion in order to know when to stop the introduction of
new variables in the development of the model. Our data set
contains only 15 compounds and the maximum number of
variables is three for the minimum value of ratio between cases
and variables included in the model. It has been reported that
this relation is appropriate when there are five cases per variable
(5 : 1) as a minimum value.64 We also applied the Akaike’s
information criterion and Kubinyi function to determine if a
variable should be included in the model. That is to say, if the
Akaike’s information criterion decreases in value when adding
an additional variable and the Kubinyi function increases in
value, then, the introduction of this new variable is justified.

The equations that describe the models relative to two
variables are shown below with their statistical parameters.

−log(EC50) = −1.023(±0.067) − 3.286(±0.176)l0l
Dip
8 +

2.649(±0.368)lHyd
9 (2)

N = 15, R2 = 0.764, S = 0.447, F = 19.460, p < 10−5, AIC =
0.301, LOF = 0.297, FIT = 8.483, q2

CV−LOO = 0.556, SCV-LOO =
0.687, q2

CV−Boot = 0.525, SCV-LGO = 0.749, R2
Scram = 0.086,

q2
Scram = −0.393.

The quality of the statistical parameters for the model with
two variables was significantly less adequate than the model
reported by eqn (1) and the intercept of the eqn (2) turned out
not to be significant. The introduction of this new variable (eqn
(1)) conformed to the Akaike’s information criterion (decrement
from 0.301 to 0.017) and the Kubinyi function (increased from
8.483 to 38.111) was justified. The statistical parameters in model
1 improved with increases in the value of the R2, q2 and F , and
a decrease in the value of S. For this reason, we found better
results and a more predictive model when introduced a third
variable (eqn (1)). In addition, we do not find any compounds
that can be considered potential outliers.

On the other hand, in the last few years, considerable progress
has been made in identifying structure alerts and critical struc-
tural factors aimed at predicting the toxicity of chemicals.65–68

In particular, computational methods have provided valuable
information towards their early identification with important
implications in the design of safer chemicals.69 Specifically, in
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our case, one can easily write the QSAR model in terms of bond
contributions or otherwise structural fragment contributions for
the chemicals, and then infer how the latter do influence the
toxicity.

Among the ILs evaluated in this study, the most toxic was
[C10mim][Cl], whereas those showing minor toxicity to Caco-
2 cells were those containing an alkyl sulfate as anion and a
methyl or ethyl group as R1 substituent ([C1mim][MSO4] and
[C1eim][ESO4] respectively). In this way, our theoretical QSAR
model also predicts [C10mim][Cl] (compound I4) as the most
toxic, opposed to the alkylsulfate derivates [C1mim][MSO4]
and [C1eim][ESO4] (compounds I7 and I8 respectively). As
can be seen in Fig. 2, anion chloride presents a positive
contribution to the studied property for I4. However, for com-
pounds [C1mim][MSO4] and [C1eim][ESO4], a negative fragment
contribution can be detected in anion methyl or ethyl sulfate.

Fig. 2 Molecular representation of compounds [C1mim][MSO4] (I7),
[C1eim][ESO4] (I8) and [C10mim][Cl] (I4) and corresponding fragment
contributions.

To our knowledge, this is the first report about the cytotox-
icity of these two methylimidazolium alkyl sulfate derivatives.
Regarding other 1,3-dialkylimidazolium-derivatives containing
alkyl sulfate as anion we have found only one paper describing
an EC50 value of 1.7 mM for the compound ([C4mim][MSO4])
tested in the IPC-81 rat leukaemia cell line.70

To analyse the influence of an aromatic side chain on the
toxicity of ILs, methylimidazolium-derived ILs containing an
aromatic ring as R2 substituent were also tested. Among them,
three included Cl− as anion [Bnmim][Cl], [p-FBnmim][Cl] and [p-
ClBnmim][Cl]) whereas the other two contained an alkylsulfate
as anion [Bnmim][MSO4] and [Bneim][ESO4]. For the chloride
derivatives, the one containing p-ClBn was the most toxic. The
same behaviour was found in the model QSAR (Fig. 3).

A positive contribution of p-chloro substituent in benzyl ring
is detected among 1-methylarylimidazolium chloride deriva-
tives. The p-substitution with the other halogen in compound I9
(fluoro) decreases this effect and in the absence of p-substituents
(compound I15), a negative contribution on property is pre-
dicted, in accordance with experimental assays. On the other
hand, in comparison with 1-alkyl-3-methylimidazolium chloride

Fig. 3 Molecular representation of compounds [p-FBnmim][Cl] (I9),
[p-ClBnmim][Cl] (I10) and [Bnmim][Cl] (I15) and corresponding frag-
ment contributions.

derivatives, the cytotoxicity of these ILs to Caco-2-cells was
similar to that shown for [C4-C6mim][Cl] and lower than that
shown for [C8-C10mim][Cl]. These results are also detected in
the theoretical model. Alkylsubstituents on imidazolium cations
with 4 or 6 carbon atoms show a negative contribution to toxicity
(compounds I1 and I2) similar to arylsubstituents (compounds
I9, I10 and I15), as can be seen in Fig. 4.

However, an increase in the length of the alkyl chain on cation
has a positive contribution to Caco-2 cells toxicity (compounds
I3 and I4). Concerning the toxicity of the alkylsulfate derivatives
[Bnmim][MSO4] and [Bneim][ESO4], their EC50 values were
similar to those shown by [C4mim][MSO4] and [C4eim][ESO4]
respectively. The same predictions are derived from the Fig. 5.

In alkylsulfate derivates [C4mim][MSO4], [C4eim][ESO4],
[Bnmim][MSO4] and [Bneim][ESO4] (compounds I11, I12, I13
and I14, respectively), a negative contribution to the toxicity
activity is detected in alkyl or aryl fragments under imidazolium
cations.

In the present work, we observed a decrease in the EC50 values
with an increase in the length of the R2 alkyl chain for the group
of 1-alkyl-3-methylimidazolium chlorides (see data in Table 1).
In addition, Fig. 4 allows us to establish a theoretical comparison
between 1-alkyl-3-methylimidazolium chlorides. We can see that
the alkylsubstituent contribution on studied property increases
with the chain length (from C4 to C10).

A similar effect of increased toxicity with a longer R2 alkyl
chain length was found when the following comparisons were
established: [C6mim][PF6] vs. [C8mim][PF6] [C1mim][MSO4]
vs. [C4mim][MSO4] and [C1eim][ESO4] vs. [C4eim][ESO4] (see
Table 1). However, in these cases, results are based on the
comparison of two ionic liquids only and further testing would
be necessary to support this hypothesis.

Our results concerning the influence of the R2 chain length
on toxicity are consistent with data published by other authors
describing that the longer the n-alkyl chain is, the greater the
toxicity of the compound is too. This finding was observed for
ILs containing C3mim to C10mim cations assayed on IPC-81
and C6 rat cell lines,11 as well as for ILs containing C4mim to

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 508–516 | 511
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Fig. 4 Molecular representation of compounds [C4mim][Cl] (I1), [C6mim][Cl] (I2), [C8mim][Cl] (I3), [C10mim][Cl] (I4), [p-FBnmim][Cl] (I9), [p-
ClBnmim][Cl] (I10) and [Bnmim][Cl] (I15) and corresponding fragment contributions.

C10mim cations tested on the HeLa human tumour cell line.32

Additionally, increasing of the toxicity with the length of the
alkyl substituent chain on the methylimidazolium cation has
also been described for HT-29 and Caco-2 cell lines.34 The trend
of increased toxic effect with increased hydrophobicity of ILs
has also been described in other organisms including the ma-
rine bacterium Vibrio fischeri,11,15 the nematode Caenorhabditis
elegans,19 the crustacean Daphnia magna20 and the snail Physa
acuta.21

In general, ILs with longer alkyl chains are more lipophilic
than those with shorter alkyl chains and they can be presumed
to have a tendency to be incorporated into the phospholipid
bilayers of biological membranes. In this regard, some authors
have indicated that the increased toxicity of longer ILs can
be attributed to enhanced membrane permeability altering the
physical properties of the lipid bilayer.11,17,32 Furthermore, it has
been suggested that the mechanism of toxicity for ILs takes
place through membrane disruption because of the structural
similarity of imidazolium-derived ILs to detergents, pesticides
and antibiotics that attack lipid structure or cationic surfactants

that may cause membrane-bound protein disruption.15 Recently,
Ranke et al. have demonstrated that lipophilicity of ILs domi-
nates their in vitro cytotoxicity over a wide range of structural
variations.29

The contribution of the anionic part of the ionic liquids to
the observed biological effect was evaluated by comparing the
EC50 values obtained for the cations [C6mim]+ and [C8mim]+,
combined with two different anions (Cl− and PF6−). For
both cations, a higher toxic effect was found for chloride
derivatives. A similar result was described by Stock et al.
when the inhibitory effects of [C4mim][Cl] and [C4mim][PF6] on
the acetylcholinesterase activity were compared.25 In addition,
slightly higher cytotoxicity for the chloride derivative has
also been described when the cytotoxicity of [C4mim][Cl] and
[C4mim][PF6] on HeLa cells was tested.32 Several authors have
described that varying the anion has only minimal effects on
the toxicity of several imidazolium compounds, indicating that
ILs toxicity seemed to be related to the alkyl chain branching
and to the hydrophobicity of the imidazolium cation and not to
the various anions.11,14,20 In this respect, a recent study using the
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Fig. 5 Molecular representation of compounds [C4mim][MSO4] (I11),
[C4eim][ESO4] (I12), [Bnmim][MSO4] (I13) and [Bneim][ESO4] (I14) and
corresponding fragment contributions.

IPC-81 rat leukaemia cell line as test system and including a
large pool of anions demonstrated that most of the commercially
available anions showed no or only marginal cytotoxic effects.
However, anionic moieties with lipophilic and hydrolysable
structural elements seem to be of considerable relevance with
respect to the toxicity of ionic liquids.70

To permit comparisons between the cytoxicity of ionic liquids
and conventional solvents, the following organic solvents:
acetone, methanol, acetic acid and benzene were tested with
Caco-2 cells in the concentration range from 0.01 to 25 mM. We
found that after 24 or 48 h of exposition to these solvents, the
cells viability was always higher than 70%. At the same range
of final concentrations all the ILs tested in this study were more
toxic than the solvents analysed. Based on the data obtained, it
was not possible to estimate any effective concentration values
for the organic solvents analysed. Similar results were described
by Frade et al.,34 when methanol and acetone were tested on
Caco-2 and HT-29 cells.

The EC50 values of the ILs tested in our study were compared
to the EC50 data present in the literature regarding the toxicity of
classical industrial solvents assessed with other cell lines. In this
regard, the only available data for the same solvents were those
reported for methanol and acetone assayed on the IPC-81 rat cell
line11 describing log EC50 values higher than 6.0 (EC50 expressed
in lM) for both solvents. Furthermore, typical cytotoxicities of
mild conventional solvents have been described with EC50 values
of about 106 lM.29 The log EC50 values determined for the ILs
tested in our study in Caco-2 cells are generally two or three
orders of magnitude lower, which indicates that these ILs are
more toxic than some commonly used industrial solvents.

Conclusion

A group of imidazolium-derived ILs have been tested for their
biological activity in the Caco-2 human cell line. The results
presented in this paper indicate that the cytotoxicity of ILs is

dependent on their chemical structure. In this connection, a
QSAR model with good statistical parameters using a TOPS-
MODE approach was obtained and a relevant sub-structural
analysis from this model was provided. As a consequence,
the possible cytotoxic effect of ILs should be considered in
the design of these compounds. In this respect, the fact that
methylimidazolium alkyl sulfate derivatives have a relatively low
cytotoxic effect can be considered as a positive attribute.

Experimental

Ionic liquids synthesis

The ILs tested in the present work were synthesized using met-
hods previously described and characterized by 1H NMR,
19F NMR and FAB MS spectrometry. They are cited as:
1-butyl-3-methylimidazolium chloride ([C4mim][Cl]),50 1-hexyl-
3-methylimidazolium chloride ([C6mim][Cl]),50 1-octyl-3-methy-
limidazolium chloride ([C8mim][Cl]),50 1-decyl-3-methylimida-
zolium chloride ([C10mim][Cl]),51 1-hexyl-3-methylimidazolium
hexafluorophosphate ([C6mim][PF6]),49 1-octyl-3-methylimida-
zolium hexafluorophosphate ([C8mim][PF6]),52 1,3-dimethy-
limidazolium methyl sulfate ([C1mim][MSO4]),53 1-butyl-
3-methylimidazolium methyl sulfate ([C4mim][MSO4]),54 1-
benzyl-3-methylimidazolium methyl sulfate ([Bnmim][MSO4]),55

1-methyl-3-ethylimidazolium ethyl sulfate ([C1eim][ESO4]),56

1-butyl-3-ethylimidazolium ethyl sulfate ([C4eim][ESO4]),54 1-
benzyl-3-ethylimidazolium ethyl sulfate ([Bneim][ESO4]),55 1-
benzyl-3-methylimidazolium chloride ([Bnmim][Cl]),57 1-p-
fluorobenzyl-3-methylimidazolium chloride ([p-FBnmim]-
[Cl]),58 1-p-chlorobenzyl-3-methylimidazolium chloride ([p-
ClBn mim][Cl]).58 Fig. 6 shows a schematic representation of
the general structure of the above-mentioned ILs.

Fig. 6 Generic chemical structure of the group of imidazolium-derived
ionic liquids tested in this study.

Other chemicals

The cell culture medium and the supplements were purchased
from Biochrom AG. The plastic cellware was provided by Costar.
The MTT cell proliferation kit was purchased from Roche. All
the other chemicals, of analytical grade, were obtained from
Panreac and Sigma.

Caco-2 cell culture

The Caco-2 human colon adenocarcinoma cell line was obtained
from the European Collection of Cell Cultures (ECACC No:
86010202). Cells were routinely grown in 25 or 75 cm2 plas-
tic flasks in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 g L−1 glucose, 20% foetal calf serum (FCS),

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 508–516 | 513
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100 units mL−1 of penicillin, 100 lg mL−1 of streptomycin, 2 mM
L-glutamine, and 1% non-essential amino acids at 37 ◦C, in
a 5% CO2 humidified atmosphere. The medium was changed
every three days and cells were subcultured after reaching
90% confluence by treating them with a solution of 0.05%
trypsin/0.02% EDTA in phosphate-buffered saline (PBS).

Cytotoxicity evaluation

Cytotoxicity was determined using a colorimetric assay
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reagent. This assay is based on the conversion
of the yellow tetrazolium salt to purple formazan crystals by
metabolic active cells.71 In these experiments, cells were seeded
at a density of 10 000 cells well−1 into 96-well tissue culture plates
and grown for 40 h before adding the tested compounds. The ILs,
previously diluted in the culture medium, were added to the wells
at final concentrations within the range from 1 lM to 100 mM,
and cells were incubated for 24 or 48 h. Each plate contained
blanks (DMEM medium alone), controls (cells incubated only
with medium), and serial dilutions of ILs, with three replicates
for each concentration.

After the incubation intervals, 10 lL of the MTT reagent
were added to each well and cells were incubated for an
additional 4 h period to allow the cleavage of the MTT
reagent by viable cell mitochondrial dehydrogenase. Afterwards,
100 lL of the solubilization solution were added and plates
were incubated overnight. The absorbance of the solubilized
formazan product was then spectrophotometrically quantified
in an ELISA microplate reader (Biorad 550) at 570 nm with
the reference at 630 nm. The cell viability was expressed as the
absorption percentage of exposed cells compared with that of
cells incubated with media alone.

The EC50 values were obtained by fitting dose–response
curves, representing cell viability to the base 10 logarithm of
the ionic liquid concentration, to a linear logistic model as
previously described.11 Results are expressed as the mean and
standard deviation (SD) of three independent experiments. All
the statistical analysis were performed using the SPSS program
(version 11.5.1).

QSAR studies

Data set. The toxicological property of interest here is the
cytotoxicity of the ionic liquids previously synthesized by us
and the experimental determination of this was explained above.
Then, as usual for others QSAR studies,72–75 EC50 values were
log-transformed (−log EC50), being of practical use in the
following QSAR modelling (see Table 1).

QSAR modelling. A QSAR modelling approach seeks to
uncover relationships between chemical structure and biological
activity, most often by a multilinear equation that relates molec-
ular properties of the compounds (descriptors) to the desired
activity. Here we have resorted to the graphed-based molecular
descriptors, spectral moments, designed accordingly to the
Topological Sub-Structural Molecular Design (TOPS-MODE)
approach and implemented into MODESLAB software avail-
able from the internet site: www.modeslab.com. The mathemat-
ical details of this approach have been widely reported,76,77 so we

will limit ourselves to a brief outline highlighting only the most
important aspects.

TOPS-MODE codifies the molecular structure by means of
the edge adjacency matrix E. The E matrix is a square symmetric
matrix of order m whose elements are equal to one if the
bonds i and j are adjacent, that is, they are incident to a
common atom, or zero otherwise.78 The diagonal elements of
this matrix are weighted with bond weights aimed at describing
the hydrophobic/polarity, electronic and steric features of the
molecules. Mainly they mirror fundamental physico–chemical
properties that might relate to the biological endpoint. In
this work, the weights included the standard bond dipole
moments (Dip and Dip2) and the bond distance (Dis), as
well as contributions from the following atomic properties:
partition coefficient (H), polar surface area (PSA), polarizability
(Pol), Gasteiger–Marsilli atomic charges (GM), van der Waals
atomic radii (vdW) and molar refractivity (MR). As described
previously,79 the atomic properties are converted into bond
weight contributions (w(i,j)) according to following equation:

where w and d respectively represent the atomic weight and the
vertex degree of the atoms i and j. Spectral moments are then
defined as the traces of the different powers of the weighted E
matrix.

These graph-based descriptors were computed with the
Modeslab 1.5 software,80 from the Simplified Molecular Input
Line Entry Specification (SMILES) inputting of the chemical
structures.81–83 Specifically, we have calculated the first 15 spectral
moments (l1–l15) for each bond weight and the number of
bonds in the molecules (l0), including the hydrogen atoms. As
to the modelling technique, we opted for a regression-based
approach; in this case, the regression coefficients and statistical
parameters were obtained by the Multiple Linear Regression
(MLR) analysis implemented in Mobydigs software.

In summary, we adopted the following 3-step procedure for
establishing our QSAR model.

Step 1: Model set-up

This proceeds as follows.
(i) Select an appropriate training set of chemicals.
(ii) Input the molecular structures, through the SMILES

codes.
(iii) Return the spectral-moments descriptors using an appro-

priate set of bond weights.
(iv) Find an adequate QSAR model from the training set by

a regression-based approach.

Step 2: Model evaluation

Assess the performance of the QSAR model, particularly
regarding its applicability and predictive power.

Step 3: Structural alerts identification

Identify structural alerts to the toxicity based on the bond
contributions computed with the final QSAR model.
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Model set-up. The task is to obtain a mathematical function
that best describes the activity, as a linear combination of the
predictor X-variables, with the coefficients ak. Such coefficients
are to be optimized by means of MLR analysis using the
chemicals under study. In most cases, MLR is suitably applied
in QSAR studies as long as the problem of selection of
variables is faced and solved. In doing so, one should be aware
of possible spurious relationships among the variables and
multicollinearity. Also, particular care should be taken to avoid
overfitted models, i.e. models with too many included predictor
variables. Indeed employing subsets with fewer variables, in
general, facilitates model interpretation and may lower the
number of random variables selected by chance correlation.
Moreover, one should easily detect the presence of influential
outliers and then modify the data set accordingly.

Variable selection. The variable selection procedure that we
have adopted for our QSAR study is the Genetic Algorithm
(GA), which is based on the evolution of a population of
models.84 The particular GA simulation conditions applied here
are: 1000 generations, 0.5 for the trade-off between crossovers
and mutation parameter, 1 smoothness factor and 300 model
populations. Further, we followed the principle of parsimony;62

that is to say, we choose the function with higher statistical
significance but having as few descriptors as possible.

Model evaluation. Two kinds of diagnostic statistical tools
were used for evaluating/enhancing the performance of our
regression model: the so-called goodness of fit and goodness of
the prediction. In the first case, attention is given to the fitting
properties of the model while in the second case attention is paid
to the predictive power of the model (i.e. the model adequacy
for describing new compounds).

Goodness of fit was assessed by examining the determination
coefficient, R2, the standard deviation (s), the Fisher’s statistic, F.
On the other hand, goodness of the prediction was evaluated by
means of cross validation (CV), basically leave-one-out (LOO-
CV), bootstrapping and scrambling validation techniques. These
validation techniques are only applied to final QSAR model.84

Besides the classic regression parameters listed above, we
adopt other important indices; Kubinyi function (FIT), Akaike’s
information criterion (AIC) and Friedman′s lack-of-fit function
(LOF).84 They give enough criteria for comparing models
with different parameters; number of variable and number of
chemicals.

In summary, a good overall quality of the models is indicated
by a large F (signification of model), FIT and q value; small
AIC and LOF (overfitting) values; R2 (goodness of fit) and q2

(predictability) values close to one (except in R2
Scram and q2

Scram,
which check random correlations).

Data reduction. Outliers are atypical cases, infrequent ob-
servations, which do not follow the characteristic distribution of
the majority of the data. Deleting a small number of outliers
from a QSAR model is acceptable but they should not be
removed repeatedly, simply to improve correlation, to prevent
final overtrained models. In this work, we employed several
criteria for detecting outliers85 but only Mahalanobis distances,
Cook’s Distances, standardized and deleted residuals provided
atypical results.

Bond contributions. One of the greatest advantages of the
TOPS-MODE approach, over other traditional QSAR methods,
stems from its sub-structural nature. This means that one can
transform the QSAR model into a bond additive scheme, and
thus describe the biological activity as a sum of bond contribu-
tions related to different structural fragments of the molecules.
Moreover, one can detect the fragments on a given molecule that
contribute positively or negatively to the underlying activity and
forward an interpretation of their effects in terms of physico–
chemical properties.

Bond contributions are based on the local spectral moments,
which in turn are defined as the diagonal entries of the different
powers of the weighted E matrix:

lT
k (i) = bii(T)k

In this equation, lT
k (i) stands for the k-th local spectral

moment of the bond i, bii(T) for the diagonal entries of the
weighted E matrix, and T for the type of bond weight (H, PSA,
Dip, vdW, etc.). For a given molecule, one can substitute the
values of the local spectral moments computed by the previously
formulae into the equation below, and thus gather the total
contribution to the toxicity of its different bonds:

One should remark here that, since the activity modeled is
expressed as −log EC50, positive bond contributions decrease
the EC50 value and increase the cytotoxicity activity and vice
versa.
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We report an innovative heterogeneous procedure for the preparation of highly pure thiophene
oligomers via microwave-assisted Pd catalysis by using silica- and chitosan-supported Pd
complexes. This approach is very efficient and greener than the existing homogeneous methodo-
logy as it combines a very efficient reaction with improved catalyst separation. Our new, efficient
and cleaner microwave approach smoothly afforded the preparation of coupled products in high
yields (up to 87% isolated yield, 30–100 min). Thienyl iodides or activated bromides were
employed as starting materials and KF as base. The microwave reaction was carried out in
aqueous ethanol. The heterogeneous catalyst can be easily removed from the reaction mixture by
filtration and reused in consecutive reactions (up to 4 times).

1. Introduction

Oligo- and polythiophenes are semiconductor and fluorescent
compounds widely used as active organic materials1 in electronic
and optoelectronic devices including field effect transistors
(FETs),2 light-emitting diodes (LEDs),3 and photovoltaic cells
(PVD).4 They also act as very sensitive fluorescence sensors for
biodiagnostic purposes.5 The extensive use of such materials as
both (opto)electronics and biosensors, requires highly effective
and ‘user friendly’ synthetic approaches for their preparation.

The most widely employed strategy adopted for the prepara-
tion of such oligothiophene semiconductors is an organometal-
lic approach,6 taking advantage of accessible building blocks
and Pd or Ni catalysts. Such an approach usually consists
of cross-coupling reactions between halogenated thienyls and
metalated counterparts in the presence of soluble palladium
or nickel complexes (homogeneous catalysis). However, the use
of organometallic catalysts in the process presents a number
of drawbacks including the presence of by-products either
originated by the demetalation or dehalogenation of the starting
materials or by homo-coupling or boron-halogen exchange side
reactions, as well as the presence of catalyst residues. Such
impurities may alter the film deposition processes and therefore
the morphology, conductivity and performance of the device
prepared. As a consequence, preliminary expensive purification
techniques including vacuum sublimation are often required for
their successful applications.

In previous work, we demonstrated that the use of microwave-
assisted Suzuki-coupling methodologies for the preparation of
substituted and unsubstituted oligothiophenes led to higher

aConsiglio Nazionale Ricerche, CNR-ISOF, Via P. Gobetti 101, I-40129,
Bologna, Italy. E-mail: silvia.alesi@isof.cnr.it; Fax: +39 051 6398349;
Tel: +39 051 6398284
bGreen Chemistry Centre of Excellence, Department of Chemistry,
University of York, Heslington, York, UK YO10 5DD. E-mail:
rla3@york.ac.uk; Fax: +44 1904 432705; Tel: +44 1904 434456

reaction rates and minimized the formation of undesired by-
products.7a,b Along these lines, we envisaged that combining
microwave assistance with heterogeneous Pd catalysis8 could
be an interesting way to synthesize highly pure, metal free,
thiophene based materials in a very short time.

Suzuki–Miyaura heterogeneous protocols9 have been re-
ported for the synthesis of biphenyl systems employing palla-
dium supported on various materials including carbon,10,11 metal
oxides, ceramics (perovskites), porous aluminosilicates, as well
as on polymers12 and biopolymers,13,14 the latter ones offering
the advantages of being renewable, biodegradable and having
low toxicity.

Chitosan and silica based Pd complexes have been demon-
strated to be very effective under a wide range of conditions in
the Suzuki and Heck couplings, being reusable up to 10 times.15–17

Such catalysts, comprising bidentate organic ligands, grafted
onto the solid support, that complex the active palladium salts,
exhibited excellent stability (chemical and thermal), high surface
areas, good accessibility and chemical versatility. Moreover,
chitosan is a water-tolerant support that will potentially allow
reactions to be carried out in aqueous media, and has major
advantages in that it can be formed into fibres, films, attached
to reactor walls, etc. making it ideal for incorporation in
different reactor designs (continuous/intensive, etc.). On the
other hand, silicas can be easily prepared and allow for the
robust attachment of organic functionalities and control over
their surface chemistries.

Herein, we report for the first time the preparation of
thiophene-based materials using a microwave assisted Suzuki
coupling methodology using selective and stable chitosan and
silica supported palladium complexes (Scheme 1) in aqueous
ethanol.

Substituted oligomers containing fused heterocycles into the
aromatic backbone can also be prepared in high yields and with
a good level of purity in a short period of time, without the need
for further purification. Oligomers containing up to six thio-
phene units have been successfully prepared using this approach.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 517–523 | 517
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Scheme 1 Structures of the catalysts used in the present investigation.
CHITCAT = chitosan supported Pd complex; SICAT= silica supported
Pd complex 1 (R = H); SATCAT = silica supported Pd complex 2 (R =
Me).

The proposed protocol can be used as a standard protocol
irrespective of the size and substitution of the thienyl, compared
to homogeneous Suzuki methodologies which usually require
an optimization of the reaction conditions for each substrate.7a,b

2. Experimental

2.1. Materials and methods

All the reactions were carried out under air. All commercially
available reagents and solvents were used as purchased without
further purification. 10,18 127b and 1519 were prepared by
methods described previously. 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 an Agilent 6890
N GC model equipped, with a 7683B series autosampler, fitted
with a DB-5 capillary column and an FID detector. Experiments
were conducted on a closed vessel (pressure controlled) under
continuous stirring. The microwave method was generally power
controlled (100 W maximum power input) where the samples
were irradiated with the required power output (settings at
maximum power) to achieve the desired temperature (80–
130 ◦C). Proton-decoupled 13C NMR spectra were obtained on
a Jeol 400 spectrometer, operating at 100.580 MHz in CDCl3.
Typically 256 scans were collected for each sample. Chemical
shifts were calibrated using the internal CDCl3 resonance.
1H NMR spectra were obtained on a Jeol 400 spectrometer,
operating at 400.13 MHz in CDCl3 solvent. Typically 64 scans
were collected for each sample. Chemical shifts were calibrated
using the internal SiMe4 resonance.

2.2. Synthesis of the catalysts

Supported Pd-catalysts used in the present work were prepared
following the already reported procedures,15–17 obtaining a Pd
loading of about 0.5 and 0.2 mmol g−1 for CHITCAT and
SATCAT, respectively, as confirmed by ICP. Diffuse reflectance
IR analysis of the materials showed a diagnostic peak at
1638 cm−1 due to the formation of the pyridylimine unit.

2.3. General procedure for CHITCAT and SATCAT catalyzed
Suzuki reaction

The microwave oven reactor was charged with halothienyl-
derivative or dihalothienyl-derivative (0.2 mmol), dodecane
(0.2 mmol), mono- or bithienylboronic derivatives (0.6 mmol

for halides, 1.2 mmol for dihalides), Pd catalyst CHITCAT
or SATCAT (0.05 mmol for monohalides and 0.1 mmol for
dihalides), KF (0.6 mmol for monohalides and 1.2 mmol for
dihalides) and of EtOH–water (1 : 1) (2 mL) for CHITCAT
catalyzed procedure or of isopropanol (2 mL) for SATCAT
catalyzed one. After 30–100 min of microwave irradiation, a
TLC on silica gel showed the absence of starting materials. The
solvent was removed, the solid crude was dissolved in CH2Cl2

(Table 4, entries 1, 2, 3; Table 5, entry 1) or in hot toluene
(Table 4, entries 4, 5, 6, 7, 8; Table 5, entries 2, 3, 4) and the
catalyst filtered off. Then, the organic phase was washed with
water (2 × 15 ml), dried on Na2SO4 and the solvent evaporated
under vacuum. The shorter oligomers (Table 4, entries 1, 2, 3;
Table 5, entry 1) were purified by flash chromatography, while
the longer oligomers (Table 4, entries 4, 5, 6, 7, 8; Table 5, entries
2, 3, 4) were purified by washing steps and crystallization.

2,2′:5′2′′-terthiophene 77a. Table 4, entry 1, yield 87%; yellow
solid, mp 93–95 ◦C. Flash chromatography: petroleum ether
(40–60) purum. dH (270 MHz, CDCl3, Me4Si) 7.22 (2H, d, J
4.8), 7.18 (2H, d, J 3.8 H), 7.08 (2H, s), 7.03 (2H, dd, J 3.8); dC

(67.93 MHz, CDCl3, Me4Si) 137.081, 136.148, 127.851, 124.444,
124.276, 123.650; m/z 248.

2,2′:5′2′′:5′′2′′′-quaterthiophene 97a. Table 4, entry 3, yield
83%; yellow solid, mp 210–212 ◦C. Flash chromatography:
petroleum ether (40–60):EtOAc/99:1. dH (400 MHz, DMSOd6,
Me4Si) 7.529 (2H, d, J 4.8), 7.341 (2H, d, J 4.0), 7.297 (2H, d, J
3.6), 7.272 (2H, d, J 3.6), 7.098 (2H, dd, J 3.6); m/z 330.

3′′,4′-dimethyl-2,2′:5′2′′:5′′2′′′-quaterthiophene 1118. Table 4,
entry 4, yield 77%; yellow oil. Flash chromatography: petroleum
ether (40–60):EtOAc/99:1. dH(200 MHz, CDCl3, Me4Si) 7.21
(2H, d, J 5.2), 7.16 (2H, d, J 3.4), 7.02 (2H, s), 7.01 (t, J3=
5.0 Hz, 2H). dC (50 MHz, CDCl3, Me4Si) 137.33, 137.20, 136.66,
128.10, 127.82, 126.76, 124.39, 123.55, 14.97; m/z 358.

2,2′:5′2′′:5′′2′′′:5′′′,2′′′′-quinquethiophene 1320. Table 4, entry
5, yield 82%; orange solid, mp 251 ◦C. The crude product
was washed with petroleum ether and diethyl ether and finally
crystallized from toluene. dH (400 MHz, DMSOd6, Me4Si) 7.51
(2H, d, J 5.2), 7.33 (2H, d, J 2.8) 7.30 (2H, s), 7.29 (2H, d, J
3.6), 7.26 (2H, d, J 3.2), 7.10 (2H, dd, J 3.2); m/z 412.

3′′′,4′′ - dimethyl - 2,2′:5′2′′:5′′2′′′:5′′′,2′′′′:5′′′′,2′′′′ ′ - hexathiophene
1419. Table 4, entry 6, 7, yield 65%; deep red solid, mp 164–
166 ◦C. The crude product was washed with petroleum ether and
diethyl ether and finally CH2Cl2. dH (400 MHz, CDCl3, Me4Si)
7.226 (2H, d, J 4.8), 7.182 (2H, d, J 3.6), 7.084 (2H, d, J 4.4),
7.064 (2H, d, J 3.6), 7.028 (2H, dd, J 3.2), 7.020 (2H, s), 7.227
(6H, s). dC (100 MHz, CDCl3, Me4Si) 137.632, 137.288, 136.527,
136.442, 136.076, 128.347, 128.045, 126.885, 124.665, 124.529,
124.334, 123.862, 15.208; m/z 522.

a,x-dihexylhexathiophene 1621. Table 4, entry 8, yield 69%,
orange powder, mp: 285–288 ◦C. The crude product was washed
with petroleum ether and diethyl ether and finally CH2Cl2;
mmax(film)/cm−1 3085 3060, 2956, 2922, 2873, 2855, 1748, 1596,
1538, 1505, 1466, 1442, 1377, 1221, 1206, 1071, 872, 839, 794,
723, 462); m/z 664.
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4,7-Di-2-thienyl-2,1,3-benzothiadiazole 1822. Table 5, entry
1, yield 75%; red solid, mp 123–125 ◦C. Flash chromatography:
petroleum ether (40–60):EtOAc/97:3. dH (270 MHz, CDCl3,
Me4Si) 8.11 (2H, d, J 3.7), 7.86 (2H, s), 7.59 (2H, d, J 5.2), 7.21
(2H, t, J 4.0); dC(67.93 MHz, CDCl3, Me4Si) 152.60, 139.33,
127.99, 127.469, 126.78, 125.96, 125.743; m/z 300.

4,7-Bis(−2,2′-dithiophenyl-5-yl)benzo[1,2,5]-thiadiazole 19.
Table 5, entry 2, yield 47%; violet solid, mp 163–170 ◦C. The
crude product was washed with petroleum ether and diethyl
ether and finally CH2Cl2. MS: 464; dH (400 MHz, DMSOd6,
Me4Si) 8.11 (2H, d, J 3.6), 8.105 (s, 2H), 7.55 (2H, d, J 5.2),
7.437–7.434 (4H, m), 7.134 (2H, dd, J 3.6). dC(100 MHz,
DMSOd6, Me4Si) 152.163, 139.230, 137.700, 136.960, 129.273,
129.065, 126.714, 126.149, 125.409, 125.205, 125.179; m/z 464.

2,2′-thiene-2,5-diylbisthieno [3,2-b]thiophene 20. Table 5, en-
try 3, yield 81%; yellow solid, mp 164–166 ◦C. The crude product
was washed with petroleum ether, CH2Cl2 and finally crystallized
from toluene. dH (400 MHz, CDCl3, Me4Si) 7.37 (2H, d, J 4.0),
7.37 (2H, s), 7.23 (2H, d, J 5.2), 7.13 (2H, s). dC (100 MHz,
CDCl3, Me4Si) 139.810, 138.675, 138.161, 136.834, 127.337,
124.531, 119.467, 115.858; m/z 360.

3,3′-dimethyl-5,5′-dithieno [3,2-b]thien-2-yl-2,2′-bithiophene
21. Table 5, entry 4, yield 65%; orange-red solid, mp 182–
186 ◦C. The crude product was washed with petroleum ether
and diethyl ether and finally CH2Cl2. dH (400 MHz, CDCl3,
Me4Si) 7.36 (2H, d, J 5.6), 7.34 (2H, d, J5 0,8), 7.23 (2H, dd,
J3 5.2, J5 0,4), 7.06 (2H, s), 2.24 (6H, s). dC (100 MHz, CDCl3,
Me4Si) 139.77, 138.88, 138.06, 137.52, 137.00, 128.40, 127.12,
126.91, 119.46, 115.65; m/z 470.

3. Results and discussion

3.1. Optimization of the model reaction

The reaction optimization was performed on two commer-
cially available substrates, namely 5-bromo-2-thiophenecar-
boxaldehyde 1 and 2-thienylboronic acid derivative 2 (Scheme 2).
Supported palladium catalysts were tested under both con-
ventional heating and microwave-assisted conditions. Data are

Scheme 2 Model reaction between 5-bromo-2-thiophenecarbox-
aldehyde and 2-thienylboronic acid.

summarized in Table 1. Previous reported studies on the Suzuki
cross-coupling of thienyl derivatives proved KF was a very
suitable base for these systems.23

The use of CHITCAT as catalyst and KF as the base in
aqueous ethanol (1 : 1) afforded a complete conversion of the
starting materials to the coupling product 3 in only 2 min of
microwave irradiation at 130 ◦C (Table 1, entry 2). The same
reaction carried out under conventional heating provided a poor
55% conversion after 48 h.

The use of an aqueous environment was also found to be par-
ticularly advantageous for an optimum catalytic performance
with respect to the use of toluene or other organic compounds
as solvents. This can be ascribed to the different solubility of
KF in toluene and alcoholic solvents as well as to the more
efficient absorption of MW from polar solvents. Medium to high
microwave absorbing solvents, including EtOH, isopropanol
and water, may allow a more efficient internal heating compared
to microwave-transparent solvents (toluene) usually employed
in heterogeneous Suzuki reactions.15–17

Silica supported palladium catalysts (SICAT and SATCAT)
required lower reaction temperatures (80 ◦C vs 130 ◦C) but much
longer reaction times (60 min) compared to chitosan in order to
achieve comparable conversion values.

Clearly, the choice of the catalyst has to take into account
several factors including the thermal stability of the boronic-
substrates and the size of the target oligomer. Chitosan will
possibly be more suitable for stable and smaller substrates
compared to silica, in which the porous structure will surely
be an attractive feature in reactions with larger molecules.

A hot filtration test (HF) was performed to prove the truly
heterogeneous nature of our catalytic reaction (entries 2 and
4, Table 1).24 The hot reaction mixture (typically less than half
way through completion) was filtered off and the liquid filtrate
and the solid were recovered separately. Fresh substrates were
added both to the liquid filtrate and to the solid and another
reaction (under the same conditions) was conducted. The results
of the second reuse of CHITCAT are included in Fig. 1. The
catalyst was filtered off after 60 s of microwave irradiation
(∼30% conversion). The reaction mixture without catalyst was
then further microwaved for 30 additional minutes and finally
quenched. No changes in conversion were observed, excluding
the presence of a substantial concentration of palladium leached
species in solution. The Pd content in solution was determined
using ICP MS. 1.8 ppm Pd was found, confirming that the Pd
leaching in the systems was almost negligible.

The catalyst reusability was also investigated under the opti-
mized conditions. The catalyst was filtered off after each reaction

Table 1 Catalytic performance of different supported Pd complexes in the model reaction (Scheme 2)

Entry Base Catalyst Solvent MW conditions 3 Conversion (%)b

1 KF SICAT EtOH–H2O (1 : 1) 100 W, 60 min, 80 ◦C 87
2a KF CHITCAT EtOH–H2O (1 : 1) 100 W, 2 min, 130 ◦Cd >99
3a KF CHITCAT toluene 100 W, 60 min, 130 ◦C 8
4a KF SATCAT EtOH–H2O (1 : 1) 100 W, 60 min, 80 ◦C 82
5c KF SATCAT isopropanol 100 W, 60 min, 80 ◦Cd 96
6 KF SATCAT toluene 220 W, 60 min, 80 ◦C 20

a Carried out with simultaneous cooling. b GC conversion. c Higher power values did not remarkably improve the reaction conversion. d The pressure
measured was about 80 and 20 psi for entries 2 and 5, respectively.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 517–523 | 519
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Fig. 1 Hot filtration test. Effect of removing the chitosan supported
palladium catalyst from the second cycle reaction of 2-thienylboronic
acid and the 5-bromo-2-thiophenecarboxaldehyde.

run, washed with aqueous methanol and pure methanol, dried
at 90 ◦C and subsequently reused in another catalytic cycle.
Despite an increase in the time of reaction required for complete
conversion, the catalysts were reusable up to 4 times preserving
more than 95% of the initial catalytic activity (Table 2).16 The
observed slight reduction in catalytic activity with recycling
probably can be due to a partial blockage or deactivation of
the active sites of the catalyst with the salts and/or by-products
from the reaction.

3.2. Extension to other substrates

The optimised conditions based on the use of the CHITCAT
and SATCAT materials were then extended to various thienyl-
based substrates. Several parameters including the nature and
number of halogen atoms, functionalization and size of the
starting building blocks were investigated. Data are summarised
in Tables 3–5.

Iodo-derivatives were found to be more effective than bromo-
derivatives in the preparation of bithiophene (Scheme 3), irre-
spective of the conditions employed (solvent and/or catalyst).
Therefore, only thienyl iodides were employed for the synthesis
of longer oligomers.

The methodology was then further extended to the prepa-
ration of larger (a-b alkyl) substituted oligomers. Results are
included in Table 4.

Scheme 3 Suzuki reaction for the preparation of bithiophene (5) from
a range of halo-thiophenes.

Terthiophene (7) is a useful building block for the prepa-
ration of thiophene-based oligomers and polymers.25 Many
synthetic routes to a-terthienyl have been reported. A previ-
ously reported solvent-free microwave assisted Suzuki coupling,
provided a maximum isolated yield of 60% starting from 2,5-
dibromothiophene7a, much lower than that reported in Table 4
starting from the di-iodo derivative.

Quaterthiophene (T4, 9) is one of the most investigated thio-
phene derivatives for its photoluminescence26 and charge trans-
port properties.27 Terminal alkyl substituted T4 compounds are
also of interest as they exhibit liquid crystalline behaviour and
enhanced solubility that make them particularly suitable for
solution processing.28 T4 derivatives are usually prepared by
using the bi-directional 1 + 2 + 1 approach consisting in the
reaction between two equivalents of boronic or halo-thienyl
derivative and one equivalent of the corresponding reaction
partner.18 For the preparation of quaterthiophenes 9 and 11,18

we chose the reaction between boronic thienyl derivative 2, and
the bifunctional iodo-dimers 8 and 10 that afforded good yields
for both unsubstituted and b-methyl substituted T4 compounds
(entries 2, 3 Table 4).

Unsubstituted or functionalised a-quinque- and hexathio-
phenes were also prepared. Such systems show high self-
assembly capability and good charge transport properties in
field effect transistors (FET).19,20

Two different strategies were employed and compared for
both compounds. Quinquethiophene (T5, 13) was prepared
either by adding two boro-functionalized monomers to the
diiodoterthiophene (12) (+1 strategy, Fig. 2), or by reacting the
diiodothiophene (6) with two equivalents of borobithiophene
(+2 strategy, Fig. 2).

Table 2 CHITCAT reusability experiments carried out under microwave irradiation with simultaneous cooling

Cycle Base Catalyst Solvent MW conditions 3 (%)

1st KF CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 1 min >99
2nd KF CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 30 min 97
3rd KF CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 45 min 98
4th KF CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 45 min 95

Table 3 Catalytic performance of various Pd catalysts in the preparation of bithiophene from 2-thienyl bromide and 2-thienyl iodide

Entry Reagent Catalyst Solvent MW conditions Yield 5 (%)a

1b 4a CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 60 min 8
2b 4b CHITCAT EtOH–H2O (1 : 1) 100 W, 130 ◦C, 60 min 57
3 4a SATCAT isopropanol 100 W, 80 ◦C, 60 min 36
4 4b SATCAT isopropanol 100 W, 80 ◦C, 60 min 61

a Isolated yield. b Carried out with simultaneous cooling.
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Table 4 Preparation of various oligothiophenes derivatives using supported Pd complexes

Entry Starting material Product Catalyst MW conditions Yieldb(%)

1a CHITCAT 100 W, 30 min, 130 ◦C 87

2a CHITCAT 100 W, 100 min, 130 ◦C 83

3 SATCAT 100 W, 100 min, 80 ◦C 77

4 CHITCAT 100 W, 100 min, 130 ◦C 37

5 SATCAT 100 W, 100 min, 80 ◦C 82

6 SATCAT 100 W, 100 min, 80 ◦C 65

7c SATCAT 100 W, 100 min, 80 ◦C traces

8 CHITCAT 100 W, 100 min, 130 ◦C 69

a In entry 1, the reaction was carried out with simultaneous cooling. For entry 2 we tried both, with and without simultaneous cooling obtaining
similar results (66% after 60 min employing simultaneous cooling). b Isolated yield. c The dibromo derivative was more soluble than diiododerivative
under the reaction conditions.

Fig. 2 Overview of the strategies investigated for the synthesis of T5 and T6 materials.

Similarly, hexathiophene (T6, 14) was prepared by means
of a +2 approach (using the di-iodobithiophene 10) as well as
by the +1 strategy employing di-bromoquaterthiophene 15 as
starting material.

The election of the synthetic pathway is usually dependent on
many factors including the availability of the starting materials
and the formation of by-products such as deborylated thio-
phenes, homo-coupling and metal-halogen exchange products
that have to be removed from the target compounds. The +1
strategy led to by-products easily separated from the reaction

mixture, facilitating the purification of the desired product.
However, the starting materials are complex systems, therefore
additional synthetic steps are required in order to obtain
them. Despite our previous results on homogeneous microwave
assisted Suzuki coupling pointing out that the +2 strategy was
unfavourable (due to the formation of T4 by-products difficult
to remove), it proved to be the most effective for the synthesis of
both T5 and T6 oligomers (Table 4, entries 5, 6), as it involves
readily available precursors and easily purified products, thus
improving the green credentials of the reaction.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 517–523 | 521
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Table 5 Catalytic performance of CHITCAT and SATCAT in the preparation of thiophene based co-oligomers

Entry Starting material Product Catalyst MW conditions Yielda (%)

1 CHITCAT 100 W, 100 min, 130 ◦C 75

2b CHITCAT 100 W, 100 min, 130 ◦C 47

3c SATCAT 100 W, 100 min, 80 ◦C 81

4c SATCAT 100 W, 100 min, 80 ◦C 65

a Isolated yield. b Literature data report 37% yield with a similar compound.31 c The starting material 4,4,5,5-tetramethyl-2-thieno[3,2-b]thiophen-
2-yl-[1,3,2]dioxaborolane (TTB) was synthesized starting from thieno[3,2-b]thiophene32 following a standard procedure.7a To a stirred solution of
thienothiophene31 (200 mg, 1.4 mmol) in fresh distilled THF (16 mL) was added 2.5 M n-BuLi in hexane (0.56 mL,1.44 mmol, 1.01 eq) dropwise at
−78 ◦C under nitrogen atmosphere. After 1.5 h, 0.36 mL (1.82 mmol, 1.3 eq) of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was added by
syringe and the reaction allowed to warm to room temperature. After 12 h of stirring the mixture was poured into water and extracted with diethyl
ether. The organic phase was washed with brine and dried over Na2SO4. The resulting crude product was obtained as a pale yellow oil (317 mg, yield
85%). dH(400 MHz, CDCl3, Me4Si) 7.76 (1H, d, J5 0.8), 7.48 (1H, d, J 5.6), 7.28 (1H, d, J5 0.8, J3 5.6), 1.36 (12 H, s); m/z 266.31

In the reaction conditions the larger building blocks, including
ter- and quaterthiophene, are poorly soluble and consequently
less reactive. Moreover, their higher steric hindrance is believed
to restrict the oxidative addition to palladium, which is less
pronounced than in homogeneous conditions.

Steric effects can also explain why SATCAT and CHITCAT
catalyzed reactions show undetectable boron-halogen exchange
by-products. The oxidative insertion of Pd in the C–B bond
takes place when the C–I bond insertion reaction is very slow.
The presence of supported Pd(II) reduces the probability of such
insertion therefore minimizing the presence of undesired boron-
halogen exchange by-products.

Preliminary investigations on quinque- and hexathiophenes
prepared in this way (13, 14, 16) pointed out that these
compounds may display enhanced film forming properties than
the same compounds prepared by conventional homogeneous
catalysis, due to the higher level of purity obtained using
this methodology. Melted homogeneously prepared T5 pow-
der sandwiched between two glasses rendered a viscous fluid
containing black solid aggregates which melt at temperatures
over 350 ◦C. Such aggregates can be removed upon purification
by vacuum sublimation suggesting they may be residues of the
catalyst and/or impurities. No evidence of similar impurities
were observed in the preparation of T5 using our heterogeneous
protocol (Fig. 3).

Enhanced properties can be expected for all the materials
prepared in their use as field effect transistors (FET) and further
investigations in this area are currently ongoing.

Fig. 3 Optical microscopy image of melted T5 powder (image size
800 × 800 lm) prepared by (a) conventional homogeneous catalytic
method; (b) novel heterogeneously catalyzed protocol.

The optimized protocol was also employed in the preparation
of thiophene based co-oligomers containing electron deficient
1,2,3-benzothiadiazole or electron-rich thienothiophene rings.
Benzothiadiazole derivatives have been recently proven to have
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liquid crystal and semiconducting properties and the polymers
have been reported as especially suitable materials for pho-
tovoltaic applications.29 High air stability and charge carrier
capabilities have been also recently reported for thienothiophene
containing oligomers and polymers.30 Thienothiophene-thienyl
co-oligomers would potentially feature a combination of good
p-stacking and charge transport properties (from the thienoth-
iophene system) with the chemical versatility of the thienyl ring.

The benzothiadiazole-based compound (19), and the newly
synthesized thienothiophene based products (20 and 21) were
chosen as target compounds. The +2 approach (Fig. 2)—
both for odd oligomers (19 and 20) and for even oligomer
(21)—was employed. Data are summarized in Table 5. Our
heterogeneously catalysed protocol provided moderate to very
good isolated yields to the different synthesized compounds.
Product 21 exhibited good solubility in non-polar solvents
and highly crystalline cast films, therefore having promising
perspectives as active layer in FET.

4. Conclusions

We report a novel, efficient and greener heterogeneous method-
ology for the preparation of thiophene oligomers and co-
oligomers. This useful microwave-assisted protocol does not
require a ‘one by one’ reaction/substrate optimization inde-
pendently of the size and substitution of the thienyl start-
ing substrates and enables the preparation of extremely pure
oligothiophenes in aqueous ethanol. The high level of purity
obtained avoids tedious and energy intensive time consuming
purification steps and the need to deal with residual metals.
Ongoing studies on quinque- and hexathiophenes (13, 14 and
16) pointed out these compounds can display improved filming
properties than those prepared by conventional homogeneously
catalysed methodologies. Higher charge mobilities in thin film
field-effect transistors (FETs) can be expected for all materials
prepared employing our microwave approach.
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To produce ultra low-sulfur gasoline and meet the new regulations, the improvement of the HDS
reaction by the removal of inhibitors, like nitrogen-containing compounds (N-compounds)
commonly found in middle distillates used for diesel feed, could be worth considering.
Liquid–liquid extraction using 1-butyl-3-methyl-imidazolium chloride (BMIm+Cl−) was found to
be a very promising approach for the removal of neutral N-compounds with high selectivity
towards sulfur. BMIm+Cl− was first evaluated using synthetic solution with dibenzothiophene and
carbazole as model compounds, and a high selectivity for N-compounds was found. In order to
explain the observed selectivity, the extraction of heterocyclic aromatic compounds from a
hydrocarbon mixture by BMIm+Cl− was studied as the function of the toluene/n-dodecane ratio.
The extraction of sulfur-containing compounds and basic N-compounds decreased when the mass
fraction of toluene increased, whereas the extraction of proton donor N-compounds was found to
be almost independent of the mass fraction of toluene. We thus assumed that the selective
extraction of indole and carbazole by BMIm+Cl− could be explained both by electron pair
acceptor properties of the imidazolium ring and by the binding of the hydrogen-donor group with
chloride anion of the RTIL. BMIm+Cl− was then evaluated using straight-run diesel feed,
containing 13400 ppm S and 105 ppm N. An extraction of up to 50% of the N-compounds was
obtained in one step, whereas the sulfur concentration reduction was only 5%. The selectivity of
the extraction process towards heterocyclic aromatic compounds and polyaromatic compounds
using BMIm+Cl− was further emphasized by two-dimensional GC-MS analysis of the extracted
compounds.

Introduction

The potential of room-temperature ionic liquids (RTILs) as
alternative solvents to replace less desirable organic media is
currently well recognized. The negligable vapour pressure and
the ability to tune their physical and chemical properties, such
as hydrophobicity, polarity and solvent miscibility through the
appropriate modification of cation and anion has provided the
chemist with alternative solvents and reaction media.

The current literature indicates that replacing an organic sol-
vent with an RTIL can bring about remarkable improvements in
well-known processes. Among them, RTILs have been explored
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laires, Laboratoire de Catalyse et Synthèse Organique, 43 boulevard du
11 novembre 1918, Villeurbanne, F-69622, France, CNRS, UMR 5246,
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Fuzhou, P. R. China
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UMR5256, Université Lyon 1, France

as effective solvents in traditional extraction processes1,2 and gas
separation.3,4

As a result of the new stringent regulations in transportation
fuels, there is a rapid development in the field of separation
in the refining industry. RTILs have emerged as alternative
solvents for the separation of aromatic hydrocarbons (benzene,
toluene, ethylbenzene, and xylenes) from C4 to C10 aliphatic
hydrocarbon mixtures.5–8 RTILs have also been used for the
extractive deep desulfurisation of gasoline9–12 and diesel oil.13–15

Aromatic nitrogen compounds (N-compouds), such as pyri-
dine, quinoline, indole and carbazole, naturally present in hy-
drocarbon feeds are considered as strong inhibitors of the HDS
reactions. Furthermore, the reactivity of nitrogen-containing
compounds is much lower than that of polyaromatic sulfur
compounds,16 although adsorption is higher. When high levels
of desulfurisation are reached, the concentration of refractory
sulfur compounds is very low and N-compounds may inhibit the
HDS process through competitive adsorption17 and contribute
to the difficulty of meeting the more stringent specifications.17–23

We could also expect that elimination of HDS inhibitors, such as
N-compounds, could lead to improvement in HDS conditions.

The selective removal of N-compounds by non-catalytic
processes has already been studied. Basic N-compounds, such as
pyridine and quinoline, can be removed using an ion-exchange
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resin,24,25 by liquid–liquid extraction using volatile carboxylic
acid26 and using RTILs as extracting solvent.9,27–29 These meth-
ods are efficient for the removal of basic N-compounds but none
of them seem to be efficient for the removal of the neutral N-
compounds, such as indole and carbazole, with the exception
of Eber et al. who noticed that indole in n-dodecane could
be effectively extracted using 1-butyl-3-methyl-imidazolinium
octylsulfate.13

We have already developed new adsorbent material for the
selective removal of neutral N-compounds such as indole and
carbazole30,31 and we wish to evaluate RTILs for this selective
extraction.

RTILs can be viewed as three-dimensional networks of cations
and anions held together by interactions, such as hydrogen
bonds, dispersive and Coulombic forces. Due to these strong
interactions between the anions and cations, ionic liquids have
high viscosities compared to a molecular solvent. Chemists usu-
ally attempt to understand solvent effects on chemical processes
in terms of the solvent polarity. However, despite a signifi-
cant amount of experimental measurement of solvent polarity
(including spectroscopy,32–39 chromatography,40,41 liquid–liquid
extraction42,43 and reactive methods44) and modelisation,45–48

the nature of their interaction with the added solutes needed
to be clarified. However, some typical intermolecular solute-
RTIL interactions with 1,3-dialkylimidazolium RTILs could
be used to explain their properties.33 For example, the high
solubility of toluene in RTILs could be explained by the
electron pair acceptor properties of the imidazolium ring (p–
p interactions)48,49 and the anionic part of the RTILs appears to
control its hydrogen bond acceptor properties.41,50,51

Recently, chloride-based RTILs have been used to dissolve
native cellulose.52,53 Chloride based RTILs had high hydrogen
bond basicity,54 suggesting that the chloride anion (with non-
bonding electrons), in combination with the imidazolium cation,
play a key role in the dissolution of cellulose by disrupting the
great number of inter- and intramolecular hydrogen bonds.55 In
the present work, we studied in detail the possible usefulness
of hydrogen bond basicity of chloride-based RTILs for the
extraction of compounds with a hydrogen-donor group (i.e.
neutral N-compounds) present in hydrocarbon feeds with a high
selectivity towards basic N-compounds and sulfur-containing
compounds (S-compounds) (Table 1). It is remarkable that
water-miscible chloride-based RTILs have never been used,

Table 1 Heterocyclic aromatic compounds found in diesel feed stream

S-compounds

Basic N-compounds

Neutral N-compounds

to our knowledge, for the extraction of polar solutes from
hydrocarbon feeds.

Results and discussion

Solubility of BMIm+Cl− in the toluene/n-dodecane solution

All the experiments were done at 60 ◦C which is considered to
be the temperature of the feed in the industrial process. The
loss of solvent in the feed stream is an important factor to be
considered in selecting RTILs. Information in the literature on
specific properties on RTILs, such as miscibility with aromatic
and/or aliphatic hydrocarbons is scarce. The solubility of the
BMIm+Cl− as a function of the toluene/n-dodecane ratio for an
IL/hydrocarbon ratio of 1/1 was determined (Fig. 1).

Fig. 1 Solubility of BMIm+Cl− as the function of mass fraction
of toluene (toluene/n-dodecane). Ratio BMIm+Cl−/hydrocarbon: 1/1,
24 h at 60 ◦C.

The analytical methods31 used in this study measured the
concentration of total nitrogen in the hydrocarbon feed by
chemiluminescence. Thus, the solubility of the BMIm+Cl− in
hydrocarbon could be precisely determined. As expected, a very
low solubility of this water-miscible RTIL was observed and
measured in pure n-dodecane (lower than 3 ppm of BMIm+Cl−)
and the amount of BMIm+Cl− in the hydrocarbon phase slightly
increased with an increase of the mass fraction of toluene.

Extraction of dibenzothiophene, indole and pyridine from
dodecane by BMIm+Cl−

The extraction was carried out with single component solutions
containing 100 ppm of nitrogen in the form of neutral N-
compounds (indole), basic N-compounds (pyridine) or 100 ppm
of sulfur in the form of S-compounds (dibenzothiophene)
(Table 2).

Under those conditions, BMIm+Cl− was slightly soluble in
the hydrocarbon mixture (less than 3 ppm, see Fig. 1), thus the
calculated distribution coefficient for indole and pyridine was
corrected taking into account the BMIm+Cl− solubility. Using
pure n-dodecane, high distribution coefficients of dibenzothio-
phene and pyridine, comparable to a previous study that used
water immiscible 1,3-dialkylimidazolinium-based RTIL,10,12,13

were found. The BMIm+Cl− showed a higher affinity towards
indole and a distribution coefficient of 20.7 was obtained. Such a

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 524–531 | 525
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Table 2 Distribution coefficient for extraction of individual com-
pounds with BMIm+Cl−

Compound Da

1.2

1.8b

20.7b

a Individual compounds in n-dodecane (100 ppmw), mass ratio n-
dodecane : RTIL = 1 : 1, reaction time 1 h, 60 ◦C b Corrected value
see text.

high distribution coefficient for indole has already been observed
by Eber et al.13 with 1-butyl-3-methyl-imidazolium octylsulfate,
but no detail was given about the specific interaction between
indole and RTIL. This extraction was further investigated.

Influence of the toluene/n-dodecane ratio on the extraction
efficiency

In order to study the influence of the aromatic content on the
extraction efficiency of the RTILs, the extraction was carried
out under the same conditions, with single component solutions
containing 100 ppm of nitrogen or 100 ppm of sulfur. The
toluene/n-dodecane ratio was varied and the results obtained
for the different compounds are presented in Fig. 2.

The extraction of a single component from a hydrocarbon
mixture by BMIm+Cl− was strongly dependent on the toluene/n-
dodecane ratio (Fig. 2). The high extraction of heterocyclic
aromatic compounds by RTILs has already been reported by
several authors. However, most of the extraction of pure com-
pounds from model diesel oil using RTILs have been performed
using n-heptane,11 n-dodecane,9,13–15 n-tetradecane.56 However,
the diesel oil contained from 25 to 35 wt% of aromatic fraction.
It has been suggested that the partitioning of S-compounds from
diesel using water insensitive RTILs is more difficult than from
gasoline due to the higher content of aromatics.9 On increasing
the mass fraction of toluene in n-dodecane, the extraction
of dibenzothiophene, pyridine and acridine by BMIm+Cl−

decreased linearly (Fig. 2a–c). The interactions of the RTILs
with the aromatic compounds are linked to the electron pair
acceptor properties of the 1,3-dialkylimidazolinium ring.48,49,57

From the experimental data obtained with benzothiophene,
pyridine and acridine (Fig. 2a–c), we can suppose that in the
presence of a high concentration of toluene, toluene will compete
with the extraction of heterocyclic aromatic compounds. Thus,
when the mass fraction of toluene in the hydrocarbon mixture is
increased, the distribution coefficient for heterocyclic aromatic
compounds decreases. For acridine (Fig. 2c), no data could
be determined for the mass fraction of toluene lower than 0.5

because of the low solubility of acridine in dodecane. However,
the same decrease of extraction by BMIm+Cl− was observed
when increasing the mass fraction of toluene.

As expected from the results obtained with indole and
pyridine (Table 2), a higher extraction of carbazole compared
to the extraction of acridine could be found (Fig. 2c,d). Again
no data for carbazole could be determined for a mass fraction
of toluene lower than 0.5 because of the low solubility of
this compound in dodecane but no decrease of extraction by
BMIm+Cl− was observed when increasing the mass fraction
of toluene. From these data we can conclude that BMIm+Cl−

showed a very high affinity for the neutral nitrogen-containing
compounds. However, comparison between the extraction of
indole (Fig. 2e) and N-methylindole (Fig. 2f) as a function of the
mass fraction of toluene in n-dodecane gave interesting data. On
increasing the mass fraction of toluene, the extraction of indole
by BMIm+Cl− remains high, mostly independent of the mass
fraction of toluene, although the extraction of N-methylindole
decreased linearly. From these experiments, we assumed that
proton donor molecules (i.e. indole and carbazole) could bind
to chloride anion and therefore these compounds could be
selectively extracted from a hydrocarbon feed. The selectivity
of the process was further evaluated on a real straight-run diesel
feed stream.

Extraction efficiency of BMIm+Cl− for straight-run feed

BMIm+Cl− was evaluated with straight-run feed containing
13 240 ppm of S and 105 ppm of N. We were not able to
decrease the nitrogen content of this feed by using either a
strongly acidic ion-exchange resins or a liquid–liquid extraction
using diluted acetic acid. From these experiments we can
conclude that the feed does not contain basic N-compounds.31

BMIm+Cl− was contacted with the straight-run feed with a ratio
IL/hydrocarbon feed of 1/10. The total concentration of N and
S in the feed were analysed as a function of time. The equilibrium
was reached after 1 h of contact at 60 ◦C, in a batch reactor under
continuous stirring. The results are presented in Fig. 3.

More than 50% of the N-compounds were removed from the
straight-run feed after a single contact with BMIm+Cl− with
an IL/feed ratio of 1/10 by weight. Under those conditions,
the sulfur level was decreased by less than 2%. Therefore, a
N/S selectivity higher than 60 can be calculated, according to
eqn (3).

Regeneration of BMIm+Cl− and back-extraction of the trapped
compounds

Extracted heterocyclic aromatic compounds and coextracted
hydrocarbons have a high boiling point and the stripping by
distillation cannot be reasonably considered.13 Back-extraction
was carried out using water (50% wt) or methanol (10% wt)
that induced the segregation of the solute dissolved in the RTIL
phase. The extracted compounds can thus be easily recovered
using toluene and BMIm+Cl− could be quantitatively recovered
after vaporisation of the solvent.

To illustrate the capability of chloride-based RTILs to trap the
target compounds, two-dimensional gas chromatography has
been used. Fig. 4 represents the two-dimensional GC-MS chro-
matogram of the initial straight-run sample. As already reported
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Fig. 2 Extraction of pure compounds by BMIm+Cl− as a function of mass fraction of toluene (toluene/n-dodecane). Ratio BMIm+Cl−/hydrocarbon:
1/1, 100 ppm of pure compounds, 24 h at 60 ◦C.

in the literature,58–60 this technique enables the separation of the
saturate, mono-, di- and triaromatic hydrocarbons in different
bands owing to the different interaction of these compounds
towards the stationary phase. In many cases, the emphasis is
on a group-type characterization only. By the help of the MS
detector, linear alkanes in the first band were identified from C8
up to C26. Among triaromatics, it is possible to identify specifi-

cally S-compounds like benzothiophenes, dibenzothiophene and
alkyldibenzothiophene since they are present in a relatively high
concentration. On the contrary N-compounds can hardly be
found.

After extraction by BMIm+Cl− and back-extraction, the
extracted compounds were analyzed and the two-dimensional
GC-MS chromatogram is presented in Fig. 5. Concerning

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 524–531 | 527
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Fig. 3 Sulfur and nitrogen extraction as the function of time by
BMIm+Cl−. Straight-run feed containing 13 240 ppm of N and 105 ppm
of S. Ratio BMIm+Cl−/feed: 1/10, 24 h at 60 ◦C.

the distribution of hydrocarbons, two-dimensional GC-MS
evidenced the high selectivity towards triaromatic compounds. A
few alkenes and monoaromatics remained and some diaromatics
were also present but the main contribution of this solution
corresponds to triaromatics. Mass spectrometry allowed the
identification of some of these compounds and provided evi-
dence of the presence of aromatics (i.e. phenanthrene, 2), S-
compounds like dibenzothiophene (1) and alkylated dibenzoth-
iophene but also a much higher concentration of N-compounds
and especially several alkylated carbazole compounds
(3 to 7).

Conclusion

Chloride based RTILs do represent alternative solvents that
can be used for the selective extraction of compounds with
a hydrogen-donor group in a hydrocarbon feed. Very low
solubility of the BMIm+Cl− in the model fuel was observed,
lower than 15 ppm. We have shown that the extraction of
heterocyclic aromatic compounds decreases on increasing the
mass fraction of toluene in the hydrocarbon feed, although the
extraction of compounds with a hydrogen-donor group were
high and independent of the mass fraction of toluene in the
feed.

This extraction procedure was applied to the selective ex-
traction of neutral N-compounds from diesel feed containing
13 240 ppm of S and 105 ppm of N. A nitrogen/sulfur selectivity
higher than 60 was reached with this feed. The high selectivity
towards heterocyclic triaromatic compounds was further em-
phasized by two-dimensional GC-MS analysis of the extracted
compounds. The highly denitrogenated feed will be used to study
the influence of the nitrogen compound concentration on HDS
of diesel feed.

Experimental

Reagents

BMIm+Cl− was commercially available (Acros) and before each
experiment was dried at 90 ◦C under reduced pressure. Single
component solutions were prepared by dissolving appropriate
amounts of analytical grade compound in 100 g of a mixture
of toluene/n-dodecane mixture (weight/weight). The total ni-
trogen or sulfur content of the solutions was 100 ppm. Arabian

Fig. 4 Two-dimensional GC-MS chromatogram of Arabian Light Straight Run feed showing group separation.

528 | Green Chem., 2008, 10, 524–531 This journal is © The Royal Society of Chemistry 2008
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Fig. 5 Two-dimensional GC-MS chromatogram of the compounds extracted by BMIm+Cl− from the Arabian Light Straight Run feed. Peaks
identification based on MS: 1 = dibenzothiophene; 2 = phenanthrene; 3 = 3-methylcarbazole; 4 = 9-methylcarbazole; 5 = C2-carbazole; 6 =
C3-carbazole; 7 = C5-carbazole.

Table 3 Composition and physical properties of Arabian Light
Straight Run

Density (at 293K)/g L−1 852
Sulfur/ppmw 13240
Total nitrogen/ppmw 105
Basic nitrogen/ppmw <5
Aromatics (wt%) 32.1

Light Straight Run was kindly provided by IFP (Lyon) and
was used as feedstock. The relevant properties of this oil are
summarized in Table 3.

Analytical procedures

For sulfur and nitrogen concentrations, the total sulfur and
nitrogen concentrations were analyzed by UV fluorescence
and by chemiluminescence, respectively, on an Antek 9000
Series nitrogen/sulfur analyser equipped with a robotic liquid
autosampler. Measurements were carried out in triplicate and
every time each sample was injected three times.

The GCxGC system was installed in a modified 6890 N gas
chromatograph (Agilent) equipped with a two stage thermal
modulator (Zoex Corporation). A single low temperature valve
mounted outside the GC oven controls the cold jet (−100 ◦C,
−120 ◦C) which provides narrow chemical pulses. The modu-
lator accumulates samples eluting from the first column for a
period equal to one third to one fifth of the duration of an
individual peak. Typically, a modulation period of 12 s was

used. The secondary column effluent was analyzed using a mass
selective detector 5975B (Agilent). The carrier gas was high
purity helium regulated at a constant flow of 1.6 ml min−1

(initial pressure 36 psi). The temperature of the GC columns
was programmed from 50 ◦C (5 mn hold) to 300 ◦C (5 mn
hold) at a rate of 1.5 ◦C min−1. Fuel samples were diluted one
hundred times in hexane; two microlitres were injected with a
split ratio of 250. The first column used was a 30 m, 0.25 mm
i.d., 0.2 lm film thickness DB5 MS Agilent, the second was a
0.6 m, 0.1 mm i.d., 0.2 lm film thickness VH 17 MS Varian.
The two columns were connected with a standard union, thus
the second column worked under Ultra Fast GC conditions.
Molecules were separated on the basis of independent chemical
properties: volatility for the first column and polarity for the
second. The raw signal (total ion count) of a GCxGC experiment
is a time ordered series of second dimension chromatograms. The
data analysis (GC Image Zoex Corporation) constructs a two
dimension chromatogram by placing the second chromatograms
side by side. GC Image also constructs a 3D image by placing
the detector response on the third axis. In GC, the concentration
of a compound is related to the area of the corresponding peak,
in 2D GC the concentration is related to a volume or so called
“blob”. GC Image software package used for the analysis has
been designed to perform visualisation of multidimensional data
(conversion and plotting of the matrix), data pre-processing
(removing artefacts and baseline correction), peak detection
and peak quantification (three-dimensional peak volumes are
calculated by means of imaging).61
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Evaluation of the solubility of BMIm+Cl− in the
toluene/n-dodecane solution

In a typical experiment, 1000 mg of toluene/n-dodecane mixture
was added to 1000 mg of BMIm+Cl−. A PTFE magnetic stirring
bar was added and the screw-capped vial was left for 24 h under
stirring at 60 ◦C with an IKA magnetic stirrer equipped with
a thermocouple thermometer. The solubility of BMIm+Cl− in
the toluene/n-dodecane mixture could be precisely estimated
from the nitrogen concentration in the organic phase determined
using an Antek 9000 Series nitrogen/sulfur analyser.

Extraction using BMIm+Cl−

In a typical experiment 1000 mg of a toluene/n-dodecane
mixture containing 100 ppm of nitrogen or 100 ppmw of sulfur
was added to 1000 mg of BMIm+Cl−. A PTFE magnetic stirring
bar was added and the screw-capped vials were left for 24 h under
magnetic stirring at 60 ◦C with an IKA magnetic stirrer equipped
with a thermocouple thermometer. The resulting hydrocarbon
solution was analysed on an Antek 9000 Series nitrogen/sulfur
analyser. Extraction efficiency E(%), distribution coefficients
D and selectivity SN/S were determined according to equation
where C i and Cf are the initial and final concentrations of the
studied molecule and msol and mIL are the mass of solution and
BMIm+Cl−, respectively.

(1)

(2)

(3)

Back-extraction and regeneration of BMIm+Cl−

After 24 h of contact with Arabian Light Straight Run (ratio
BMIm+Cl−/feed: 1/10) aliquat of BMIm+Cl− (1 g) was collected
and first washed with pentane to remove the adsorbed straight
run feed. Then 500 mg of water was added and the biphasic
solution obtained was extracted with toluene. The organic
phase was dry over Na2SO4 and concentrated under vacuum.
65 mg of viscous brown oil was obtained and analysed by two-
dimensional GC-MS.
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Isosorbide as a novel polar head derived from renewable resources.
Application to the design of short-chain amphiphiles with hydrotropic
properties
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The potential use of isosorbide, an original diol readily obtained by the double dehydration of
sorbitol, has been investigated for the synthesis of novel amphiphilic species. The hydrophilicity of
this polar head has been assessed via the synthesis and evaluation of three short-chain monoalkyl
derivatives. The isosorbide polar head appears to have an unexpectedly low hydrophilicity,
comparable to a diethylene oxide unit and it exhibits similar sensitivity to temperature changes.
The monobutyl and monopentyl ethers of isosorbide have been found to be very efficient for the
solubilisation of a model hydrophobic compound in water, giving promising hints on the use of
isosorbide for the design of hydrotropic compounds.

Introduction

Sugar-based amphiphiles represent a unique class of surface-
active compounds due to the wide variety of available polar
heads and the different types of chemical links by which they can
be attached to the hydrophobic tail.1–6 Albeit a large number of
carbohydrates can be found in nature, or obtained by synthetic
means, only a few are available in sufficient quantity and at
reasonable prices for industrial applications as raw materials,
notably for the synthesis of large-scale products as surfactants.
As for now, the main molecules that fulfil these criteria are
glucose, derived from starch, sucrose, obtained from beet or
sugar cane, and sorbitol, the hydrogenation product of glucose
(Fig. 1).

The most popular and widely-used class of sugar-based sur-
factants is the AlkylPolyGlucosides series—APG—, developed
at an industrial scale since the 80s. They are synthesized by
Fischer’s condensation of glucose with fatty alcohols and are
obtained as mixtures of compounds containing one or more
glucose moieties linked to an alkyl chain by an ether bond. They
are mostly used as non-irritant cleaning agents in liquid soap
formulations and are also present in personal care products.3

Fatty esters of sugar-derived polyols are also an important
class of green surfactants, easily biodegradable and of low
toxicity and irritancy.4 Sucrose esters were first synthesized in
the 60s and their use was extended in Europe in the early 80s.
They are obtained by transesterification of sucrose with vegetal
oils methyl esters and are mainly used in cosmetic and food
formulations. Sorbitan esters of the Tween and Span series
come from monodehydrated sorbitol and find applications as
emulsifiers in the pharmaceutical, food and cosmetic industries
among others.

LCOM, Equipe �Oxydation et Formulation�, UMR CNRS 8009,
ENSCL BP 108, 59652, Villeneuve d’Ascq Cedex, France.
E-mail: Jean-Marie.Aubry@univ-lille1.fr; Tel: +33(0)320336364

Isosorbide (1,4:3,6-dianhydro-D-glucitol) is a V-shaped
molecule consisting of two fused tetrahydrofuran rings having
two hydroxyl groups with endo and exo orientations (Fig. 2).7 It
is readily obtained from sorbitol by a double dehydration and
is thus an important product of the starch industry (Fig. 1).
Isosorbide has already been investigated as a starting material
for the synthesis of chiral promoters in organic synthesis and
notably asymmetric phase transfer catalysis.8–12 The monoacetyl
derivatives are the precursors of the nitroisosorbide used for
its vaso-dilating properties.13–15 Dimethylisosorbide is a co-
solvent used in cosmetic formulations as penetration enhancer.16

Diethers of isosorbide have also been synthesized in high yields
by phase transfer catalysis under microwave.17

Finding a way to valorise isosorbide as a starting reagent to
synthesize new compounds is thus a challenging and valuable
task. However, its use as a polar head for the synthesis of
amphiphilic species has never been investigated to date. In
the present work, the hydrophilicity of isosorbide has been
evaluated, with special emphasis on the comparison with
more classical polar heads, as the (poly)ethylene glycols. The
hydrotropic properties of short-chain amphiphiles derived from
it have also been assessed. Hydrotropes are water-soluble
organic molecules that greatly enhance the aqueous solubility
of sparingly-soluble compounds.18 They find applications in a
wide variety of industrial fields, such as the detergent industry,
where they enhance the solubility and increase the cloud point of
nonionic-based systems, also retarding the formation of liquid
crystalline structures. They also help solubilising hydrophobic
components such as perfumes or colorants in these aqueous-
based formulations. Their use is also widely spread in the
pharmaceutical industry, where the low water solubility of
most active ingredients has to be overcome. A wide-variety of
compounds, ranging from alkylbenzene sulfonates or aromatic
and aliphatic alcohols to short-chain ethers of ethylene or
propylene glycol exhibit hydrotropic properties. APG with
short and intermediate alkyl chains have also been found to
exhibit hydrotropic properties.19 When short-chain non-ionic
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Fig. 1 Location of isosorbide among the most common sugar or sugar-derived molecules used for the synthesis of amphiphilic species.

Fig. 2 1,4:3,6-dianhydro-D-glucitol; “Isosorbide”.

amphiphiles are considered, they can also be called “solvo-
surfactants”, since they exhibit at the same time properties of
solvents (low molecular weight, volatility, solubilising power),
and surfactants (amphiphilic structure, self-aggregation in water,
surface active properties).20 Nowadays, the most widely-used
solvo-surfactants are the short-chain ethylene or propylene
glycol ethers. Their high efficiency has however to be balanced
with their petroleum origin, and their use is also a matter of
debate since several members of this family are blamed for
reprotoxicity.21 Recently, the efficacy of short-chain glycerol 1-
monoethers has been put forward,22,23 and we are now looking
for new classes of potential environmentally-friendly solvo-
surfactants, as the monoalkylated derivatives of isosorbide.

In the present work, three monoalkyl ethers of isosorbide,
namely monobutyl, monopentyl and monohexylisosorbide,
have been synthesized in the pure form and characterized for
their surface-active properties and phase diagram in water.
Their partition in a cyclohexane/water mixture has been studied
and compared to ethylene glycol and glycerol solvo-surfactants.
Their hydrotropic behaviour has been looked at by evaluating
the efficiency to solubilise a model organic compound in water,
1-methylnaphtalene.

1. Experimental

Chemicals

All chemicals were used as received. 1-Bromobutane (Aldrich,
>99%), 1-bromopentane (Aldrich, >99%), 1-bromohexane

(Aldrich, >99%), anhydrous lithium hydroxide (Acros, 98%) and
dimethylsulfoxide (Acros, 99.7%) were used for the syntheses.
The solvents for extractions and column chromatography were
from SDS-Carlo Erba (synthesis grade). Isosorbide was a
gift from Roquette (Lestrem). Solubilisation experiments were
performed with 1-methylnaphtalene (Acros, 97%). Cyclohexane
used for the determination of partition coefficients was of
synthesis grade (SDS-Carlo Erba, >99.8%). For the comparison
of the amphiphilic and hydrotropic behaviours, ethylene glycol
monobutyl ether (C4E1) (Aldrich, >99.5%) and diethyleneglycol
monobutyl ether (C4E2) (Acros, >99%) were used, as well
as glycerol 1-monopentyl ether (C5Gly), whose synthesis is
described in ref. 22. For all experiments, ultra-pure water
(resistivity 18.2 MX.cm) was used.

General methods

NMR spectra were recorded on Brucker AC spectrometers at
300.13 MHz for 1H and 75.47 MHz for 13C. LSI-mass spectra
were recorded by the Centre de Spectrométrie de Masse of
the Université Claude Bernard Lyon I (Villeurbanne). Optical
rotations were measured at 20 ◦C with a Perkin Elmer 343
polarimeter. Gas chromatography analyses were performed on
an Agilent 6890 N apparatus, equipped with a HP-1 Crosslinked
Methyl Silicone gum column (60 m × 0.32 mm × 0.25 lm),
with N2 as gas vector and a FID detector. The method used to
analyse the reaction media and the isolated products allows
separating the two monoethers and the diether. The same
method was used for the measurement of cyclohexane–water
partition coefficients. A calibration curve for each compound
was constructed beforehand.

Synthesis of the compounds

The synthesis and purification procedures were identical for all
compounds and are described below for compound 3.

Isosorbide (40.2 g, 0.275 mol) was dissolved in DMSO
(140 mL) and heated to 90 ◦C under stirring. LiOH (6.6 g,
0.275 mol) was then added at the same temperature. The medium

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 532–540 | 533
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was maintained at 90 ◦C during one hour to allow complete
dissolution. Bromohexane (38.6 mL, 0.275 mol) was then added
drop wise at the same temperature and at the end of the addition,
the medium was left under stirring at 90 ◦C during 24 hours.
After cooling down to room temperature, it was acidified to
pH 1 by addition of 2M HCl. DMSO was evaporated under
reduced pressure and the residue was extracted with ethyl acetate
(3 × 100 mL). The organic phase was dried over magnesium
sulfate and the solvent evaporated under reduced pressure to
give a dark orange oil. This crude residue contained a mixture
of the two monoethers and of the diether. Before purification, it
was diluted in dichloromethane and agitated in the presence of
charcoal to remove part of the coloured impurities. The medium
was then filtrated, concentrated under reduced pressure and
then subjected to column chromatography. The eluting system
was a gradient from a 50/50 to a 0/100 mixture of petroleum
ether/diethyl ether. The diether of isosorbide was eluted first
(Rf = 0.77 in a 50/50 mixture) and was not collected. 2-O-
monohexyl isosorbide was then isolated (Rf = 0.20 in a 50/50
mixture, 2.9 g, 7.0 mmol, 5%), then 5-O-monohexyl isosorbide
3 (Rf = 0.08 in a 50/50 mixture, 20.5 g, 89.0 mmol, 32%).

The purity of the compounds was ascertained by 1H and 13C
NMR spectroscopy and gas chromatography. The NMR spectra
of the 5-O-monoalkyl ethers, which were studied in this work, are
given below. For the numbering of the carbons on the isosorbide
cycle, see Fig. 2.

5-O-monobutyl isosorbide 1

[a]D
20 +96 (c 1 in MeOH). 1H NMR (300 MHz, CDCl3–

1% TMS): d 0.91 (3H, t, JCH2-CH3= 7.3 Hz, CH3), 1.29–1.47
(2H, m, CH2c), 1.50–1.68 (2H, m, CH2b), 2.10–2.40 (1H, m,
OH), 3.46 (1H, dt, JHa1-Ha2= 9.1Hz, JHa1-Hb= 6.8Hz, CH2a1),
3.57 (1H, dd, J6a-5=J6a-6b= 8.0Hz, H6a), 3.68 (1H, dt, JHa1-Ha2=
9.1Hz, JHa2-Hb= 6.8Hz, CH2a2), 3.86–4.06 (4H, m, H1a/b, H5, H6b),
4.30–4.35 (1H, m, H2), 4.44 (1H, d, J3–4= 4.2Hz, H3), 4.69 (1H,
dd, J4–3= J4–5= 4.3Hz, H4). 13C NMR (75 MHz, CDCl3–1%
TMS): d 13.9 (CH3), 19.2 (CH2c), 31.8 (CH2b), 70.1 (C6), 70.7
(CH2a), 75.9 (C1), 76.8 (C2), 80.1 (C4), 80.3 (C5), 88.3 (C3).
HRMS: found 203.1283, C10H18O4 (m/z+H+) requires 203.1283.

5-O-monopentyl isosorbide 2

[a]D
20 +92 (c 1 in MeOH). 1H NMR (300 MHz, CDCl3–

1% TMS): d 0.84–0.99 (3H, m, CH3), 1.20–1.47 (4H, m,
2CH2), 1.50–1.70 (2H, m, CH2b), 1.90–2.15 (1H, m, OH),
3.45 (1H, dt, JHa1-Ha2= 9.1Hz, JHa1-Hb= 6.9Hz, CH2a1), 3.57
(1H, dd, J6a-5=J6a-6b= 8.0Hz, H6a), 3.68 (1H, dt, JHa1-Ha2=
9.1Hz, JHa2-Hb= 6.9Hz, CH2a2), 3.86–4.06 (4H, m, H1a/b, H5, H6b),
4.30–4.35 (1H, m, H2), 4.44 (1H, d, J3–4= 4.1Hz, H3), 4.69 (1H,
dd, J4–3= J4–5= 4.3Hz, H4). 13C NMR (75 MHz, CDCl3–1%
TMS): d 14.0 (CH3), 22.5–29.4 (2CH2), 28.1 (CH2b), 70.0 (C6),
71.0 (CH2a), 75.8 (C1), 76.6 (C2), 80.0 (C4), 80.3 (C5), 88.3 (C3).
HRMS: found 217.1447, C11H20O4 (m/z+H+) requires 217.1440.

5-O-monohexyl isosorbide 3

[a]D
20 +86 (c 1 in MeOH). 1H NMR (300 MHz, CDCl3–

1% TMS): d 0.80–0.97 (3H, m, CH3), 1.15–1.45 (6H, m,
3CH2), 1.50–1.70 (2H, m, CH2b), 2.50–2.75 (1H, m, OH),

3.44 (1H, dt, JHa1-Ha2= 9.2Hz, JHa1-Hb= 6.9Hz, CH2a1), 3.57
(1H, dd, J6a-5=J6a-6b= 8.0Hz, H6a), 3.67 (1H, dt, JHa1-Ha2=
9.2Hz, JHa2-Hb= 6.9Hz, CH2a2), 3.85–4.08 (4H, m, H1a/b, H5,
H6b), 4.30–4.35 (1H, m, H2), 4.43 (1H, d, J3–4= 4.4Hz, H3),
4.68 (dd, J4–3= J4–5= 4.4Hz, H4). 13C NMR (75 MHz, CDCl3–
1% TMS): d 14.0 (CH3), 22.6–25.7–31.6 (3CH2), 29.7 (CH2b),
70.0 (C6), 71.1 (CH2a), 75.9 (C1), 76.7 (C2), 80.1 (C4), 80.3
(C5), 88.3 (C3). HRMS: found 231.1598, C12H22O4 (m/z+H+)
requires: 231.1596.

Construction of phase diagrams in water

Screwed test tubes containing the sample mixture (3 mL) at
different concentrations were immersed in a water bath, the
temperature of which was changed gradually. The temperatures
at which the solutions became turbid were recorded to build
the cloud curve. The temperature was precisely determined on
heating and cooling. If a slight discrepancy, smaller than 0.5 ◦C,
was observed, the mean value was taken.

Surface tension measurements

Surface tension measurements were performed with the drop
shape method using a Tracker-ITConcept tensiometer. A rising
air bubble was formed in the solution, the temperature of which
was maintained at (25.0 ± 0.1)◦C by using a thermostated
bath. Equilibrium values were recorded after an interval up to
two hours for the C6 derivative.

Partition coefficient in cyclohexane/water

the determination of partition coefficients of the hydrotropic
compounds in a cyclohexane/water mixture was determined
according to the shake-flask method, as described in the
OECD procedure n◦107 (27.07.95). Both solvents were mutually
saturated before the measurement. For the measurements to
be valid, the compound should be at a concentration in each
phase well below the aggregation concentration. This is achieved
by choosing a total concentration inferior to 5 g/L. For
each compound, the measurements were carried out at two
concentrations (C and C/2), and for two water/oil ratios
ranging from 0.5 to 4. The samples were hand-shaken, and
left to equilibrate for 48 hours in a water bath thermostated
at ± 0.1 ◦C. The amount of hydrotrope in each phase was
determined by gas chromatography. The partition coefficients
are mean values on the different experiments. The deviation on
the partition coefficient was usually around 2% and always less
than 4%.

Solubilisation of 1-methylnaphtalene

2 g-solutions of the hydrotrope in water were prepared at
different concentrations and 1-methylnaphtalene was added
carefully until reaching saturation (cloudy solution). The so-
lutions were kept under stirring at room temperature during
24 hours. After this period, the solutions were centrifuged to
accelerate the phase separation and the aqueous phase was taken
out after complete decantation (clear solution). The amount
of 1-methylnaphtalene solubilised in the aqueous phase was
determined by UV absorption of the solutions at 292 nm. Prior
to the measurement, a calibration curve was constructed at this
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wavelength. The solutions were diluted in ethanol before the
measurement.

2. Results and discussion

2.1. Synthesis of monobutyl isosorbide 1, monopentyl
isosorbide 2 and monohexyl isosorbide 3

The monoalkyl ethers of isosorbide were synthesized by direct
selective alkylation of isosorbide by the corresponding bro-
moalkanes in the presence of lithium hydroxide in dimethyl-
sulfoxide (Scheme 1).11 In these conditions, selectivity towards
the 5-O-alkyl isomer is enhanced due to the higher acidity of
proton OH-5, which is embedded in a hydrogen bond with the
oxygen atom of the adjacent cycle (Fig. 2).

Comparable yields (∼35%) in monoalkylated products were
obtained for the three chain lengths. The selectivity towards the
5-O-alkylation reaches 86% for the butyl chain, and is slightly
enhanced to 95% for the two longer chains. In all cases, the
diether and the two monoethers can easily be separated during
the purification by flash chromatography. This means that these
three species have quite different physico-chemical properties,
which is particularly interesting to note for the two monoethers.
The difference in the polarities of the two monoethers is probably
due to the breakdown of the intramolecular hydrogen bond in
the case of the 5-O-isomers, whereas this bond is maintained
in the case of the 2-O-isomers. This results in a slightly more
hydrophilic head group for the 5-O-isomers that contain a more
accessible hydroxyl group, as suggested by the order of elution
of the two isomers on a silica gel chromatography column. In
this work, only the 5-O-isomers were studied and characterized.

As the aim of this preliminary study was to get the compounds
in a pure form to assess their physico-chemical properties,
no effort was made to improve the synthetic route. However,
for them to be considered as green alternatives to petroleum-
derived glycol ethers, they should be obtained in a more
environmentally-friendly manner, for instance by using water
as the reaction solvent, as already described for the synthesis of
sucrose hydroxyalkyl ethers.5

2.2. Evaluation of isosorbide as a polar head for amphiphilic
species

2.2.1. First estimation of the isosorbide polarity by LogP
calculations. A first estimation of the polarity of a substance
can be performed by looking at its logP value. The octanol-water
partition coefficient, P, expresses the differential solubility of a
substance between these two immiscible solvents. It equals the
ratio of the concentration of the substance solubilised in octanol
over the concentration of the substance solubilised in water.
Therefore, it is often used as a descriptor of the hydrophobicity

of the substance, or conversely, its hydrophilicity. It is usually
expressed in its logarithmic form, logP, the more negative the
logP, the more hydrophilic the substance.

In the case of candidate molecules for the design of am-
phiphilic compounds, the polarity that should be taken into
account is the one of the polar moiety remaining after branching
the hydrophobic chain. That is why Table 1 gives the calcu-
lated logP for a series of monomethylated hydrophilic com-
pounds. Monomethylisosorbide is compared to monomethy-
lated ethyleneglycol, glycerol, sorbitan and glucose derivatives.
LogP were calculated using Advanced Chemistry Development
software V10.02 (ACD/Labs).

Table 1 shows, as expected, that the hydrophilicity of the
isosorbide moiety is much lower than the one of glucose (G)
and, what can be more surprising, also clearly lower than the
one of triethyleneglycol (E3), which contains the same number
of oxygen and carbon atoms. The hydrophilicity of isosorbide
seems to be very close to the one of diethyleneglycol (E2) and
lower than the one of glycerol (Gly).

This information gives hints on the type of amphiphilic
compounds that can be obtained by branching a hydrophobic
chain to isosorbide. For diethyleneglycol derivatives (CiE2), a
complete miscibility with water is achieved at room temperature
when the alkyl chain contains less than six carbons. A similar
limitation has been observed for the monoalkylated derivatives
of isosorbide, and only mono C4, C5 and C6 derivatives of
isosorbide were synthesized and evaluated, to estimate the
contribution of the lipophilic tail/hydrophilic head ratio on the
hydrotropic properties. An attempt to work on the C8 derivative
was made, but, as expected by logP calculations, its solubility in
water revealed to be very poor (comprised between 0.04% and
0.1% w/w).

Isosorbide, due to a fairly limited polarity, could act as a
polar head for the design of short-chain amphiphilic species,
of the solvo-surfactant type. The strengths of the hydrophilic
and the hydrophobic parts in this type of compounds are not
sufficient to afford a real surfactant activity.

2.2.2. Binary phase diagrams of the isosorbide monoethers
1–3. The binary phase diagrams of short-chain amphiphiles
are much less complex than the ones of true surfactants, mainly
because of the absence of liquid crystal domains. The binary
phase diagrams of the three derivatives in water were constructed
and are represented in Fig. 3 for the C5 and C6 derivatives.
The C4 derivative exhibited a complete miscibility with water
in the whole concentration and temperature ranges (0–90 ◦C).
For all compounds, no liquid crystal domain was observed,
which is consistent with the proposed hydrotropic nature of
the compounds. However, for the C5 and especially the C6

derivatives, a large biphasic domain where two liquids coexist

Scheme 1 Synthesis of 5-O-monobutyl isosorbide 1, 5-O-monopentyl isosorbide 2 and 5-O-monohexyl isosorbide 3.
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Table 1 LogP calculated for monomethylisosorbide, compared to the values for monomethylated ethyleneglycol, sorbitol, glycerol and glucose
derivatives

Compound Polar head denomination LogP Predicted polarity

E1 −0.80 ± 0.24 Lower

E2 −1.16 ± 0.32

Iso −1.17 ± 0.58

Gly −1.30 ± 0.50

Sor −1.49 ± 0.41

E3 −1.51 ± 0.41

G −2.69 ± 0.24 Higher

Fig. 3 Binary Phase Diagram of C5 � and C6 � monoalkyl derivatives
of isosorbide. The C4 derivative exhibits a complete miscibility with
water in the temperature range studied.

(one surfactant-rich and one surfactant-poor) was observed.
Just as oxyethylene-derived amphiphiles, isosorbide derivatives
are sensitive to temperature changes, with a loss of hydrophilicity
when increasing the temperature. The lower temperature above
which the phase separation is observed, the so-called Cloud
Point, equals 39.3 ◦C in the case of the C5 derivative, and is
found below 0 ◦C for the longest homologue.

Table 2 compares the Cloud Points of the isosorbide deriva-
tives to the ones of ethyleneglycol and glycerol hydrotropes
described in the literature.

Table 2 Cloud Points for various hydrotropes, from the CiEj, CiGly
and CiIso series

Compound Cloud Point (◦C) Reference

C4E1 48.5 24
45.0 25

C5E2 34.0 25
C6E2 0.0 25

0.1 26
C6E3 44.0 25

46.0 27
40.5 28

C4Iso >100
C5Iso 39.3
C6Iso <0
C4Gly >100 22
C5Gly >100 22
C6Gly <0 22

The Cloud Points for the C5 and C6 derivatives of isosorbide
(39.3 ◦C and <0 ◦C) are of the same order of magnitude as the
ones of the C5 and C6 derivatives of E2 (34.0 ◦C and 0 ◦C). This
observation is consistent with the close logP values of both polar
heads presented in Table 1. The addition of one carbon atom
to these derivatives induces the same shift in the Cloud Point
value. In the case of glycerol derivatives, this addition has a more
dramatic effect on the solubility in water, since the C5 derivative
shows no miscibility gap whereas the C6 derivative has a Cloud
Point below 0 ◦C. These results confirm that an isosorbide polar
head can be assimilated, to a first approximation, to a diethylene
glycol moiety (E2).
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Close to the CMC, the C5-derivative solutions were slightly
turbid, as indicated by a dashed line in the diagram. This be-
haviour was already observed by Ambrosone et al. for C6E3 and
was attributed to the “borderline” character of this compound,29

situated between a completely insoluble C6E2 and a completely
soluble and micellizing C6E4. At low concentrations, the inherent
tendency to demixion prevails, until the concentration at which
aggregates can be formed is reached.

The position of the miscibility gap for C5Iso (39.3 ◦C) can
be interesting for applications in hard-surface cleaning and
detergency, since it is located close to the temperature of use (20–
40 ◦C). This means that in this temperature range, the solubility
in water is maintained, but the affinity of the hydrotrope is
just about to change from water to oil, and it is known that
detergency is maximum close to the cloud point. On the contrary,
the extended miscibility gap in the case of C6Iso could raise
problems for applications as hydrotropes, but this could easily
be overcome by increasing the cloud point with the addition of
salting-in agents.

2.2.3. Partition of isosorbide-, (poly)ethyleneglycol- and
glycerol-hydrotropes in a cyclohexane/water mixture. The par-
tition coefficient of a substance between two immiscible solvents
such as oil (o) and water (w) plays an important role in many
fields of chemistry, and particularly interfacial chemistry. In the
case of surface active species, the partition has to be considered
in the monomeric state, that is to say below the critical micellar
concentration. In this case, it can be considered as a direct
measure of the inner affinity of the amphiphile for both oil and
water.30–34 This measurement is often difficult to carry out for real
surfactants, since CMCs are usually very low and the analytical
detection limits are reached, but it is more easily achievable for
hydrotropes, which start aggregating at higher concentrations
(see part 2.3).

The partition coefficients of several short-chain amphiphiles
including the isosorbide derivatives have been evaluated in
the cyclohexane/water system. Cyclohexane was chosen for
its relative polarity compared to linear alkanes,35 in order to
get a substantial amount of the compounds in the oil phase,
considering their limited hydrophobicity.

The partition coefficients Kow have been measured over a
10 ◦C–60 ◦C temperature range, in order to access important
parameters of the o/w equilibrium by simple thermodynamic
considerations. Indeed, considering the following equilibrium:

The partition coefficient is expressed as:

Where a is the activity of the amphiphile in both phases. In
the experimental conditions required for such measurements,
concentrations are low and the activity can be replaced by the
concentration of the compound in both phases after partition
and equilibrium.

Several thermodynamic parameters are related to this equi-
librium, namely the standard enthalpy DHw-o

◦, entropy DSw-o
◦

and free energy DGw-o
◦ corresponding to the variation of the

thermodynamic function during the transfer of one mole of
compound from water to cyclohexane.

Kow is related to DGw-o
◦ by DGw-o

◦ = −RT ln Kow, where R =
8.31 J.mol−1.K−1 and T is the absolute temperature.

The three thermodynamic constants are related by: DGw-o
◦ =

DHw-o
◦−TDSw-o

◦.
Consequently, it can be written that: ln Kow = −DHw-o

◦/RT +
DSw-o

◦/R.
If we consider that DHw-o

◦ and DSw-o
◦ are constant on the

considered temperature range, the variation of ln Kow with
1/T should be linear and allow accessing these thermodynamic
parameters.

Fig. 4 shows the evolution of ln Kow with 1/T for two ethylene
glycol derivatives (C4E1 and C4E2), a glycerol derivative (C5Gly)
and the two shorter isosorbide derivatives (C4Iso and C5Iso).

Fig. 4 Evolution of the logarithm of the partition coefficients in
cyclohexane (o)/water (w) ln Kow with the inverse of temperature for
C4E1, � C4E2, C5Gly x, C4Iso � and C5Iso �.

For all compounds, the variation of ln Kow with 1/T is
linear (R2 > 0.99), which validates the assumption that the
standard enthalpy and entropy do not vary significantly in
the temperature range studied. These values can be determined
from the slope and the y-intercept of the straight lines and are
summarized for all compounds in Table 3, together with the
standard free energies at 25 ◦C and 60 ◦C. These thermodynamic
parameters are of the same order of magnitude as the ones
obtained for CiEj surfactants in systems with oils of adapted
polarity (DHw-o

◦ = 57 kJ/mol for C10E8 in hexane/water,31

DHw-o
◦ = 46 kJ/mol for C12E5 in heptane/water32).

The standard free energies DGw-o
◦ are all positive at 25 ◦C,

which means that, for all compounds, the transfer from cyclo-
hexane to water is favoured. At this temperature, the affinity for
water follows the tendency: C4Iso > C5Gly > C5Iso > C4E2 >

C4E1. At 25 ◦C, for the same chain length, the isosorbide polar
head is more hydrophilic than a diethylene glycol, but less than
a glyceryl group.

At 60 ◦C, DGw-o
◦ becomes negative for C4E1, signifying that

the loss of hydrophilicity of the E1 moiety on temperature
increase has turned the affinity of the amphiphile to the
oil phase. For the other compounds, the greater affinity for
water is maintained, and at this temperature, the hydrophilic
classification of the compounds is: C4Iso > C5Iso > C5Gly >

C4E2 > C4E1. Thus, at 60 ◦C, the isosorbide derivatives are

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 532–540 | 537
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Table 3 Thermodynamic data for the partition of the short-chain amphiphiles in cyclohexane/water obtained from the linear evolution of ln Kow

with the inverse of temperature presented on Fig. 4

Hydrotrope DHw-o
◦ (kJ/mol) DSw-o

◦ (J/mol/K) DGw-o
◦ (kJ/mol) at 25 ◦C DGw-o

◦ (kJ/mol) at 60 ◦C

C4E1 35 108 2.4 −1.4
C4E2 42 124 4.7 0.3
C4Iso 49 127 11.1 6.7
C5Iso 44 124 7.5 3.2
C5Gly 71 208 9.2 1.7

still more polar than their ethylene glycol counterparts, and
become more polar than their glycerol counterpart. This means
that on temperature increase, the isosorbide polar head is less
sensitive to a loss of hydrophilicity than glycerol. However,
the temperature-dependence seems to be of the same order
of magnitude for isosorbide and ethylene glycol derivatives, as
indicated by the close slope (i.e. DHw-o

◦) values. Here again,
the isosorbide polar head compares well with the diethylene
glycol, as far as the temperature-dependence is concerned. The
absolute Kow values of C4E2 and C4Iso, at all temperatures, seem
to indicate that the isosorbide moiety brings a slightly higher
hydrophilic contribution than diethyleneglycol.

2.3. Hydrotropic properties of the isosorbide monoethers

2.3.1. Surface tension. The evolution of the surface tension
with the concentration is presented in Fig. 5 for the three
compounds. The surface tension decreases with increasing
concentration in water until reaching a plateau in the case of
the C4 and C5 derivatives. For the C6 derivative, the solubility
limit is attained before the surface saturation (represented by a
dashed line on Fig. 5). As expected for hydrotropic species, the
breaks in the curves are not as pronounced as in the case of
real surfactants and the minimum surface tension is attained at
higher concentrations. However, a change in the slope is usually
observed36–38 at a Minimum Aggregation Concentration (MAC)
and coincides with the concentration at which other physico-
chemical properties are modified. It is also in accordance
with the concentration at which the increase in hydrophobic
compound solubilisation becomes significant.

Fig. 5 Surface tension vs. concentration for the three isosorbide
derivatives C4Iso, � C5Iso � and C6Iso �.

The minimum aggregation concentrations of the C4 and C5

derivatives given in Table 4 are represented by small arrows
on the curves. They represent the point from which no more

Table 4 Air/water surface tension data for the three isosorbide
derivatives

Compound MAC (mol/L) cmin (mN/m)

C4Iso 0.80 32.1
C5Iso 0.23 29.8
C6Iso — —

evolution is observed in the measured surface tension. Table 4
also gives the minimum surface tensions, showing a better
surface activity of C5Iso compared to C4Iso, consistent with
the longer lipophilic part of the amphiphile.

2.3.2. Solubilisation. The main application of hydrotropes
is the solubilisation of hydrophobic compounds and ionic
surfactants in water. Their solubilising action is not completely
understood yet, but it is believed to be linked to their ability to
self-associate in water.39

The efficiency of the two shorter isosorbide derivatives has
been assessed by measuring the amount of 1-methylnaphtalene
solubilised in aqueous solutions containing increasing concen-
trations of hydrotropes. 1-Methylnaphtalene was chosen because
it can be considered as a good mimic of organic soil and has
the advantage to absorb in the UV region, which makes the
quantification easier.

Results are presented in Fig. 6 for C4Iso and C5Iso compared
to C4E1 solutions. From these curves, two characteristic features
of the hydrotropic action have been extracted: the efficiency,
defined as the slope of the linear part of the solubilisation
curves in a log linear representation20 and the amount of organic
compound solubilised for a given concentration of hydrotrope-
1mol/L here. The MHC, Minimum Hydrotropic Concentration,
often referred to as the concentration of hydrotrope from which

Fig. 6 Solubilisation of 1-methylnaphtalene by aqueous solutions of
the isosorbide derivatives C4Iso� and C5Iso� compared to reference
solvo-surfactant C4E1�.
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Table 5 Solubilising of 1-methylnaphtalene by the isosorbide derivatives C4Iso and C5Iso compared to reference solvo-surfactant C4E1. The efficiency
is the slope of the linear part of the solubilisation curves in a log linear representation (not presented here)

Hydrotrope Efficiency [Me-Napht] (mmol/L)/[hydrotrope] (mol/L) [Me-Napht] (mmol/L) solubilised in a 1M-solution of hydrotrope

C4Iso 12.3 17.2
C5Iso 13.2 51.8
C4E1 3.7 1.9

the solubilisation starts to be effective, has not been determined
here because of the difficulty to estimate the curve taking-off.
It usually corresponds to the MAC given by surface tension
measurements, which confirms the supposed solubilisation
mechanism of hydrotropes. Table 5 summarizes the values for
the three compounds.

It is clear from Fig. 6 and Table 5 that the isosorbide
derivatives are more efficient and solubilise 1-methylnaphtalene
and at lower concentrations than model hydrotrope C4E1. C5Iso
is the most efficient, since it has the right balance between
its hydrophilic and hydrophobic parts allowing a good water
solubility together with a substantial affinity for organics.

The better efficiency of isosorbide derivatives compared to
short-chain ethyleneglycol ether is particularly promising. This
result can not be attributed to a particular affinity for the
isosorbide derivatives for the model organic compound chosen,
since it has been demonstrated that the aqueous solubilisation
process by hydrotropes is not dependent on the solute.20 The
higher efficiency could alternatively be attributed to a different
molecular organisation of the amphiphiles allowing a better
association of the organic compound with the hydrotrope
aggregates after the MAC. We can suppose that the molecular
structure of the isosorbide polar head, significantly more rigid
than an ethylene oxide moiety, dictates the self-association of
the compounds and can lead to a better and more efficient
structure, compared to the weak aggregates formed by C4E1.38

More detailed studies, as for instance the measurement of self-
diffusion coefficients in water by PGSE NMR should shed more
light on the behaviour and action of such hydrotropes.

Conclusion

Derived from sorbitol, a leading product of the starch industry,
isosorbide can be obtained in large amounts and at reasonable
prices. This makes it a good candidate for the valorisation of
sugar-derived compounds for the synthesis of new products for
large-scale markets as for instance the detergent industry. LogP
calculations on different hydrophilic moieties proved to be a
good tool to predict the strength of this new polar head, and
the type of amphiphiles that can be synthesized from it. The
hydrophilicity of isosorbide being somewhat limited, equivalent
or slightly higher than a diethylene glycol, monoalkylated
derivatives need to have a relatively short alkyl chain to ensure a
good water solubility. The amphiphilic species obtained are thus
classified as hydrotropes, or solvo-surfactants.

Mono-C4, C5 and C6 isosorbide have been synthesized, and
can be considered as good solvo-surfactants, as regards to
their behaviour in water and ability to solubilise model organic
compound 1-methylnaphtalene in water. Their sensitivity to
temperature changes seems to be lower than glycerol homo-

logues, and of the same order of magnitude as diethyleneglycol
counterparts. Additional studies are in progress to evaluate their
potential use for degreasing and hard-surface cleaning.

Biodegradability and toxicity studies are still in progress to
accurately assess the “green” character of these new derivatives.
Preliminary results show that the in vitro-cytotoxicity of the
isosorbide derivatives is slightly lower than that of glycerol
derivatives.23 These first studies show that the use of isosorbide
for the synthesis of new hydrotropes is promising, in fields where
it is necessary to enhance the solubility of organic compounds
in water, in replacement of petroleum-derived short-chain CiEj.
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It has been found that commercial ISOLUTE R© Si-carbonate catalyzes both nitroaldol and
Michael reactions, from nitroalkanes and under solvent-free conditions, allowing satisfactory to
good yields of nitroalkanols and c-nitro-functionalized carbonyl and cyano derivatives. In
addition, a one-pot Henry–Michael reaction can be performed.

Introduction

In the 21st century we can expect the drive toward cleaner
technologies brought about by public, legislative and corporate
pressure to provide new and exciting opportunities for catalysis
and catalytic processes.1 In this context, the heterogeneous
catalysis shows great potential for environmental pollution
control.

The efficient use of a solid catalyst that stays in a separate
phase from the organic compounds can go a long way to achieve
important goals. In fact, product isolation is simplified and
reactions often run under milder conditions and give higher
selectivity. The atom efficiency of the reaction is improved,
the process is facilitated, precious raw materials used in the
manufacture of the catalyst have increased lifetime (through
reuse), and the volume of waste is significantly reduced.2

Commercial ISOLUTE R© Si-carbonate [silica trimethylam-
monium carbonate; Si-TMS(CO3

−2)0.5] is a bound equivalent
of tetramethylammonium carbonate, which has traditionally
been used as a quaternary anion-exchanger for quenching,
neutralizing and desalting organic mixtures. Recently more
versatile applications have been reported such as organic acid
scavenging for fast purification of amide and biaryl libraries.3

Results and discussion

During our studies into the chemistry of nitroalkanes,4 and
particularly to the search for more eco-friendly conditions
for their use as stabilized carbanions,5 we were attracted by
ISOLUTE R© Si-carbonate as a potential supported base to
generate the nitronate forms under solvent-free conditions.

Henry6 and Michael4c reactions, involving nitroalkanes, are
two of the most used procedures for the generation of new

a“Green Chemistry Group”, Dipartimento di Scienze Chimiche
dell′Università di Camerino, Via S. Agostino 1, 62032, Camerino, Italy.
E-mail: roberto.ballini@unicam.it; Fax: +39 07374 02297; Tel: +39
0737 402270
bCEMIN-Laboratory of Green Synthetic Organic Chemistry,
Dipartimento di Chimica dell′Università di Perugia, Via Elce di Sotto 8,
06123, Perugia, Italy. E-mail: pizzo@unipg.it; Fax: +39 075 5855560;
Tel: +39 075 5855546
† Electronic supplementary information (ESI) available: Analytical data
for 3a–j, 5a–k and 6. See DOI: 10.1039/b719477c

carbon–carbon bonds and for the preparation of polyfunction-
alized structures. As routine procedures, these reactions are
performed in the presence of different bases in homogeneous
solutions of organic solvents or, alternatively, under hetero-
geneous catalysis4c,7 and, for these purposes, even with the
help of sonication,8 high pressure9,10 or the need for complex
catalysts prepared by using toxic solvents11 have been proposed.
In addition, these methodologies very often suffer from different
drawbacks such as: (i) (Henry reaction) low yields, retro-
aldol reaction, formation of side products due to the aldol
condensation and/or Cannizzaro reaction of aldehydes or olefin
formation, and (ii) (Michael reaction) low yields, multi-addition
reactions, the need of a large excess of nitroalkanes that, for
valuable nitro derivatives and for the production of waste, is a
serious problem from both an economical and ecological point
of view.

Thus, considering that over the past few years, a significant
amount of research has been directed towards the progress
of new technologies for environmentally benign processes, the
development of new general, efficient eco-friendly catalytic
procedures for both Henry and Michael reactions is desirable.

In this context, we report herein that commercial ISOLUTE R©

Si-carbonate has been found, in our laboratory, to be a new
efficient catalyst for both the Henry and Michael reactions under
solvent free-conditions.

Firstly, we chose two model reactions for these transfor-
mations in order to find the best reaction conditions and, as
reported in Table 1 and 2, we examined the nitroaldol reaction
of 1-nitrobutane with dihydrocynnamaldehyde (formation of
3a) and the conjugate addition of 1-nitrobutane to ethyl vinyl

Table 1 Best catalyst/substrate ratio for the Henry reaction

Catalyst/substrate Yield (%) of 3a

0.05 10
0.1 87
0.15 80

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 541–544 | 541
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Table 2 Best catalyst/substrate ratio for the Michael reaction

Catalyst/substrate Yield (%) of 5a

0.05 73
0.1 87
0.15 86
0.2 70

ketone (formation of 5a). The reactions were carried out at room
temperature for 7 h, with different amounts of catalyst, and in
both cases the more convenient catalyst/substrate ratio seems
to be = 0.1.

In order to verify the efficiency of the method for the nitroaldol
reaction, we tested a number of different nitroalkanes and
aldehydes (Table 3). All the reactions were carried out at room
temperature, mixing a stoichiometric amount of 1 and 2, with
10 mol% of the catalyst and in the absence of any solvent.

By this method, simple and functionalized primary and
secondary nitroalkanes give good results with both aliphatic
and aromatic aldehydes. Moreover, 1-bromo-1-nitroalkan-2-ols
(entry 9 and 10), an important class of compounds very useful
for practical applications in the manufacturing photographic
materials,12 ink-based materials,13 or for their important prop-
erties such as biocide14 and antimicrobial activity,15 can be
efficiently prepared by our procedure.16 Although the present
method results in a diastereomeric mixture of nitroalcohols,
according with most of the reported approaches, this doesn’t
seem to be a problem since the main uses are the conversion into
a-nitro ketones17 or conjugated nitroalkenes,18 in which at least
one stereogenic centre is lost.

The generality of our catalytic system has been extended to
the Michael reaction, investigating the reactivity of a series of
nitroalkanes with an array of electron-poor alkenes (Table 4).

The reaction works well with primary and secondary ni-
troalkanes and with different electron-poor alkenes, even with
poor electrophilic alkenes, such as a,b-unsaturated esters (entry

5 and 11), a,b-unsaturated nitriles (entry 6) or a,b-unsaturated
sulfones (entry 10), and with hindered electrophilic alkenes,
such as 2-cyclohexen-1-one (72%, entry 3) and 2-cyclopenten-
1-one (91%, entry 4) that, usually, give moderate yields.19 In
addition, a further class, 1-bromo-1-nitroderivatives (entry 7),
can be efficiently prepared under our conditions.

It is important to point out that the use of the same
catalyst for both Henry and Michael reactions, via nitroalkanes,
offers an important opportunity for a one-pot Henry–Michael
solventless process. In fact, as reported in Scheme 1, mixing
dihydrocynnamaldehyde with nitromethane (1 equiv.) and cat-
alyst (0.15 equiv.) at room temperature, followed, after 3 h (the
reaction was checked by TLC), by the addition of methyl vinyl
ketone (1 equiv.) and leaving the mixture for further 15 h, allows
the direct preparation of the keto nitroalkanol 6, in equilibrium
with its ketalic form 7, in 62% overall yield (6/7 ≈ 5:1).

Scheme 1

Finally, we faced the problem of catalyst recycling: at the
end of the model reaction (formation of 5a) the catalyst was
filtered, washed with EtOAc, dried under vacuum and reused.
The catalyst could be utilized with comparable results at least
for six further cycles (Table 5).

Conclusions

Following our procedures both nitroalkanols 3 (58–
87%) and Michael adducts 5 (59–91%) can be efficiently

Table 3 Nitroalkanols 3 obtained by the Henry reaction

Entry R R1 R2 Reaction time/h Yield (%)a of 3

1 n-Pr H Ph(CH2)2 7 87 (3a)
2 n-Pr H Ph 16 78 (3b)
3 Ph(CH2)2 H n-C5H11 5 82 (3c)
4 MeOCO(CH2)4 H Ph 16 69 (3d)
5 MeOCO(CH2)4 H n-C5H11 8 68 (3e)
6 Me Me Et 7 58 (3f)
7 Me H Ph 16 77 (3g)
8 n-Bu H c-C6H11 8 83 (3h)
9 Br H n-Bu 9 71 (3i)

10 Br H m-NO2C6H4 16 63 (3j)

a Yield of pure isolated product

542 | Green Chem., 2008, 10, 541–544 This journal is © The Royal Society of Chemistry 2008
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Table 4 Michael adducts 5 prepared

Entry R R1 Electron-poor alkene 4 Michael Adduct 5 Reaction time/h Yield (%)a of 5

1 n-Pr H 5a 7 87

2 n-C5H11 H 5b 7 86

3 n-C4H9 H 5c 10 72

4 PhCH2 H 5d 16 91

5 n-Pr H 5e 30 62b

6 PhCH2 H 5f 27 59b

7 Br H 5g 8 71

8 MeCO(CH2)2 H 5h 7 75

9 Me Me 5i 16 85

10 n-C4H9 H 5j 20 61

11 Me Me 5k 24 60

a Yield of pure isolated product. b The reaction performed at 50 ◦C gave poor yield (45% for 5e and 40% for 5f, after 30 and 27 h, respectively),
probably due to the partial desorption of the (low boiling) Michael acceptors.

Table 5 Yield of recycled catalyst in the model Michael reaction

Yield (%) of 5a

Initial reaction 87
1st recycle 80
2nd recycle 78
3th recycle 76
4th recycle 75
5th recycle 73
6th recycle 71
7th recycle 58
8th recycle 50

prepared under moderate reaction times, avoiding the
need of any solvent and of expensive use of energy since all the
reactions can be carried out at room temperature. Moreover,
the very mild conditions needed (room temperature and 10%
of the catalyst) favour the observed high chemoselectivity and
prevent the typical side reactions of both Henry and Michael
processes. Any work up can be avoided since the crude products
can be charged, directly, onto a chromatographic column (see
Experimental). In addition, the catalyst is easily commercially
available and can be reused several times (at least six times,
Table 5) with a modest decreasing of the yields. Moreover, under
our conditions even a variety of 1-bromo-1-nitro derivatives
can be easily obtained, and the one-pot Henry–Michael
solvent-free process (Scheme 1) can be efficiently performed,
giving rise to the one-flask formation of complex molecules with

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 541–544 | 543
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evident synthetic advantages. Thus, our procedure represents
an important improvement of the Henry and Michael reaction
via nitroalkanes, especially from an economical and ecological
point of view.

Experimental

Materials and methods

GLC analyses were performed with an SE-54 fused silica
capillary column (25 m, 0.32 mm internal diameter), FID
detector and nitrogen as carrier gas. GS-MS analyses were
carried out by means of the EI technique (70 eV). All chemicals
were purchased and used without further purifications; just
some known nitroalkanes, such as 1-nitro-3-phenylpropane, 1-
nitro-2-phenylethane, methyl 6-nitrohexanoate and 5-nitro-2-
pentanone, were prepared by the standard procedures.4,6a,7,19

ISOLUTE R© Si-carbonate, capacity 0.17 mmol g−1, was pur-
chased by StepBio. Analytical data for 3a–j, 5a–k and 6 can
be found in the ESI.†

Typical procedure for both nitroaldol and Michael reactions

To a stirred solution of nitroalkane (1 mmol) and the appropriate
electrophile (1 mmol of 2 or 4), 0.588 g (0.1 equiv) of ISOLUTE R©

Si-carbonate were added at room temperature, then the resulting
mixture was mechanically stirred for the appropriate time (TLC
and GC, Table 3 and Table 4). After that, the reaction can be
treated differently bearing in mind two different goals: avoiding
the work up (way a) or recycling the catalyst (way b).

Way a: The mixture was directly charged onto a chro-
matographic column (EtOAc–cyclohexane) for the immediate
purification by flash chromatography, giving the pure product 3
or 5.

Way b: The mixture was treated with EtOAc (20 mL) and
the catalyst was recovered by filtration, then washed with
further EtOAc, dried under vacuum and reused, while the
organic layer was evaporated and the crude product purified by
flash chromatography (EtOAc–cyclohexane), allowing the pure
nitroalkanol 3 or 5.
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Hydroformylation of 1-octene in supercritical carbon dioxide was performed using new soluble
rhodium-phosphite catalytic systems. A high conversion and selectivity in the corresponding
aldehydes were obtained. The ligands were synthesised and its coordination to Rh(I) complexes
was studied. The reactivity of rhodium precursors with these ligands towards CO and H2 was
analyzed by high pressure IR and NMR spectroscopies.

Introduction

Catalytic hydroformylation is an interesting reaction used to
transform alkenes into aldehydes using carbon monoxide and
hydrogen (Scheme 1). The linear aldehydes (n) thus obtained are
important in industrial applications because they can be con-
verted into plasticizer alcohols and biodegradable detergents.
Additionally, the branched aldehydes (iso) are used to promote
asymmetric intermediates for the synthesis of arylpropionic
acids, which are subsequently used in anti-inflammatory drugs,
such as ibuprofen or naproxen.1

Scheme 1 Hydroformylation of 1-alkenes.

Supercritical carbon dioxide (scCO2) is an environmentally
benign solvent that can be used in homogeneous catalysis
to replace the organic solvents usually employed. The use of
scCO2 in homogeneous hydroformylation affords control of the
phase behaviour, allows dissolution of the catalyst precursors
and recovery of the catalyst by precipitation, and has the
potential for precise tuning of solvent properties through small
changes in temperature and pressure.2 Water has also been
used in hydroformylation as a green solvent, although the low
solubility of the organic reactants in this media has restricted its
application to the hydroformylation of low alkenes.3

P-donor ligands, specifically phosphines and phosphites, with
rhodium complexes are the most successful systems in the
hydroformylation reactions.4 The primary advantage for using
phosphite ligands rather than phosphines is the higher reactivity
of the corresponding rhodium catalysts, which lead to very
highly active systems.5 The first example of the use of phosphite

Departament de Quı́mica Fı́sica i Inorgànica, Universitat Rovira i Virgili,
Marcel.li Domingo s/n, 43007, Tarragona, Spain.
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† Electronic supplementary information (ESI) available: HPNMR
and HPIR spectra of [Rh(acac)(CO)2]/2–4 under CO/H2. See DOI:
10.1039/b717346f

ligands in rhodium-catalysed hydroformylation of 1-alkenes was
reported by Pruett and Smith of Union Carbide Corporation.6

Generally, using these kinds of ligands results in an increase in
the linear aldehyde when the electron withdrawing properties
of the ligand increase.1c In the 1980s, Trzeciak et al. studied the
hydroformylation of alkenes using a rhodium catalyst associated
with several phosphite ligands.7 Van Leeuwen et al. studied
the hydroformylation of alkenes using rhodium complexes with
tris(2-tert-butylphenyl)phosphite8 and bulky ligands as tris(2-
tert-butyl-4-methylphenyl)phosphite as catalysts, and obtained
high rates in the hydroformylation of 1-octene.9 Also, van
Leeuwen studied ligands with a high electron withdrawing effect
such as tris(2,2,2-trifluoroethyl)phosphite.10

The rhodium-catalysed hydroformylation of alkenes in scCO2

has been extensively studied,2,11 although the majority of the
catalytic systems contain phosphine ligands. To increase the
solubility in scCO2 of the low soluble catalysts, CO2-philic
groups must be introduced in the ligands. The most efficient
groups are the perfluorinated long chains, which have been
introduced in aryl phosphines and phosphites.12 Simple low
molecular weight trialkylphosphines such as PEt3 have been
used as ligands in phosphine-modified homogeneous rhodium-
catalyzed 1-hexene hydroformylation in supercritical carbon
dioxide, but as the alkylic chain grows the solubility and
catalytic activity decreases.13 Erkey and Palo demonstrated
that simple CF3-groups introduced in triphenylphosphine form
scCO2 soluble systems with rhodium, which are active in the
hydroformylation of 1-octene in scCO2.14 A cobalt precatalyst
with tri(3-fluorophenyl)phosphine has also been reported for the
efficient hydroformylation of 1-octene.15 Very few examples of
phosphite-based catalytic systems using scCO2 can be found in
the literature.16

Taking into account the above-mentioned considerations, we
have prepared new rhodium catalytic systems containing easy-
to-prepare aryl phosphite ligands with CF3-groups in order to
study their catalytic activity in the rhodium-catalysed hydro-
formylation of 1-octene. The introduction of a trifluoromethyl
group increases the p-acceptor ability of the phosphite. To
control the electronic properties of these ligands, the fluorous
group was also introduced as trifluoromethoxy and a methylene
was located between the aryl and the oxygen atom of the
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phosphite. Thus, we have prepared a family of phosphites with
different donor and steric properties ligands 1–4 (Fig. 1), and we
have studied their coordination chemistry to rhodium complexes
and the catalytic activity of the [Rh(acac)(CO)2]/1–4 systems in
the hydroformylation of 1-octene in scCO2.

Fig. 1 CF3-group phosphite ligands 1–4.

Results and discussion

Synthesis of ligands

Ligands 1–4 were prepared from the commercially available
corresponding alcohol by reaction with phosphorus trichloride
in diethyl ether in the presence of pyridine (Scheme 2). The
ligands were purified by flash chromatography on basic alumina
and eluted with hexane under an inert gas and obtained as air-
and moisture-sensitive colourless oils or a white solid in good
yields (53–67%). The synthesis of ligand 1 using the lithium
phenoxide derivative was previously described by Pringle et al.17

The 1H NMR spectra of ligands 1–4 show two doublets in the
aromatic region between d 7.13 and 7.62 ppm and signals of
the –CF3 at d −62.0 to −63.0 ppm and –OCF3 at −58.7 to
−59.0 ppm in the 19F NMR spectra. The 1H NMR spectra
of the benzilic derivatives 3 and 4 contain a doublet for the
methylene resonances at d 4.85 and 4.93 ppm, respectively. The
singlet signals at the 31P {1H} NMR spectra appear at d 126.5,
140.1, 140.6 ppm for 2–4, respectively, which are typical values
for these kinds of aryl phosphite compounds.18

Scheme 2 Synthesis of 1–4.

Synthesis of complexes

In order to study the coordination chemistry of 1–4, we explored
their reactivity with a model cationic rhodium(I) complex
[Rh(cod)2]PF6 (cod = 1,5-ciclooctadiene). When 2 equivalents
of the ligands 1–4 were added to a solution of [Rh(cod)2]PF6 in
anhydrous dichloromethane at room temperature, the 31P{1H}
NMR showed different signals depending on the ligand. For
the less p-acceptor and bulkier ligands 3 and 4, the 31P
{1H}NMR spectra show only one doublet at d 118.5 ppm
(JP,Rh = 246.6 Hz) and 117.2 ppm (JP,Rh = 246.1 Hz), respectively,
which correspond to the coordinated phosphite ligand in a
rhodium complexes [Rh(cod)(3–4)2]PF6 (Scheme 3). The 1H

Scheme 3 Synthesis of rhodium(I) complexes.

NMR signals corresponding to the coordinated ligands are
shifted slightly downfield with respect to the free ligand. The
presence of coordinated cyclooctadiene was confirmed by 1H
NMR spectrum with signals at d 4.60 ppm (CH=CH), 2.57 and
2.37 ppm (–CH2–). The mass spectra confirmed the formation of
the complexes that were obtained as orange oils in good yields.

However, in the case of 1 and 2, the 31P {1H}NMR spectra
show two doublets in the region of coordinated phosphorous at
d 108.2 (JPRh = 214 Hz) and 118.4 (JPRh = 312 Hz) for phosphite
1 and d 104.7 (JPRh = 266.6 Hz) and 117.8 ppm (JPRh = 320.3 Hz)
for phosphite 2, indicating that there may be a mixture of the
rhodium complexes [Rh(cod)(1–2)2]PF6 and [Rh(1–2)4]PF6. In
the case of ligand 2, when the synthesis was performed with a
P/Rh molar ratio of 4 : 1, the 31P {1H}NMR spectrum only
shows the signal at d 108.7 ppm, while there was no evidence
of the signals corresponding to coordinated cyclooctadiene in
the 1H NMR that indicates that [Rh(2)4]PF6 was formed. The
complex was isolated by recrystallisation with CH2Cl2 and
hexane and fully characterised. In the case of the rhodium
complex with ligand 1, when the synthesis was performed at
P/Rh molar ratio of 4 : 1, a mixture of two doublets at the
31P{1H} NMR persisted. Attempts to separate the complexes
by recrystallisation were unsuccessful. The formation of species
with more ligands coordinated per rhodium is favoured for the
strong p-acceptor and less sterically demanding ligands 1 and
2. Similar complexes [Rh(ligand)4]X have been prepared with
phosphites.19,16b

Reactivity of [Rh(acac)(CO)2]/1–4 with CO and H2

In order to determine which species are formed in conditions
similar to those used in hydroformylation, the reactivity of
1–4 with [Rh(acac)(CO)2] in the presence of CO and H2 was
analysed by high pressure NMR (HPNMR) and IR (HPIR)
spectroscopies.

The 31P{1H} and 1H NMR spectra were recorded for the
complex [Rh(acac)(CO)2] in the presence of 6 eq. of ligand 1–
4 in toluene-d8 ([Rh] = 2 × 10−2 M) after the addition of H2

and CO. As the IR technique is more sensitive than NMR, the
IR spectra could be recorded at concentrations closer to the
catalytic value (2.4 × 10−3 M) in methyltetrahydrofurane under
the same conditions. A list of identified species is given in Table 1.

The 31P {1H}NMR spectrum of the solution containing the
[Rh(acac)(CO)2]/1 system at room temperature consists of a
major doublet of doublets at d 108.4 ppm (JPP = 54; JPRh =
222 Hz) and a doublet of triplets at d 116.9 ppm (JPP = 53;
JPRh = 280 Hz) attributed to [RhX(1)3]+ (X = CO, solvent,
acac) in comparison with reported data.20 A small broad
signal also appeared at d 114.7 that can be related to species
[Rh(acac)(CO)n(1)2-n] formed by substitution of the CO by 1 at
the starting material (Scheme 4).18c,21 The signal corresponding

546 | Green Chem., 2008, 10, 545–552 This journal is © The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 0

9 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

73
46

F
View Online

http://dx.doi.org/10.1039/B717346F


Table 1 Identified species for [Rh(acac)(CO)2]/1–4 with CO/H2 after
1 h at 70 ◦Ca

d(31P) (ppm) d(1H) (hydride) (ppm) m(CO)/cm−1

Complex JRh,P/Hz JP,H, JRh,H/Hz

[RhH(CO)(1)3] 135.9 d −10.7 quint 2078
(239.8) n.d.

[RhH(CO)(2)3] 138.2 d −10.7 d 2072
(238) (3.6)

[RhH(2)4] 143.9 d −10.9 dquint —
(237) (1.6, 4.7)

[RhH(CO)(3)3] 156.8 d −10.5 dq 2040
(214.5) (7.5, 14.5)

[RhH(3)4] 154.6 d −11.4 dquint —
(210) (10.5, 36.6)

[RhH(CO)(4)3] 156.5 d −10.5 dq 2052
(213.5) (7.3, 14.5)

[RhH(4)4] 154.6 d −11.4 dquint —
(206.1) (10.0, 35.5)

a Reaction conditions: 1–4/[Rh(acac)(CO)2]= 6, after 1 h at 70 ◦C
with CO:H2(1:1) = 20 atm; n.d. = non determined; d = doublet, t =
triplet, dq = double quadruplet, quint = quintuplet, dquint = double
quintuplet.

Scheme 4 Species formed by reaction of [Rh(acac)(CO)2] + 1.

to free phosphite 1 was also observed. Decomposition of the
ligand was detected (signals at d 0 ppm).

After addition of 20 atm of H2 : CO (1 : 1) and heating
the solution at 70 ◦C for 1 h, the 31P {1H}NMR showed a
major doublet at d 135.9 ppm and in the 1H NMR spectrum
showed a quintuplet signal at the hydride region (d −10.7
ppm), which were assigned to the species [Rh(CO)H(1)3] in
comparison with published data for the analogous species
[Rh(CO)H{P(OPh3}3].7d A minor doublet of doublets at d 123.9
(J = 292.6, J = 180.0 Hz) related with a double triplet at d 63.0
(J = 295.6, J = 101.0 Hz) was attributed to rhodium species with
mixed phosphite–phosphonate ligands. Similar species were
observed with alkylic phosphites.16 Resonances corresponding
to the free and decomposed ligand 1 were also observed.

The HPIR of the system [Rh(acac)(CO)2]/1 at 20 atm CO/H2

(1 : 1) after 1 h stirring at 70 ◦C showed signals at 2078, 2018,
1994, 1968 and 1945 cm−1 in the m(CO) region. In comparison
with reported data for [Rh(CO)H{P(OPh3}3],22 we assigned the
band at 2078 cm−1 to [RhH(CO)(1)3]. The other signals are in the
range of those reported in the literature for dicarbonyl species
[Rh(CO)2H{P(OPh3}2],18c,23 and could therefore be attributed to
the isomers of [Rh(CO)2H (1)2]. This species was not detected
in the HPNMR, but the lower concentration used for the HPIR
solution may favour their formation. Nevertheless, they may also
correspond to carbonyl species with the phosphonate ligands
formed by decomposition of 1 observed at the HPNMR.

The 31P {1H}NMR and 1H NMR spectra of the systems
[Rh(acac)(CO)2]/2–4 indicated that the major species formed
by the reaction with CO/H2 were also the species [Rh(CO)H(2–
4)3]. In all theses cases, a slight amount of [RhH(2–4)4] was
detected by the characteristic signal at the 1H hydride region ca.
−11 ppm (Fig. 2).

Fig. 2 NMR spectra at 20 ◦C of [Rh(acac)(CO)2]/3 (P/Rh = 6) in
toluene-d8

In summary, for all these phosphites, the major rhodium
species formed under CO/H2 pressure were the expected car-
bonyls [Rh(CO)H(1–4)3], which are the precursors for the active
hydroformylation catalysts. The values of the streching m(CO)
bands confirm that the ligands 1 and 2 are stronger p-acceptors
than ligands 3 and 4. The species lacking the carbonyl [RhH(2–
4)4] were also detected at lower concentrations. The analogous
species [Rh(CO)H{P(OPh)3}3] and [RhH{P(OPh)3}4] also exist
in equilibrium when [Rh(acac){P(OPh)3}2] reacts with CO and
H2 in the presence of free phosphite.7d To determine which type
of species are formed, it is important to understand the catalytic
behaviour, since it has been shown that [Rh(CO)H{P(OPh)3}3]
is active in hydroformylation while [RhH{P(OPh)3}4] produces
isomerisation by-products.7d,24 In the case of phenol-derived
phosphites (1 and 2), mixed phosphite/phosphonate carbonyl
rhodium species were formed during the experiment. It is likely
that dicarbonyl species such as [RhH(CO)2(1–4)2] were formed
in the HPIR solution conditions, due to its low concentration.

Hydroformylation of 1-octene

We studied the hydroformylation of 1-octene with the catalytic
precursors system [Rh(acac)(CO)2]/1–4, in scCO2 and in toluene
as a model solvent.

Initially, the solubility in scCO2 of the catalysts precursors
at catalytic concentration in the presence of CO and H2 was
evaluated. To do this, a 100 mL Thar autoclave equipped with
sapphire windows was used. The purged autoclave was charged
with 0.06 mmol of [Rh(acac)(CO)2] and the corresponding
ligand 1–4 (P/Rh = 6), filled with CO/H2 at 20 atm (CO/H2 =
1/1), and pressurized with CO2 up to 250 atm at 70 ◦C. The
solubility was determined by visual inspection through the
windows which showed the coloured supercritical phase at
different conditions depending on the ligand used. Catalytic
systems with phenol-derived phosphites 1 and 2 were soluble at
milder conditions (175 atm) compared to the benzyl derivates 3
and 4, which were soluble at 210 atm. There were no apparent
differences between the solubility in scCO2 of the systems
containing the ligands with trifluoromethyl or trifluoromethoxi
groups.

For comparative purposes and as a reference organic medium,
we performed the hydroformylation of 1-octene in toluene at
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100 ◦C, 20 atm of total pressure and at a phosphite/rhodium
ratio of 6. The results are shown in Fig. 3.

Fig. 3 Hydroformylation of 1-octene in scCO2 and in toluene.
[Rh(acac)(CO)2] = 2.4×10−3 M, 1-octene/Rh = 200, PCO = PH2

=
10 atm, T(◦C) = 100, t = 3 h; for toluene: V = 10 mL; for scCO2:
V = 25 mL, PTOT = 250 atm. %C = total conversion measured by GC.
%S = selectivity in aldehydes.

Catalytic systems with ligands containing the –OCF3 groups
2 and 4 show total conversion and very high selectivity in
the aldehydes. Lower conversions and chemoselectivities were
obtained with the catalytic systems with the ligands 1 and
3. The by-products were 2-octenes, which can be formed
through isomerisation due to the presence of [RhH(1–4)4].
The n/iso ratio for all the systems was high (2.5–5.2), as was
similarly observed for other rhodium–phosphite systems.7a,24

Nevertheless, the cases with the higher values of n/iso can be
related with high isomerisation, which transforms the branched
Rh–alkyl intermediate in the product of isomerisation.

The catalytic experiments using scCO2 as solvent with the
catalytic systems [Rh(acac)(CO)2]/1–4 are summarized in Fig. 3
and Table 2. The hydroformylation of 1-octene was performed
at 250 atm of total pressure and 100 ◦C to ensure the solubility
of the catalytic systems. The catalytic systems with phosphites
1, 2 and 4 resulted in very high conversions. In the case
of [Rh(acac)(CO)2]/1, the conversion was higher than that
obtained in toluene. Nevertheless, the selectivities in aldehydes
for scCO2 systems were lower than the ones obtained in toluene.
However, the catalytic systems with ligand 3 in scCO2 resulted
in high selectivity in aldehydes, which was only slightly lower
than the one obtained in toluene (Fig. 3). Comparing with anal-
ogous Rh–trifluoromethyl-phosphine catalysts reported in the
literature, these systems provide similar conversions and higher
regioselectivity although the chemoselectivity in aldehydes is, in

general, lower, as expected for Rh–phosphite systems.14a,b To
improve the selectivity of the Rh/1–2 catalytic systems, the
reaction conditions were optimised with the catalytic system
[Rh(acac)(CO)2]/1 (Table 2).

Decreasing the concentration of rhodium leads to less conver-
sion of products, although the selectivity in aldehydes increased
from 20% to 40% (entry 1, Table 2). In this case the internal
aldehyde, 3-ethyl-heptanal, was also detected.

Since the isomerisation process involves b-hydride elimination
which requires the creation of a vacant site,25,26 it can be
suppressed by low temperatures. Decreasing the temperature
from 100 ◦C to 70 ◦C leads to an increase in the selectivity in
aldehydes from 20 to 40%, as well as a higher regioselectivity to
the linear product (entry 2, Table 2).

Decreasing the total pressure to the limit conditions of
solubility (180 atm, 70 ◦C) increased the selectivity to 60% and
the conversion remained high (entry 3, Table 2). When the partial
pressure of carbon monoxide and hydrogen was decreased to
10 atm (CO/H2 = 5/5) at 70 ◦C, the selectivity in aldehydes
dropped to 20% and the conversion decreased to 86% (entry 4,
Table 2). To avoid the effect of a possible decomposition of the
ligand, the ligand/rhodium ratio was increased to 10, although
no improvement of the results was obtained (entry 5, Table 2),
indicating that this decomposition is not produced to a large
extent in catalytic conditions.

These experiments lead us to conclude that the best conditions
for hydroformylation of 1-octene is 70 ◦C, 20 atm of partial pres-
sure, a phosphite/rhodium ratio of 6 and a total pressure close to
the solubility conditions. After this experiment we attempted to
extract the products formed in the reaction by flushing scCO2 at
conditions in which the catalyst showed no solubility (ca. 50 ◦C,
100 atm) and collecting the extracted fraction in a cold trap.
Although the conditions of the extraction were not optimised,
analysis of the extracted residue by GC showed the presence of
the aldehydes and isomerisation products. No signal of ligand 1
was detected in the 31P{1H} NMR spectra.

At the best conditions found, we performed the hydroformy-
lation of 1-octene with the other phosphite ligands (Table 3). For
the [Rh(acac)(CO)2]/2 catalytic system, the conversion and the
selectivity increased up to 99% and 37%, respectively, although
the regioselectivity to the linear aldehyde decreased to 61%
(entries 1 vs. 4, Table 3). For [Rh(acac)(CO)2]/3, the reaction
was performed at 210 atm and we observed an increase in
the selectivity to 94%, although the conversion dropped to
50% (entries 2 vs. 5, Table 3). Finally, for the catalytic system
[Rh(acac)(CO)2]/4 at 210 atm, the conversion increased from

Table 2 Hydroformylation of 1-octene using Rh(acac)(CO)2/1 catalytic system in scCO2
a

Entry T/◦C PCO : PH2
/atm PTOT

b/atm %Cc %Sa
d n/iso/inte %Si

f

1g 100 10/10 250 53 40 70/20/10 60
2 70 10/10 250 99 40 86/11/3 60
3 70 10/10 180 99 60 87/12/1 40
4 70 5/5 180 86 20 90/10/- 80
5h 70 10/10 180 71 49 86/14/- 51

a Reaction conditions: [Rh(acac)(CO)2] = 0.06 mmol, [Rh]= 2.4×10−3 M, 1-octene = 12 mmol, 1-octene/Rh = 200, L/Rh = 6, V = 25 mL, t = 3 h.
b Total pressure. c Total conversion measured by GC. d Selectivity for aldehydes. e int = internal aldehydes: 2-ethylheptanal. f Selectivity in isomerised
products (internal octenes). g [Rh(acac)(CO)2] = 0.03 mmol, [Rh] = 1×10−3 M. h L/Rh = 10.
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Table 3 Hydroformylation of 1-octene with system [Rh(acac)(CO)2]/2–4 at soluble and non soluble conditionsa

Entry Ligand T/◦C PTOT/atmb %Convc %Sa
d n/iso/inte %Si

f

1 2 100 250 94 32 86/14/- 68
2 3 100 250 64 86 88/12/- 14
3 4 100 250 76 28 83/17/- 72
4 2 70 180 99 37 61/21/11 63
5 3 70 210 50 94 80/20/- 6
6 4 70 210 93 62 77/22/1 38

a Reaction conditions: [Rh(acac)(CO)2] = 0.06 mmol, [Rh] = 2.4×10−3 M, 1-octene = 12 mmol, 1-octene/Rh = 200, V = 25 mL, PCO = PH2
= 10 atm,

t = 3 h. b Total pressure. c Total conversion measured by GC. d Selectivity for aldehydes. e int = internal aldehydes: 2-ethylheptanal. f Selectivity in
isomerised products (internal octenes).

76% to 93% and the selectivity from 28 to 62%, respectively
(entries 3 vs. 6, Table 3).

In summary, the catalyst precursors [Rh(acac)(CO)2]/1–4
were active in the hydroformylation of 1-octene in scCO2.
Changing the solvent from toluene to a more environmentally
friendly scCO2 resulted in higher or similar conversions and re-
gioselectivities for systems [Rh(acac)(CO)2]/1,2,4 although the
selectivity was lower. With catalytic system [Rh(acac)(CO)2]/3
the selectivity obtained in scCO2 was similar to the one in toluene
and the conversion was 20% lower.

Conclusions

Here, we have synthesized new P-donor ligands 2–4 with
CF3 and –OCF3 groups and studied their coordination with
rhodium(I). The reactivity of [Rh(acac)(CO)2]/1–4 with CO/H2

at 20 atm and 70 ◦C, studied by HPNMR and HPIR, showed
[RhH(CO)(1–4)3] as the main species formed in solution. The
solubility conditions of the systems were similar for phenol
derivative phosphites (180 atm) and for benzyl derivative phos-
phites (210 atm). All of them were active in the hydroformylation
of 1-octene in scCO2, affording conversions of up to 93–99% for
the systems [Rh(acac)(CO)2]/1,2,4 and selectivities up to 94%
for the system [Rh(acac)(CO)2]/3.

Experimental

All reactions were performed under nitrogen using standard
Schlenk techniques. Solvents were distilled and degassed prior to
use. 1H, 13C{1H}, 19F and 31P{1H} NMR spectra were recorded
with Varian Gemini spectrometers operating at 300 or 400 MHz
(1H), 75.43 or 100.57 MHz (13C), 376.3 MHz (19F) or 121.4
or 161.9 MHz (31P). Chemical shifts are reported relative to
tetramethylsilane for 1H and 13C{1H} as internal reference, 85%
H3PO4 for 31P{1H}. Mass spectrometry was performed with a
Voyager-DE-STR (Applied Biosystems, MDS SCIEX) instru-
ment equipped with a 337 nm nitrogen laser. All spectra were
acquired in the positive ion reflector mode 2,5-dihydroxybenzoic
acid (DHB) was used as the matrix. The matrix was dissolved
in MeOH at a concentration of 10 mg mL−1. The sample was
dissolved in CH2Cl2 (5 mg mL−1) and was deposited (0.5 mL)
prior to the matrix on the target. For each spectrum, 100
laser shots were accumulated. In a typical MALDI experiment,
the matrix and the salt solutions were premixed in the ratio
1 mL matrix : 0.5 mL sample. Approximately 1 lL of the
obtained mixture was hand spotted on the target plate. High-

pressure NMR experiments (HPNMR) were carried out in a
10 mm-diameter sapphire tube with a titanium cap equipped
with a Teflon/polycarbonate protection.27 High-pressure IR
experiments were performed in situ with an infrared autoclave.28

Gas chromatography analyses were performed with a Hewlett-
Packard 5890A apparatus in an HP-5 (5% diphenylsilicone/95%
dimethylsilicone) column (25 m × 0.2 mm) for the separation of
the products and undecane as internal standard.

Preparation of tris(4-trifluoromethyphenyl)phosphite (1)

To a solution of 4-(trifluoromethyl)fenol (1 g, 5.98 mmol) and
pyridine (0.58 mL, 7.18 mmol, 1.2 eq) in 15 mL diethylether at
0 ◦C, a solution of PCl3 (0.21 mL, 2.39 mmol, 1.2 eq) in 3 mL of
diethyl ether was added drop wise. The solution was stirred at
room temperature under inert atmosphere for 2 h. The formation
of a salt was observed immediately. After 2 h, the solvent was
removed under reduced pressure. The resulting colourless solid
was redissolved in hexane and purified by flash chromatography
on basic alumina eluting with hexane to give 1 (0.619 g, 60%)
as a white solid. 1H NMR (400 MHz, CDCl3) d (ppm) 7.23
(d, 6H, CH, JHH = 8.4 Hz), 7.62 (d, 6H, CH, JHH = 8.4 Hz).
13C{1H} NMR (100.57 MHz, CDCl3) d (ppm) 121.2 (d, CH,
JCP = 6.8 Hz), 124.4 (q, CF3, JCF = 271.5 Hz), 127.4 (s, C), 127.9
(q, CH, JCF = 3.8 Hz), 154.1 (s, C). 31P{1H} NMR (161.9 MHz,
CDCl3) d (ppm) 126.1 (in accordance with ref. 17). 19F NMR
(376.3 MHz, CDCl3) d (ppm) −62.5. EIMS m/z: 515.2 (M +
H)+.

Preparation of tris(4-trifluoromethoxyphenyl)phosphite (2)

To a solution of 4-(trifluoromethoxy)fenol (1 mL, 7.56 mmol)
and pyridine (0.73 mL, 9.08 mmol, 1.2 eq) in 10 mL diethyl
ether at 0 ◦C, a solution of PCl3 (0.27 mL, 3.03 mmol, 1.2 eq)
in 3 mL of diethyl ether was added drop wise. The solution was
stirred at room temperature under inert atmosphere for 2 h.
The formation of a salt was observed immediately. After 2 h,
the solvent was removed under reduced pressure. The resulting
colourless solid was redissolved in hexane and purified by flash
chromatography on basic alumina eluting with hexane to give 2
(0.543 g, 53%) as a colourless oil. 1H NMR (400 MHz, CDCl3)
d (ppm) 7.13 (d, 6H, CH, JHH = 9 Hz); 7.19 (d, 6H, CH, JHH =
9 Hz). 13C{1H} NMR (75.43 MHz, CDCl3) d (ppm) 120.7 (q,
CF3, JCF = 257.2 Hz), 121.9 (d, CH, JCP = 6.7 Hz), 122.8 (s, CH),
145.9 (s, C), 149.8 (s, C). 31P{1H} NMR (161.9 MHz, CDCl3)
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d (ppm) 126.5. 19F NMR (376.3 MHz, CDCl3) d (ppm) −58.7.
EIMS m/z: 563.2 (MH)+.

Preparation of tris(4-trifluoromethylbenzyl)phosphite (3)

To a solution of 4-(trifluoromethyl)benzylalcohol (1 mL,
7.06 mmol) and pyridine (0.7 mL, 8.59 mmol, 1.2 eq) in 15 mL
diethyl ether at 0 ◦C, a solution of PCl3 (0.25 mL, 2.86 mmol,
1.2 eq) in 3 mL of diethyl ether was added drop wise. The solution
was stirred at room temperature under inert atmosphere for 2 h.
The formation of a salt was observed immediately. After 2 h,
the solvent was removed under reduced pressure. The resulting
colourless solid was redissolved in hexane and purified by flash
chromatography on basic alumina eluting with hexane to give 3
(0.896 g, 67%) as a white solid. 1H NMR (400 MHz, CDCl3)
d (ppm) 4.93 (d, 6H, CH2, JHP = 8 Hz), 7.38 (d, 6H, CH,
JHH = 8 Hz), 7.56 (d, 6H, CH, JHH = 8 Hz). 13C{1H} NMR
(100.57 MHz, CDCl3) d (ppm) 64.0 (d, CH2, JCP = 11.4 Hz),
125.6 (q, CH, JCF = 3.7 Hz), 127.6 (s, CH), 130.5 (q, C, JCF =
32 Hz), 124.3 (q, CF3, JCF = 277.6 Hz), 142.0 (d, C, JCP =
4.5 Hz). 31P{1H} NMR (161.9 MHz, CDCl3) d (ppm) 140.1. 19F
NMR (376.3 MHz, CDCl3) d (ppm) −63.0. EIMS m/z: 553.2
(M-3H)+; 175.0 (C8H6F3O)+.

Preparation of tris(4-trifluoromethoxybenzyl)phosphite (4)

To a solution of 4-(trifluoromethoxy)benzylalcohol (1 mL,
6.70 mmol) and pyridine (0.6 mL, 8.03 mmol, 1.2 eq) in 15 mL
diethyl ether at 0 ◦C, a solution of PCl3 (0.2 mL, 2.68 mmol,
1.2 eq) in 3 mL of diethyl ether was added drop wise. The
solution was stirred at room temperature under inert atmosphere
for 2 h. The formation of a salt was observed immediately.
After 2 h, the solvent was removed under reduced pressure.
The resulting colourless solid was redissolved in hexane and
purified by flash chromatography on basic alumina eluting with
hexane to produce 4 (0.780 g, 58%) as a colourless oil. 1H NMR
(400 MHz, CDCl3) d (ppm) 4.86 (d, 6H, CH2, JHP = 8 Hz), 7.17
(d, 6H, CH, JHH = 8.4 Hz), 7.31 (d, 6H, CH, JHH = 8.4 Hz).
13C{1H} NMR (100.57 MHz, CDCl3) d (ppm) 63.9 (d, CH2,
JCP = 11.3 Hz), 121.2 (s, CH), 129.0 (s, CH), 136.9 (d, C, JCP =
4.5 Hz), 149.0 (s, C), 120.7 (q, C, JCF = 256.3 Hz). 31P{1H}NMR
(161.9 MHz, CDCl3) d (ppm) 140.6. 19F NMR (376.3 MHz,
CDCl3) d (ppm) −58.4. EIMS m/z: 605.2 (MH)+.

Reaction of [Rh(cod)2]BF4 with 1

Ligand 1 (154 mg, 0.30 mmol or 308 mg, 0.60 mmol) was
added to a solution of [Rh(cod)2]BF4 (30.4 mg, 0.07 mmol)
in 2 mL of anhydrous dichloromethane. The solution turned
yellow immediately and was stirred for 1 h. The solvent
was then evaporated in a vacuum to obtain a yellow solid
containing a mixture of [Rh(1)4]BF4 and [Rh(cod)(1)2]BF4.
31P{1H} NMR (161.9 MHz, CDCl3) d (ppm) 108.2 (d, J =
216.9 Hz) corresponding to [Rh(1)4]BF4; 118.4 (d, J = 316.9 Hz)
corresponding to [Rh(cod)(1)2]BF4.

Preparation of [Rh(2)4]BF4

Ligand 2 (168 mg, 0.32 mmol) was added to a solution of
[Rh(cod)2]BF4 (30.4 mg, 0.08 mmol) in 2 mL of anhydrous
dichloromethane. The solution turned yellow immediately and

was stirred for 1 h. The solvent was then evaporated in a
vacuum and was dried under vacuum overnight. The product
was obtained as a yellow solid. (125.6 mg, 69%).

1H NMR (300 MHz, (CD3)2CO) d (ppm) 6.9 (d, 24H, CH,
JHH = 9 Hz), 7.15 (d, 24H, CH, JHH = 9 Hz). 13C{1H} NMR
(75.43 MHz, (CD3)2CO) d (ppm) 117.4 (br q), 123.8 (d, CH),
123.5 (q, CH, J = 25 Hz), 147.5 (s, C), 150.7 (s, C). 31P{1H}NMR
(121.4 MHz, (CD3)2CO) d (ppm) 108.7 (d, JPRh= 216 Hz). 19F
NMR (376.3 MHz, (CD3)2CO) d (ppm) −63.4. MALDI-TOF
m/z: 2442 (M)+, 2354 (M+-BF4).

Preparation of [Rh(C8H12)(3)2]BF4

Ligand 3 (63 mg, 0.11 mmol) was added to a solution of
[Rh(cod)2]BF4 (19 mg, 0.05 mmol) in 2 mL of anhydrous
dichloromethane. The solution turned yellow immediately and
was stirred for 1 h. The solvent was then evaporated in a
vacuum and was dried under vacuum overnight. The product
was obtained as an orange solid. (20 mg, 30%).

1H NMR (300 MHz, CDCl3) d (ppm) 2.37 (m, 4H, CH2 cod),
2.58 (m, 4H, CH2 cod), 4.67 (m, 4H, CH cod), 5.15 (d, 12H,
CH2, JHP = 9 Hz), 7.31 (d, 12H, CH, JHH = 8.7 Hz), 7.54 (d,
12H, CH, JHH = 8 Hz). 13C{1H} NMR (100.57 MHz, CDCl3)
d (ppm) 29.7 (s, CH2 cod), 68.5 (d, CH2, JCP = 5.3 Hz), 113.8
(s, CH cod), 126.4 (q, CF3, JCF = 271.6 Hz), 125.6 (q, CH, J =
3.8 Hz), 127.8 (s, CH), 131.0 (s, C), 139.3 (s, C), 31P{1H} NMR
(121.4 MHz, CDCl3) d (ppm) 118.5 (d, JPRh = 246.6 Hz). 19F
NMR (376.3 MHz, CDCl3) d (ppm) −63.1. MALDI-TOF m/z:
1351 (M+-BF4).

Preparation of [Rh(C8H12)(4)2]PF6

Ligand 4 (109 mg, 0.18 mmol) was added to a solution of
[Rh(cod)2]PF6 (35 mg, 0.08 mmol) in 2 mL of anhydrous
dichloromethane. The solution turned yellow immediately and
was stirred for 1 h. The solvent was then evaporated in a
vacuum and was dried under vacuum overnight. The product
[Rh(C8H12)(4)2]PF6 was obtained as a orange oil (105 mg, 90%).
1H NMR (300 MHz, CDCl3) d (ppm) 2.54 (m, 8H, CH2 cod),
4.56 (b, 4H, CH cod), 5.02 (d, 12H, CH2), 7.14 (d, 12H, CH,
JHH = 8.4 Hz), 7.22 (d, 12H, CH, JHH = 8.4 Hz). 13C{1H}
NMR (100.57 MHz, CDCl3) d (ppm) 29.7 (s, CH2 cod), 68.5
(d, CH2, JCP = 5.5 Hz), 127.7 (q, C, JCF = 237 Hz), 121.1 (s,
CH), 129.4 (s, CH), 134.1 (s, C,), 142.5 (s, C). 31P{1H} NMR
(161.9 MHz, CDCl3) d (ppm) 117.2 (d, JPRh = 246.1 Hz). 19F
NMR (376.3 MHz, CDCl3) d (ppm) −58.3. MALDI-TOF m/z:
1419.7 (M-PF6)+ required for 1419.14.

Catalysis

Hydroformylation experiments were carried out in a Parr
autoclave (25 mL) with magnetic stirring. The autoclave was
equipped with a liquid inlet, a gas inlet, a CO2 inlet and a
thermocouple. An electric heating mantle kept the temperature
constant.

Standard hydroformylation experiment in toluene

The reactions in toluene were performed in the same Parr auto-
clave as above. The complex [Rh(acac)(CO)2] (0.02 mmol) and
the ligand (0.10 mmol) in toluene (10 mL) were stirred at room

550 | Green Chem., 2008, 10, 545–552 This journal is © The Royal Society of Chemistry 2008
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temperature for 1 h. The substrate (4.80 mmol) and undecane as
GC internal standard were then added and the resulting solution
was introduced into the evacuated autoclave. The system was
pressurised and heated. When thermal equilibrium was reached,
additional gas mixture was introduced until the desired pressure
was attained. After the required reaction time, the autoclave was
cooled to room temperature and depressurised. The products
were identified by GC-MS.

Standard hydroformylation experiment in scCO2

The complex [Rh(acac)(CO)2] (0.06 mmol) was introduced into
the evacuated autoclave, after which the autoclave was purged
with nitrogen/vacuum cycles. Next, 1-octene (12 mmol), the
ligand (0.36 mmol) and undecane (1.11 g) as the GC internal
standard, were added. The system was pressurised with 20 atm
of CO/H2 (1 : 1), and liquid CO2 was introduced until a total
pressure of 60 bar was reached. The autoclave was heated to the
desired temperature. When thermal equilibrium was reached,
the total pressure was adjusted with a Thar syringe pump.
After the reaction time, the autoclave was cooled down to
0 ◦C and depressurised. The final mixture was analysed by
GC. The products were identified by GC-MS. The extraction
was performed by flushing CO2 through the reactor at a flow
rate of approximately 6 mL min−1. The reactor was maintained
at 50 ◦C and a pressure between 80 and 100 atm. Then the CO2

stream was vented to ambient pressure through a series of two
cold traps (−80 ◦C). The contents were analyzed by NMR and
GC.

Solubility studies

The solubility studies were carried out in a Thar reactor (100 mL)
equipped with sapphire windows and magnetic stirring. The
autoclave was charged with a solution of the ligand (0.22 mmol)
and [Rh(acac)(CO)2] (0.06 mmol) in diethyl ether. The solvent
was removed in vacuum, the reactor was pressurised with syn-
gas and CO2, the system was heated to 80 ◦C, and the total
pressure was adjusted to 250 atm. Solubility was monitored by
visual inspection through the sapphire windows with a mirror
due to safety requirements.

HPNMR

In a typical experiment, the NMR tube was filled under N2

with a solution of [Rh(acac)(CO)2] (0.04 mmol), the ligand 1–4
(0.24 mmol) and toluene-d8 (2 mL). The tube was pressurised
to 20 atm of CO/H2 (1 : 1) and left at 70 ◦C for 1 h. The NMR
spectra were then recorded.

HPIR

In a typical experiment, the HPIR cell was filled under N2

with a solution of [Rh(acac)(CO)2] (0.04 mmol), the ligand 1–4
(0.22 mmol) and methyltetrahydrofuran (15 mL). The cell was
pressurised to 20 atm of CO/H2 (1 : 1) and left at 70 ◦C for 1 h.
The IR spectra were then recorded.
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24 A. M. Trzeciak, J. J. Ziólkowski and R. Choukroun, J. Organomet.

Chem., 1996, 525, 145.

25 B. E. Hanson and N. E. Davis, J. Chem. Educ., 1987, 64, 928.
26 J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke,

Principles and Applications of Organotransition Metal Chem-
istry, University Scinece Books, Mill Valley, CA, 2nd edn,
1987.

27 A. Cusanelli, U. Frey, D. T. Richens and A. Merbach, J. Am. Chem.
Soc., 1996, 118, 5265.

28 P. C. J. Kamer, A. Van Rooy, G. C. Schoemaker and P. W. N. M. Van
Leeuwen, Coord. Chem. Rev., 2004, 248, 2409.

552 | Green Chem., 2008, 10, 545–552 This journal is © The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 0

9 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

73
46

F
View Online

http://dx.doi.org/10.1039/B717346F


PAPER www.rsc.org/greenchem | Green Chemistry

Hydrous ruthenium oxide supported on Co3O4 as efficient catalyst for
aerobic oxidation of amines

Feng Li, Jing Chen, Qinghong Zhang and Ye Wang*

Received 10th October 2007, Accepted 30th January 2008
First published as an Advance Article on the web 6th March 2008
DOI: 10.1039/b715627h

Ruthenium catalysts supported on various metal oxides and Co3O4-supported various transition
metal catalysts prepared by an adsorption-precipitation method were examined for the aerobic
oxidation of benzyl amine. We found that the Co3O4-supported ruthenium catalyst exhibited the
best catalytic performance. The Co3O4-supported ruthenium catalyst was also effective for the
aerobic oxidation of several other amines. The present catalyst could be used recyclably and be
operated under solvent-free conditions. The activity of the present catalyst for the aerobic
oxidation of benzyl amine depended less on the oxygen pressure, and the catalyst was also efficient
even when air was used as an oxidant. The content of ruthenium and the size of Co3O4 particles
played crucial roles in determining the catalytic performance. We have clarified that the supported
hydrous ruthenium oxide (RuO2·xH2O) is the active species for the aerobic oxidation of benzyl
amine, whereas the supported metallic ruthenium (Ru◦) and supported ruthenium chloride
(RuCl3) are inactive, and the supported anhydrous ruthenium oxide (RuO2) only exhibits a lower
activity.

Introduction

Many oxidative transformations of organic compounds are
currently still carried out using stoichiometric amounts of metal-
based oxidants such as dichromate, permanganate and silver
oxide, and large amounts of heavy metal salts are produced.1

Selective oxidation of organic compounds by a catalytic method
using O2 or air as a sole oxidant has become urgent from
the viewpoints of green chemistry.2 Nitriles are important and
versatile synthetic intermediates. As compared with the current
production methods such as the nucleophilic substitution of
halides with cyanide ions, the ammoxidation and the oxidation
of amines with stoichiometric regents, the catalytic oxidation
of primary amines by O2 or air is a more desirable route for the
synthesis of nitriles. However, only limited catalytic systems have
been reported for the selective oxidation of amines by O2.3–11

We have focused on the development of efficient heteroge-
neous catalysts for the selective oxidation of amines by O2 or air
because heterogeneous catalysts possess obvious advantages in
product isolation and catalyst recycling uses than homogeneous
catalysts. Although a large number of heterogeneous catalysts
have been reported for the selective oxidation of alcohols, only
very few studies have been contributed to the oxidation of amines
over a heterogeneous catalyst.7,8,11 A Ru/hydroxyapatite could
catalyze the aerobic oxidation of several primary amines to the
corresponding nitriles with good efficiencies.7 For example, the
conversion and selectivity for the oxidation of benzyl amine to
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benzonitrile were 100% and 90%, respectively, after a reaction
at 383 K for 12 h over this catalyst, giving a turnover frequency
(TOF) of ∼0.5 h−1.7 Yamaguchi and Mizuno8 reported that
Ru/Al2O3 was more active for the aerobic oxidation of amines;
the conversion of benzyl amine was >99% after 1 h of reaction
at 373 K, providing a TOF of ∼29 h−1, but the selectivity of
benzonitrile was lower (82%). Recently, a Ru/Fe3O4 was also
reported to show good activity for the aerobic oxidation of
amines, and the conversion and selectivity for the oxidation of
benzyl amine to benzonitrile were 96% and 82%, respectively,
after a 7 h reaction at 378 K, showing a TOF of ∼3 h−1.11

Recently, we examined the catalytic performances of ruthe-
nium catalysts loaded on various metal oxide supports and
various transition metal catalysts supported on Co3O4 for the
aerobic oxidation of benzyl amine. We found that the Co3O4-
supported ruthenium catalyst prepared by an adsorption-
precipitation method exhibited outstanding catalytic perfor-
mances. The present paper reports the catalytic behaviour of the
Co3O4-supported ruthenium catalyst for the aerobic oxidation
of amines. Catalyst requirements for this green oxidation and
the nature of the active ruthenium species are also discussed via
investigations of structure-reactivity relationships.

Experimental

Catalyst preparation

The catalysts used in the present work were mainly prepared
by an adsorption-precipitation method. As an example, the
procedure for the preparation of the Co3O4-supported ruthe-
nium catalyst was described as follows. Powdery Co3O4 (1 g),
purchased from the Sinopharm Group Chemical Reagent Co.,
was added into an aqueous solution of RuCl3 (30 cm3), and the
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Table 1 Preparation procedures for Co3O4-supported ruthenium catalysts possibly with ruthenium in different states

Catalyst denotation Preparation procedure Surf. area (m2 g−1)

2.5 wt% Ru/Co3O4 Adsorption-precipitation method 32
2.5 wt% Ru/Co3O4–C573 Calcination of the 2.5 wt% Ru/Co3O4 in air at 573 K for 6 h 29
2.5 wt% Ru/Co3O4–C573-R623 Reduction of the 2.5 wt% Ru/Co3O4–C573 in H2 at 623 K for 2 h 13
3 wt% Ru/Co3O4 (imp) Impregnation of Co3O4 with a RuCl3 aqueous solution, followed by drying at 373 K 26
3 wt% Ru/Co3O4 (imp)–C573 Calcination of the 3 wt% Ru/Co3O4 (imp) in air at 573 K for 6 h 30

concentration of RuCl3 was used to regulate the Ru content.
After the suspension was stirred at room temperature for 1 h,
the pH was adjusted to 13.0 using 1 M NaOH aqueous solution.
The solid powder obtained was recovered by filtration after the
suspension was further stirred for 1 h. Subsequently, the solid
powder was washed thoroughly with deionised water until Cl−

was removed. The sample was washed further with ethanol, and
was finally dried at room temperature (∼298 K) in vacuum.
The catalyst prepared by this adsorption-precipitation method
was denoted as m wt% Ru/Co3O4, where m was the weight
percentage of ruthenium. It should be noted that this denotation
does not mean that ruthenium is in metallic (Ru◦) state. For
comparison, Co3O4 purchased from Alfa Aesar Co. (denoted
as Co3O4-A) was also used for the preparation of a 2.5 wt%
Ru/Co3O4-A catalyst by the same procedure. We clarified that
the mean size of the Co3O4-A particles was larger than that
of the Co3O4 particles purchased from the Sinopharm Group
Chemical Reagent Co.

To gain information about the state of ruthenium in active
catalysts, we also prepared Co3O4-supported ruthenium cat-
alysts possibly with ruthenium in different states by different
procedures as summarized in Table 1. The catalyst denoted as
2.5 wt% Ru/Co3O4–C573 was obtained by calcination of the
2.5 wt% Ru/Co3O4 catalyst prepared above with the adsorption-
precipitation method at 573 K in air for 6 h. The 2.5 wt%
Ru/Co3O4–C573-R623 denotes the catalyst obtained by further
reduction of the 2.5 wt% Ru/Co3O4–C573 sample at 623 K in a
H2 gas flow for 2 h. The catalyst denoted as 3 wt% Ru/Co3O4

(imp) was prepared by an impregnation method as follows.
Powdery Co3O4 (1 g) was added into the aqueous solution of
RuCl3 (30 cm3) with a fixed concentration. The suspension
was stirred for 4 h and was then allowed to rest overnight at
ambient temperature. Subsequently, the mixture was evaporated
to dryness at 343 K with continuous stirring, followed by further
drying in air at 373 K to obtain the 3 wt% Ru/Co3O4 (imp). The
3 wt% Ru/Co3O4 (imp) was calcined in air at 573 K for 6 h,
giving the sample denoted as 3 wt% Ru/Co3O4 (imp)-C573.

Catalyst characterization

The content of ruthenium in each sample was determined by
inductively coupled plasma (ICP) optical emission spectrometry
using an Agilent ICP-MS 4500–300. The BET surface areas were
measured with a high-speed automated area and pore size an-
alyzer (Quantachrome NOVA 4000e). X-ray diffraction (XRD)
patterns of the catalysts were measured with a Panalytical X′Pert
Pro Super X-ray diffractometer equipped with X′Celerator
detection systems. Cu Ka radiation (40 kV and 30 mA)
was used as the X-ray source. Scanning electron microscopy
(SEM) was carried out using a LEO1530 scanning electron

microscope with 20 kV accelerating voltage. X-ray photoelectron
spectroscopy (XPS) was measured with a PHI Quantum 2000
Scanning ESCA Microprobe equipment using monochromatic
Al Ka radiation. H2 temperature-programmed reduction (H2-
TPR) was performed using a Micromeritics AutoChem 2920 II
instrument. Typically, the temperature of the sample loaded in
a quartz reactor was raised to 1200 K in a H2-Ar gas mixture
(10 vol% H2) at a rate of 10 K min−1. The consumption of
H2 was monitored by a thermal conductivity detector, and
the detector response was calibrated using the reduction of
CuO powder.

Catalytic reaction

The selective oxidation of amines with O2 or air was carried
out using a round-bottomed glass flask reactor equipped with a
reflux condenser. In a typical run, a measured amount of catalyst
(typically, 0.1 g) was added to the reactor pre-charged with
desired amounts of reactant and solvent at a fixed temperature
(typically, 373 K). Trifluorotoluene (PhCF3), a stable and
versatile solvent with relatively higher boiling point (375K) and
lower toxicity as compared with many other organic solvents
such as benzene and dichloromethane,12 was used as the solvent
in most of our experiments. The inhalation and direct contacts
of PhCF3 with the skin or eyes should be avoided because its
toxicological properties have not been thoroughly investigated.
The reaction was started by bubbling O2 or O2 diluted with N2 or
air into the liquid. The reactant mixture was stirred vigorously
during the reaction. After the reaction, the catalyst was filtered
off via centrifugation, and the liquid organic products were
quantified by a gas chromatograph (Shimadzu 14B) equipped
with a capillary column (DB-5, 30 M × 0.25 mm × 0.25 lm)
and a FID detector using hexane as an internal standard. The
turnover frequency (TOF) was calculated by the moles of amines
converted per mole of ruthenium contained in the catalyst
per hour.

Results and discussion

Superior catalytic performance of Ru/Co3O4 catalyst for the
aerobic oxidation of benzyl amine

Only very limited heterogeneous catalysts have been reported
for the aerobic oxidation of amines, and ruthenium has
been exploited as the active component in all of these
catalysts.7,8,11 However, different supports were employed in
different studies. Thus, we first examined the most suitable
catalyst support. Table 2 shows the catalytic performances of
ruthenium catalysts supported on various inorganic supports
prepared by the adsorption-precipitation method. Under the
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Table 2 Catalytic behaviours of various metal oxide-supported Ru catalysts for aerobic oxidation of benzyl amine to benzonitrilea

Entry Catalyst Surf. area (m2 g−1) Conv. (%) Select. (%)

1 None — <0.1 —
2 Ru/SiO2 6.3 21 >99
3 Ru/Al2O3 245 54 >99
4 Ru/ZrO2 17 36 >99
5 Ru/SBA-15 324 29 >99
6 Ru/CeO2 8.7 34 >99
7 Ru/Pb3O4 8.5 11 >99
8 Ru/MnO2 3.7 26 >99
9 Ru/Fe2O3 10 35 >99

10 Ru/Fe3O4 47 30 >99
11 Ru/CoO 7.2 43 >99
12 Ru/Co3O4 32 95 >99
13 Ru/ZnO 12 15 >99
14 Ru/hydrotalcite 41 35 >99
15 Ru/hydroxyapatite 78 83 70

a Reaction conditions: Ru content, 3.0 wt% for all of the catalysts except for the Ru/Co3O4, which has a Ru content of 2.5 wt%; catalyst amount,
0.1 g; benzyl amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1; temperature, 373 K; time, 1 h.

reaction conditions shown in Table 2, all of these catalysts
except for the Ru/hydroxyapatite exhibited good selectivity for
the formation of benzonitrile from benzyl amine. Although
the Ru/hydroxyapatite showed a relatively higher conver-
sion of benzyl amine (entry 15), this catalyst produced N-
benzylidenebenzylamine as a main by-product with a consider-
able selectivity. This is different from the result reported for the
hydroxyapatite-immobilized monomeric RuIII catalyst prepared
by an ion-exchange method, where a higher selectivity could be
obtained.7 This may imply that different states of ruthenium
exhibit different catalytic properties. The BET surface area
of each sample is also shown in Table 2. It can be seen
that there is no definite correlation between the activity and
the BET surface area for the catalysts with different kinds
of supports. Thus, the chemical nature of the support may
play a key role in determining the catalytic performance.
Among various supported ruthenium catalysts we examined,
the Ru/Co3O4 showed the best catalytic performance for the
aerobic oxidation of benzyl amine to benzonitrile (entry 12).
Benzyl amine conversion and benzonitrile selectivity were 95 and
>99%, respectively. The present Ru/Co3O4 catalyst provided a
TOF of 38 h−1 at 373 K for the conversion of benzyl amine
based on Ru, which was significantly higher than those reported
for the Ru/hydroxyapatite and the Ru/Fe3O4 catalysts.7,11 This
TOF value was slightly higher than that reported for the
Ru/Al2O3 catalyst.8 We also examined the catalytic performance
of Ru/Al2O3 (entry 3), and it showed a relatively higher activity
than other supported Ru catalysts except for the Ru/Co3O4 and
the Ru/hydroxyapatite in our case.

Subsequently, we tested Co3O4-supported various transition
metal catalysts for the aerobic oxidation of benzyl amine. The
catalytic performances over these catalysts prepared by the
adsorption-precipitation method are summarized in Table 3.
Over these catalysts, the selectivity to benzonitrile was always
>99%. However, only the Ru/Co3O4 catalyst exhibited a consid-
erable benzyl amine conversion. Other catalysts could not pro-
vide benzyl amine conversions significantly higher than Co3O4

alone. Thus, ruthenium was a very unique active component and
Co3O4 was a superior catalyst support for the aerobic oxidation
of benzyl amine to benzonitrile.

Table 3 Catalytic behaviours of Co3O4-supported various transition
metal catalysts for aerobic oxidation of benzyl amine to benzonitrilea

Entry Catalystb Conversion (%) Selectivity (%)

1 Co3O4 2.0 >99
2 Au/Co3O4 1.0 >99
3 Pd/Co3O4 1.4 >99
4 Rh/Co3O4 0.8 >99
5 Pt/Co3O4 1.0 >99
6 Ru/Co3O4 95 >99
7 Cu/Co3O4 1.5 >99
8 Co/Co3O4 0.6 >99
9 Fe/Co3O4 0.2 >99

10 Ni/Co3O4 0.7 >99
11 Ir/Co3O4 0.9 >99

a Reaction conditions: metal content, 3.0 wt% for all of the catalysts
except for the Ru/Co3O4, which has a Ru content of 2.5 wt%; catalyst
amount, 0.1 g; benzyl amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow
rate, 3 mL min−1; temperature, 373 K; time, 1 h. b All of the supported
catalysts were prepared by the adsorption-precipitation method, and the
metal precursors were AuCl3, PdCl2, RhCl3, PtCl2, RuCl3, Cu(NO3)2,
Co(NO3)2, Fe(NO3)3, Ni(NO3)2 and IrCl3 for the catalysts used for
entries 2–11, respectively.

Effects of Ru content and Co3O4 size of Ru/Co3O4 catalysts on
their catalytic performances for aerobic oxidation of benzyl
amine

Table 4 shows the effect of Ru loadings on catalytic proper-
ties of the Ru/Co3O4 catalysts prepared by the adsorption-
precipitation method. At a fixed amount of catalyst (0.1 g, entries
1–6), benzyl amine conversion increased with increasing Ru
content up to 2.5 wt%, and a further increase in Ru content from
2.5 to 3.5 wt% decreased benzyl amine conversion. Comparisons
at a fixed amount of Ru (9.8 lmol, entries 7–11) by regulating
the catalyst amount showed that the conversion of benzyl amine
decreased monotonically with a rise in Ru content. Especially, a
sharp decrease was observed as Ru content was raised from 2.5
to 3.5 wt%. This significant drop in catalytic activity at higher
Ru contents may imply that only the ruthenium species highly
dispersed on Co3O4 or intimately contacted with Co3O4 particles
are active for the aerobic oxidation of benzyl amine.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 553–562 | 555
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Table 4 Catalytic behaviours of Ru/Co3O4 catalysts with different Ru contents or different sizes of Co3O4 for aerobic oxidation of benzyl amine to
benzonitrilea

Entry Catalyst Ru amount (lmol) Conv. (%) Select. (%)

1b Co3O4 — 2.0 >99
2b 1.0 wt% Ru/Co3O4 9.8 61 >99
3b 1.7 wt% Ru/Co3O4 16.8 83 >99
4b 2.5 wt% Ru/Co3O4 24.7 95 >99
5b 3.5 wt% Ru/Co3O4 34.6 75 >99
6b 10 wt% Ru/Co3O4 98.9 70 >99
7c 1.0 wt% Ru/Co3O4 9.8 61 >99
8c 1.7 wt% Ru/Co3O4 9.8 43 >99
9c 2.5 wt% Ru/Co3O4 9.8 34 >99

10c 3.5 wt% Ru/Co3O4 9.8 7.7 >99
11c 10 wt% Ru/Co3O4 9.8 4.1 >99
12b 2.5 wt% Ru/Co3O4-A 24.7 54 >99

a Reaction conditions: benzyl amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1; temperature, 373 K; time, 1 h. b Catalyst amount was
fixed at 0.10 g. c Ru amount was fixed at 9.8 lmol by regulating the catalyst weight.

If the contact boundary between Ru species and Co3O4

particles plays a role in determining the catalytic activity, it
can be expected that the size of Co3O4 will also affect the
catalytic performances. The effect of size of oxide support
on catalytic performances of supported catalysts has attracted
much attention in recent years.13,14 We exploited two Co3O4

samples (Co3O4 and Co3O4-A with surface areas of 26 and 5.6 m2

g−1, respectively) with different sizes for the preparation of sup-
ported ruthenium catalysts by the same adsorption-precipitation
method. The BET surface areas of the 2.5 wt% Ru/Co3O4

and 2.5 wt% Ru/Co3O4-A were 32 and 13 m2 g−1, respectively.
XRD patterns of the two Co3O4 samples and the two supported
ruthenium catalysts are shown in Fig. 1. Only the diffraction
peaks of crystalline Co3O4 with spinel structure were observed
for these samples. No information about ruthenium species
could be obtained possibly because the ruthenium species were
in amorphous state or the Ru content was too low. Actually,
any diffraction peaks assignable to Ru species could not be
detected even for the Ru/Co3O4 catalyst with a Ru content of
10 wt%, indicating the amorphous state of ruthenium species

Fig. 1 XRD patterns. (a) Co3O4, (b) 2.5 wt% Ru/Co3O4, (c) Co3O4-A
and (d) 2.5 wt% Ru/Co3O4-A.

in these catalysts. The diffraction peaks for the Co3O4 and the
2.5 wt% Ru/Co3O4 were significantly broader than those for the
Co3O4-A and the 2.5 wt% Ru/Co3O4-A. Calculations using the
Scherrer equation revealed that the sizes of Co3O4 and Co3O4-A
were ∼30 and ∼100 nm, respectively, either before or after the
loading of ruthenium species. SEM images shown in Fig. 2 for
the 2.5 wt% Ru/Co3O4 and the 2.5 wt% Ru/Co3O4-A clearly
revealed that the particle sizes of Co3O4 in the former catalyst
were significantly smaller than those in the latter catalyst.
We observed a significant difference in catalytic performance
between these two catalysts (Table 4, entries 4 and 12). The
Ru/Co3O4-A catalyst with larger Co3O4 particles exhibited a
significantly lower conversion of benzyl amine (entry 12). It is
reasonable to think that the smaller Co3O4 particles can lead
to larger interfaces between the supported ruthenium species
and the Co3O4 particles, and thus result in the higher catalytic
performance of the Ru/Co3O4 catalyst. Thus, the present result
further suggests that the interface between the Ru species and
the Co3O4 particles plays a key role in determining the catalytic
activity.

Fig. 2 SEM images. (A) 2.5 wt% Ru/Co3O4, (B) 2.5 wt% Ru/Co3O4-A.

556 | Green Chem., 2008, 10, 553–562 This journal is © The Royal Society of Chemistry 2008
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Effects of kinetic factors on catalytic performances of
Ru/Co3O4 catalyst for aerobic oxidation of benzyl amine

Fig. 3 shows the influence of the amount of catalyst on catalytic
performances for the 2.5 wt% Ru/Co3O4 catalyst. Without
a catalyst, benzyl amine conversion was almost zero. The
conversion increased proportionally to the catalyst amount in
the whole range investigated (0–0.10 g). These observations
confirm that the catalyst plays essential roles in the aerobic
oxidation of benzyl amine and the reaction proceeds steadily
over the catalyst. The linear increase in benzyl amine conversion
even at a higher conversion level may imply that the reaction rate
is not strongly dependent on the concentration of the substrate.

Fig. 3 Effect of catalyst amount on catalytic performance of the
2.5 wt% Ru/Co3O4 for the aerobic oxidation of benzyl amine. Symbols:
(●) benzyl amine conversion, (�) benzonitrile selectivity. Reaction
conditions: benzyl amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate,
3 mL min−1; temperature, 373 K; time, 1 h.

The effect of reaction temperature on catalytic performance
of the 2.5 wt% Ru/Co3O4 catalyst is shown in Fig. 4. Benzyl
amine conversion increased exponentially with temperature. The
activation energy calculated using the Arrhenius equation was
62 kJ mol−1, further suggesting that the reaction was not rate-
limited by the diffusion.

Fig. 4 Effect of reaction temperature on catalytic performance of the
2.5 wt% Ru/Co3O4 for the aerobic oxidation of benzyl amine. Symbols:
(●) benzyl amine conversion, (�) benzonitrile selectivity. Reaction
conditions: catalyst, 0.1 g; benzyl amine, 1 mmol; solvent (PhCF3), 5 mL;
O2 flow rate, 3 mL min−1; time, 1 h.

The time course plotted in Fig. 5 for the aerobic oxidation
of benzyl amine over the 2.5 wt% Ru/Co3O4 catalyst at 353 K

Fig. 5 Time course for the aerobic oxidation of benzyl amine over the
2.5 wt% Ru/Co3O4 catalyst. Symbols: (●) benzyl amine conversion,
(�) benzonitrile selectivity. Reaction conditions: catalyst, 0.1 g; benzyl
amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1;
temperature, 353 K.

showed that the conversion increased linearly with time in the
initial 0.5 h, and then the rate became slow. The initial conversion
rate at 353 K was calculated to be 32 mol h−1 mol-Ru−1.

The effect of oxygen pressure on catalytic performances at
353 K was investigated using (O2+N2) gas mixture instead of
pure O2 for the oxidation of benzyl amine over the 2.5 wt%
Ru/Co3O4 catalyst. The result in Fig. 6 revealed that benzyl
amine conversion did not change significantly with changing
the partial pressure of oxygen in the range we investigated (0.2–
1.0 atm). In other words, the reaction order with respect to
oxygen was zero in this range. Thus, it is expected that air can
also be used as an oxidant over our catalyst. Actually, using air
(3 mL min−1) instead of pure oxygen, the conversion of benzyl
amine was 92% and the selectivity to benzonitrile was >99% over
the 2.5 wt% Ru/Co3O4 catalyst under the reaction conditions
shown in Table 2 (373 K).

Fig. 6 Effect of oxygen pressure on catalytic performance of the
2.5 wt% Ru/Co3O4 for the aerobic oxidation of benzyl amine. Symbols:
(●) benzyl amine conversion, (�) benzonitrile selectivity. Reaction
conditions: catalyst, 0.1 g; benzyl amine, 1 mmol; solvent (PhCF3), 5 mL;
(O2 + N2) flow rate, 6 mL min−1; temperature, 353 K; time, 1 h.

Recycling uses of the 2.5 wt% Ru/Co3O4 catalyst for the
aerobic oxidation of benzyl amine were investigated. The
recovered catalyst after each run was washed with ethanol for

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 553–562 | 557
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several times and then was reused in the next run after drying
at ambient temperature. The result (Fig. 7) shows that the
conversion of benzyl amine and the selectivity to benzonitrile
are almost unchanged after repeated uses for 5 times. Therefore,
the present Ru/Co3O4 catalyst is recyclable.

Fig. 7 Recycling uses of the 2.5 wt% Ru/Co3O4 for the aerobic
oxidation of benzyl amine. Symbols: (●) benzyl amine conversion,
(�) benzonitrile selectivity. Reaction conditions: catalyst, 0.1 g; benzyl
amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1;
temperature, 373 K; time, 1 h.

Ru/Co3O4 catalyst for the aerobic oxidation of other amines and
for the solvent-free aerobic oxidation of amines

We applied the 2.5 wt% Ru/Co3O4 catalyst to the aerobic
oxidation of several other amines. As summarized in Table 5,
the substituted benzyl amines could also be selectively oxidized

into the corresponding nitriles although the activity was slightly
lower than benzyl amine. The oxidation of non-activated
aliphatic amines also proceeded efficiently over the present
catalyst (entries 4 and 5). Not only the primary amines, but
also the heterocyclic amines were selectively oxidized in the
presence of the Ru/Co3O4 catalyst. For example, indoline and
1,2,3,4-tetrahydroquinoline were oxidized selectively to indole
and quinoline in good yields (≥ 90%) after 2 and 6 h of reactions,
respectively (entries 6 and 7).

It is highly desirable to perform solvent-free aerobic oxidation
of amines from the viewpoint of green chemistry. We found
that the 2.5 wt% Ru/Co3O4 catalyst was useful for the solvent-
free aerobic oxidation of several kinds of amines (Table 6).
Benzyl amine conversion and benzonitrile selectivity reached
91 and 98% after 24 h reaction at 423 K over our catalyst,
giving a TON of 1829 h−1 and a TOF of 76 h−1. Other amines
shown in Table 6 could also be selectively oxidized under
solvent-free conditions. To the best of our knowledge, this is
the first report on the solvent-free catalytic aerobic oxidation
of amines. We have carried out recycling uses of the 2.5 wt%
Ru/Co3O4 catalyst for the solvent-free aerobic oxidation of
1,2,3,4-tetrahydroquinoline. The catalyst could be recovered
easily through centrifugation, and the conversion of 1,2,3,4-
tetrahydroquinoline only decreased slightly after 4 reaction
cycles (Table 6, entry 8).

Insights into the state of ruthenium species active for aerobic
oxidation of amines

To gain insights into the state of ruthenium species active for
aerobic oxidation of amines, we have investigated the state-
activity relationships using the catalysts deliberately prepared

Table 5 Aerobic oxidation of various amines catalyzed by the 2.5 wt% Ru/Co3O4 catalysta

Entry Substrate Time (h) Conv. (%) Select. (%)

1 1 95 >99

2 2 89 >99

3 2 98 >99

4 2 88 >99

5 1 77 >99

6 2 >99 >99

7 6 90 >99

a Reaction conditions: amine, 1 mmol; catalyst, 0.10 g; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1; temperature, 373 K.
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Table 6 Solvent-free aerobic oxidation of various amines catalyzed by the 2.5 wt% Ru/Co3O4 catalysta

Entry Substrate Temp. (K) Time (h) Conv. (%) Select. (%)

1 423 24 91 98

2 373 48 51 >99

3 383 30 41 >99

4 373 48 98 >99

5 373 48 99 >99

6 423 24 77 >99

7 423 24 76 >99

8b 423 24 69 >99

a Reaction conditions: amine, 50 mmol; catalyst, 0.10 g; O2 flow rate, 3 mL min−1. b Result after 4 recycles.

with different procedures as listed in Table 1. The catalysts were
characterized by XRD, XPS and H2-TPR techniques. From
XRD measurements, we could not see significant differences
among these catalysts. We only observed the diffraction peaks
ascribed to Co3O4 (similar to those in Fig. 1), and no information
about Ru species could be obtained possibly because of the lower
content of Ru or the amorphous feature of the Ru species. Ru 3d
XPS spectra of these catalysts are shown in Fig. 8. Generally, the

Fig. 8 Ru 3d XPS spectra for the Co3O4-supported ruthenium cat-
alysts prepared with different procedures. (a) 2.5 wt% Ru/Co3O4, (b)
2.5 wt% Ru/Co3O4-C573, (c) 2.5 wt% Ru/Co3O4-C573-R623, (d) 3 wt%
Ru/Co3O4 (imp), (e) 3 wt% Ru/Co3O4 (imp)-C573.

C 1 s peak for carbon contamination at 284.6 eV was used as a
reference for the correction of binding energy (BE). However,
because of the overlapping of the peaks of Ru 3d3/2 and C
1 s, the Co 2p3/2 peak (BE, 779.5 eV) was used as a reference
for our samples except for the 2.5 wt% Ru/Co3O4–C573-R623,
for which the intensity of Ru 3d3/2 was very low and the peak
position of C 1 s could be clearly discerned. The obtained BE
of Ru 3d5/2 and the possible state of ruthenium species for each
catalyst are summarized in Table 7. The BE of Ru 3d5/2 for
the 2.5 wt% Ru/Co3O4 catalyst prepared by the adsorption-
precipitation method was at 281.5 eV. The hydrous ruthenium
oxide (RuO2·xH2O or RuOxHy) was reported to exhibit a BE of
Ru 3d5/2 at 281.4–281.8 eV,15–17 which was higher than that for
RuO2 (280.7–281.0 eV)18 owing to the presence of OH functional
groups.16 Thus, the XPS result suggests that the ruthenium
species in the 2.5 wt% Ru/Co3O4 catalyst is in the hydrous RuO2

state. The 2.5 wt% Ru/Co3O4-C573 possessed a lower BE of Ru
3d5/2 at 281.0 eV, indicating the transformation of RuO2·xH2O
to anhydrous RuO2 species. The 2.5 wt% Ru/Co3O4-C573-R623
showed a much lower BE of Ru 3d5/2 at 280.0 eV, which could
be assigned to metallic Ru.18 For the 3 wt% Ru/Co3O4 (imp)
and the 3 wt% Ru/Co3O4 (imp)-C573, the BE values of Ru
3d5/2 were both 280.9 eV. However, the surface molar ratio of
Cl/Co estimated from XPS for the 3 wt% Ru/Co3O4 (imp) was
significantly larger. The surface molar ratio of Cl/Ru for this
sample was ∼1.3. Thus, this sample might contain a mixture
of RuCl3 and RuO2. This is consistent with some reported

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 553–562 | 559
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Table 7 XPS results for Co3O4-supported ruthenium catalysts prepared by different procedures

Catalyst BE of Ru3d5/2 (eV) Main state of Ru Ru/Coa Cl/Coa

2.5 wt% Ru/Co3O4 281.5 RuO2·xH2O 0.12 0.025
2.5 wt% Ru/Co3O4–C573 281.0 RuO2 0.11 0.022
2.5 wt% Ru/Co3O4–C573-R623 280.0 Ru◦ 0.02 0.020
3 wt% Ru/Co3O4 (imp) 280.9 RuCl3 and RuO2 0.13 0.17
3 wt% Ru/Co3O4 (imp)–C573 280.9 RuO2 0.09 0.014

a Molar ratio calculated from XPS analysis.

results that RuCl3 is not stable and may easily be converted to
RuO2 by heating in air, and that even some commercial RuCl3

comprises ruthenium species with higher valence states.15,19,20

After calcination, the 3 wt% Ru/Co3O4 (imp)-C573 sample
exhibited a lower ratio of Cl/Co, indicating that RuO2 became
the main ruthenium species. The surface Cl/Co molar ratios for
the series of samples prepared by the adsorption-precipitation
method were also quite low, confirming that only a small amount
of Cl remained in these samples. Table 7 also shows that the
surface molar ratios of Ru/Co for these samples (except for the
2.5 wt% Ru/Co3O4-C573-R623) are similar (0.09–0.13). These
values of Ru/Co molar ratio are larger than that expected from
the bulk composition (∼0.02). Thus, the ruthenium species are
probably located on the surface of Co3O4 in these samples except
for the 2.5 wt% Ru/Co3O4-C573-R623.

Fig. 9 shows H2-TPR profiles for the Co3O4-supported
ruthenium catalysts prepared by different procedures. Co3O4

alone showed two reduction peaks at 588 and 696 K, and the
quantitative calculations suggested that these two peaks likely
corresponded to the reductions of CoIII to CoII and CoII to
Co◦, respectively. The hydrous ruthenium oxide (RuO2·xH2O)
exhibited a single reduction peak at 430 K, corresponding to
the reduction of RuIV to Ru◦. The 2.5 wt% Ru/Co3O4 catalyst
exhibited two reduction peaks at 403 and 564 K (curve b). The
quantification suggested that the lower-temperature peak could
not be assigned only to the reduction of Ru species from +IV
to 0, and it must also comprise the reduction of Co3O4. The
calculation implied that the lower-temperature peak comprised
the reduction of CoIII to CoII in addition to RuIV to Ru◦, and the
higher-temperature peak corresponded to the reduction of CoII

to Co◦. Thus, the loading of Ru species on Co3O4 significantly
enhanced the reduction of Co3O4. The same phenomenon
was also observed for the Ru-Co binary oxides prepared by
a co-precipitation method.21 As compared with the 2.5 wt%
Ru/Co3O4, the reduction peaks for the 2.5 wt% Ru/Co3O4-

Fig. 9 H2-TPR profiles for the Co3O4-supported ruthenium catalysts
prepared with different procedures together with Co3O4 and hydrous
RuO2. (a) Co3O4, (b) 2.5 wt% Ru/Co3O4, (c) 2.5 wt% Ru/Co3O4-C573,
(d) 3 wt% Ru/Co3O4 (imp)-C573, (e) RuO2·xH2O.

C573 (curve c) and the 3.0 wt% Ru/Co3O4 (imp)-C573 (curve
d) shifted significantly to higher temperatures. Combined with
the information from XPS measurements described above,
this result suggests that the Co3O4-supported hydrous RuO2

possesses higher reducibility than the supported anhydrous
RuO2.

The catalytic performances of these catalysts as well as the
single Co3O4 and RuO2·xH2O for the aerobic oxidation of
benzyl amine are summarized in Table 8. The single RuO2·xH2O
showed a very low conversion under the reaction conditions
of Table 8, indicating that the dispersion of RuO2·xH2O on a
support played a key role in enhancing its catalytic performance.
The Ru/Co3O4 (imp) without calcination showed a conversion
comparable to that of Co3O4 alone (entry 3). Moreover, we

Table 8 Catalytic behaviours of Co3O4-supported ruthenium catalysts with ruthenium in different states for aerobic oxidation of benzyl amine to
benzonitrilea

Entry Catalyst Ru amount (lmol) Conv. (%) Select. (%)

1 Co3O4 — 2.0 >99
2 RuO2·xH2O 29.7 1.2 >99
3 3 wt% Ru/Co3O4 (imp) 29.7 1.8 >99
4 3 wt% Ru/Co3O4 (imp)-C573 29.7 14 >99
5 2.5 wt% Ru/Co3O4 24.7 95 >99
6 2.5 wt% Ru/Co3O4–C573 24.7 19 >99
7 2.5 wt% Ru/Co3O4–C573-R623 24.7 0.9 >99

a Reaction conditions: benzyl amine, 1 mmol; solvent (PhCF3), 5 mL; O2 flow rate, 3 mL min−1; temperature, 373 K; time, 1 h.
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confirmed that the homogeneous oxidation of benzyl amine by
O2 using RuCl3 catalyst could not occur under our reaction
conditions. Thus, the supported RuCl3 species should not be the
active species. On the other hand, the catalyst prepared by the
adsorption-precipitation method without calcination exhibited
a significantly higher activity (entry 5). Thus, the supported
hydrous RuO2 was a highly efficient species for the aerobic
oxidation of amines. The conversion of benzyl amine over the
calcined 2.5 wt% Ru/Co3O4–C573 became remarkably lower
(entry 6). The 3 wt% RuOx/Co3O4 (imp)-C573 exhibited a
similar activity (entry 4) to the 2.5 wt% Ru/Co3O4–C573. These
observations further confirm that the ruthenium species in these
two catalysts are the same (i.e., anhydrous RuO2). Thus, the
supported anhydrous RuO2 possesses a lower activity in the
aerobic oxidation of benzyl amine. The result in Table 8 also
suggests that the metallic Ru species cannot catalyse the aerobic
oxidation of amines because the 2.5 wt% Ru/Co3O4–C573-R623
is almost inactive (entry 7).

Because the heterogeneous catalysts reported for the aerobic
oxidation of amines are still scarce,7,8,11 the insights into the active
sites are very limited. Kaneda and co-workers suggested that a
monomeric RuIII with Cl ligands attached on hydroxyapatite was
responsible for the selective oxidation of amines.7,22 Yamaguchi
and Mizuno proposed Ru(OH)3 as the active species for their
Ru/Al2O3 catalyst.8 Our results described above have revealed
that the Co3O4-supported hydrous RuO2 is the active species
for the aerobic oxidation of amines. The supported anhydrous
RuO2 only showed a lower activity. The metallic Ru (Ru◦) or the
RuCl3 species were inactive for the aerobic oxidation of amines.
It is of interest to note that the hydrous RuO2 with or without a
support has been reported to be an active phase for the aerobic
oxidation of alcohols by a few groups.21,23–25 EXAFS studies
showed that the hydrous RuO2 possesses a two-dimensional
structure of independent chains, in which RuO6 octahedra are
connected by two shared oxygen atoms, and the RuO6 octahedra
contain Ru-OH or Ru-OH2 bonds of ∼2.5 Å.25,26 With reference
to the reaction mechanism proposed for the aerobic oxidation of
alcohols over the hydrous RuO2 species,21 we consider that the
Ru-OH or Ru-OH2 bond may be transformed into Ru-NHCH2R
via the interaction with RNH2 as follows,

RuIV-OH + RCH2NH2 → RuIV-NHCH2R + H2O.

The RuIV-NHCH2R may undergo b-hydrogen elimination to
give imine, which would be further oxidized and transformed
into nitrile.8 Whether the redox of RuIV/RuIII occurs during
the reaction or the RuIV only acts as a Lewis acid still
remains unclear. Our H2-TPR result (Fig. 9) showed that the
supported hydrous RuO2 could be reduced at a significantly
lower temperature than the supported anhydrous RuO2. The
higher reducibility of the hydrous RuO2 species might contribute
to its higher catalytic activity. It is well known that hydrous
RuO2 is a mixed electron-proton conductor.26 We speculate that
the proton-conducting property of the hydrous RuO2 may be
beneficial to the b-hydrogen elimination, which might be the
rate-determining step.

Because RuO2·xH2O alone only exhibits a lower activity in
the aerobic oxidation of benzyl amine, the synergistic effect
between RuO2·xH2O and Co3O4 is very significant. The results of
effects of Ru loadings and Co3O4 sizes on catalytic performances

(Table 4) suggest that the contact boundary between the
amorphous RuO2·xH2O and the Co3O4 particles really plays a
key role in enhancing the catalytic activity. The synergistic effect
between RuIV and CoIII or CoII has also been observed for a few
catalysts effective for the aerobic oxidation of alcohols such as
the Ru–Co binary oxide catalyst prepared by the co-precipitation
method.21,24 and the Ru–Co–Al hydrotalcite catalyst27 The role
of Co was proposed to facilitate the catalyst regeneration
by removing the hydrogen (hydride species) attached on Ru
sites over the Ru–Co binary oxide for alcohol oxidation.21 We
speculate that, in our case, the Co sites may play a similar role. In
our case, CoII may participate in the activation of O2 to reoxidise
the reduced RuIII species if the redox of RuIV/RuIII exists or to
remove the hydride species to regenerate the Ru sites.

Conclusions

The Co3O4-supported ruthenium catalyst was found to exhibit
the best catalytic performance for the aerobic oxidation of
benzyl amine among various metal oxide-supported ruthenium
catalysts and Co3O4-supported various transition metal catalysts
prepared by an adsorption-precipitation method. The increase
in ruthenium loadings to ≥ 3.5 wt% significantly decreased the
catalytic activity. The size of Co3O4 particles affected the perfor-
mance of the supported ruthenium catalyst, and the smaller size
of Co3O4 led to the higher catalytic activity. The catalytic activity
was strongly dominated by the state of ruthenium species. While
the supported anhydrous ruthenium oxide only exhibited a
lower activity, the hydrous ruthenium oxide dispersed on Co3O4

showed remarkably higher efficiency for the aerobic oxidation of
benzyl amine. The supported metallic ruthenium and ruthenium
chloride species were inactive. The present Co3O4-supported
hydrous ruthenium oxide catalyst was also effective for the
aerobic oxidation of several other amines and could be used
recyclably. The catalyst could be operated under solvent-free
conditions or using air instead of oxygen as an oxidant.
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The water soluble Pd complex of dicyclohexyl(2-sulfo-9-(3-(4-sulfophenyl)propyl)-9H-fluoren-
9-yl)phosphine was used for an efficient copper free and sustainable reaction protocol for
Sonogashira cross couplings. Using a water/ipropanol mixture as the solvent and K2CO3 as base,
numerous heterocyclic and aryl bromides and chlorides were reacted with various acetylenes in
near quantitative yield at 1 mol% catalyst loading and 90 ◦C.

Introduction

Compounds bearing carbon–carbon triple bonds are ubiqui-
tous in pharmaceuticals and fine chemicals;1,2 examples are
tazarotene,3 terbinafin4,5 or the oncology candidate CP-724,714.6

The Sonogashira reaction is a powerful tool to effect C(sp)–
C(sp2)- and C(sp)–C(sp3) coupling reactions.1,7–17 However, typ-
ical solvents utilized in such reactions, like DMF/DMAc,8,12,18

DMSO,19,20 toluene,14,21 dioxane9,22 or amine-bases17 are less
favourable from an ecological and economical point of view23–27

than water.28 Furthermore, the use of CuI, which is often used as
the co-catalyst, can be problematic in large scale reactions due
to the formation of insoluble copper-acetylides.29

Considering these limitations, it was our intention to develop
a Sonogashira protocol for the synthesis of heterocyclic com-
pounds which is more sustainable, safe and useful. This approach
is motivated by the fact that the vast majority of biologically
active compounds and APIs (active pharmaceutical ingredients)
contains heterocyclic structures—often combined with problem-
atic functional groups like free amine moieties.30–37 Notable, in
this respect is recent work from Beller et al. who reported on
the Sonogashira coupling of various heterocyclic substrates.38

With Beller the use of TMEDA (tetramethylethylenediamine)
as solvent and CuI as the co-catalyst were the key to
the efficient transformation of some N- and S-heterocyclic
substrates.

While efforts have been made in designing highly active
catalytic systems for Pd cross coupling,39 the catalyst loading
is not the determining factor making a process more benign.40,41

In (Sonogashira) cross coupling reactions, solvents as well
as various additives have by far the largest economical and
environmental impact. Hence, it follows that critical organic
solvents and additives should be avoided.42 Water appears to be
an obvious alternative,23,24 but for organic transformations of

Anorganische Chemie im Zintl-Institut, TU Darmstadt, Petersenstr. 18,
64287, Darmstadt, Germany. E-mail: plenio@tu-darmstadt.de
† Electronic supplementary information (ESI) available: Supporting
information for this article contains the NMR spectra of all Sonogashira
coupling products as well as cyclic voltammograms of the synthesized
ferrocenyl derivatives. See DOI: 10.1039/b800154e

lipophilic substrates the poor solubility of some organic reac-
tants in water in the absence of other solvents creates problems.
Due to several favourable properties, ipropanol was chosen as
the co-solvent: besides decreasing the polarity of the reaction
medium and consequently increasing the solubility of organic
substrates, it is inexpensive, safe and easily biodegradable via
the acetone pathway and thus a particularly favourable organic
co-solvent.23,25,42

For our work, we have tested a broad range of heterocyclic
substrates with a view to a sustainable protocol, while on the
other hand preserving high catalytic activities.

Results and discussion

We recently reported the synthesis of fluorenyldialkylphos-
phines43 whose Pd-complexes are excellent catalysts for various
cross coupling reactions.32,44 The disulfonated derivative 1·3H+

(Fig. 1) forms highly water soluble Pd-complexes. In combi-
nation with aqueous reaction media these complexes showed
unprecedented catalytic activity in Suzuki cross coupling of N-
and S- heterocyclic substrates, thus facilitating the synthesis of
important heterocyclic building blocks.31,45 We found out then,
that the use of water as a (co-)solvent is essential for good
catalytic activity, as hydrogen bonding with the nitrogen donor
moieties appears to prevent inhibition of the catalyst.

Fig. 1 Fluorenyldicyclohexylphosphine and mono- and disulfonated
relative (H2SO4 adducts).

In order to extend the scope of Pd complexes with phosphine
1 to other cross coupling reactions, we tested those complexes
in Sonogashira cross coupling reactions of heteroaryl chlorides
and bromides in a benign aqueous solvent mixture of wa-
ter/ipropanol (1 : 1) in combination with unproblematic K2CO3

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 563–570 | 563
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Table 1 Sonogashira reactions involving N-heterocyclic or N-containing substratesa

Entry Aryl halide Acetylene Product t/h Conversionb Yieldc

1 3 ≥99% 94%

2 4
10
10
10
20

≥99%
90%d

72%e

0%f

0%g

91%

3 10 ≥99% 93%

4 10 ≥99% 89%

5 10 ≥99% 94%

6 8 ≥99% 91%

7 5 ≥99% 94%

8 10 89% 85%

9 10 96% 91%

a 1.5 mmol aryl chloride, 1.7 mmol acetylene, 2.0 mmol K2CO3, 6 mL water/ipropanol (1 : 1), catalyst 1 mol% (1 mL stock solution : Na2PdCl4/ligand
(1 : 2)), 90 ◦C. b Determined via gas chromatography (heptadecane, internal standard). c Average of two runs, column chromatography (silica (15 ×
3 cm)). d 0.5 mol% Pd-catalyst. e 0.1 mol% Pd-catalyst. f No Pd-catalyst. g 2 mol% Na2PdCl4, no ligand.

as base. The catalyst is formed in situ from Na2PdCl4, and two
equivalents of the triply protonated ligand 1·3H+ in the presence
of five equivalents of base.

In a preliminary test the activity of the catalyst was studied in
the reaction of 2-chloropyridine with phenylacetylene (Table 1,
entry 2). The respective Sonogashira coupling affords the desired
coupling product in quantitative yield (4 h, 100 ◦C, 1 mol%
catalyst). Applying 0.1 mol% catalyst 72% conversion is found
after 10 h. Tests using 2 mol% Pd salt in absence of phosphine
1 or in complete absence of catalyst gave no conversion in the
same reaction.

Interestingly, the Sonogashira cross coupling reactions re-
ported here proceed smoothly without the use of a copper(I)salt
as co-catalyst.46 Others performing this kind of coupling reaction
under copper free conditions are either restricted to aryliodides
and non-deactivated arylbromides,47–52 or require severe reac-
tion conditions, like high reaction temperatures,18,53 microwave
activation,54 or high Pd-catalyst concentrations.10,37,55,56

The cross coupling of additional N-heteroarylchlorides and
other nitrogen-containing substrates with aryl acetylenes in
Sonogashira reactions is found in Table 1. The generality of
our reaction protocol was demonstrated by reacting a sterically
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demanding, deactivated arylhalide with a N-heterocyclic acety-
lene. Utilizing 1 mol% of the Pd-catalyst 2,6-dimethylbromo-
benzene (2a) was quantitatively coupled with 2-pyridylacetylene
(3a) at 90 ◦C in 3 h (Table 1, entry 1) in water/ipropanol (1 : 1)
as solvent.

2-Chlorpyridine and 2-chloropyrimidine were successfully
coupled with phenyl-, octyl- or 2-pyridylacetylene (Table 1, en-
tries 3–5). 5-Bromo-2-amino-pyridine with a free amino group is
a challenging substrate for Pd catalyzed cross coupling reactions.
Applying the given conditions, 5-bromo-2-amino-pyridine can
be directly coupled with phenylacetylene in near quantitative
yield without the need for N-protection (Table 1, entry 8).

Next, Sonogashira reactions of S- and O-heterocyclic sub-
strates were investigated (Table 2). Electron rich and thus deac-
tivated 2-bromothiophene and 3-bromothiophene were coupled
in excellent yields with both aliphatic acetylenes (Table 2,
entries 1, 8) and arylacetylenes (Table 2, entries 2, 13). The
efficient coupling of sulfur containing substrates with nitrogen
heterocycles under the same conditions is demonstrated (Table 2,
entries 3, 4).

Interesting is the effective coupling of the labile 3-
bromofurane with acetylenes. Similar structures have received
interest due to their biological activity, but with the exception of
the recent Beller publication38 3-bromofurane was rarely used in
Sonogashira reactions and known to cause problems resulting
in poor product yields.57 With phenylacetylene as the coupling
partner, the desired product was obtained in quantitative yield
(Table 2, entry 6). Substituted ferrocenes receive interest in
medicinal and life science chemistry because of their biological
activity in cancer-,58–63 malaria-58,64–66 and HIV-treatment67,68 or
as auxiliary in DNA detection.69–71 To facilitate this chemistry, we
investigated some coupling reactions of ferrocenylacetylene with
heterocyclic aryl halides. 3-Ferrocenylethynyl-thiophene and 3-
ferrocenylethynyl-furan were obtained in yields of around 95%
and excellent purity (Table 2, entries 5, 7).

The coupling of the unprotected and deactivated 2-
bromoaniline with 2-ethynylthiophene selectively yielded the
Sonogashira coupling product (Table 2, entry 12). In the same
manner, unprotected 5-bromo-2-amino-pyridine is coupled with
2-ethinylthiophene in 93% yield (table 2, entry 14). When
propargylic alcohols were used as coupling partners (table 2,
entry 11), no coupling product was observed. This was not
entirely unexpected as we had learnt earlier, that propargylic
alcohols can be reacted in Sonogashira reactions only under
strict exclusion of water.17

Due to the significant amount of salts, the reaction mixture
consisting of water, ipropanol and the reactants form two phases.
Hence, in a larger scale synthesis of heterocycles using the
Sonogashira coupling, we were able to simply separate the
product containing the organic layer from the water solution
containing the salts without adding additional non-polar solvent
such as ether. Therefore, the whole process can be run as a truly
green process utilizing exclusively environmentally neutral water
and sustainable, biodegradable ipropanol as solvents.

Summary

We have developed a sustainable copper free protocol for
Sonogashira cross coupling reactions utilizing a benign and

easily biodegradable mixture of water and ipropanol as the
solvent. In the presence of 1 mol% of the in situ formed Pd/1
complex, deactivated and sterically hindered arylbromides as
well as various N-, S- or O- heterocyclic arylchlorides and
bromides are effectively reacted with a variety of hetero and
non-hetero acetylenes, including ferrocenylacetylene.

Experimental

All chemicals were purchased as reagent grade from commercial
suppliers and used without further purification, unless otherwise
noted. Used solvents (water, ipropanol (technical grade)) were
deaerated via freeze and thaw technique. Ligand 1·3H+ is
commercially available under the trade name cataCXium F
from Degussa GmbH. All experiments were carried out under
an argon atmosphere, unless otherwise noted. Proton (1H
NMR), carbon (13C NMR) and nitrogen (15N NMR) nuclear
magnetic resonance spectra were recorded on a Bruker DRX
500 at 500 MHz, 125.75 MHz, 202.46 MHz and 50.69 MHz,
respectively at 293 K. The chemical shifts are given in parts
per million (ppm) on the delta scale (d) and are referenced to
tetramethylsilane (1H and 13C NMR: d = 0 ppm), nitromethane
(15N NMR: d = 0 ppm). Abbreviations for NMR data: s =
singlet; d = doublet; t = triplet; q = quartet; qi = quintet; dd =
doublet of doublets; dt = doublet of triplets; dq = doublet of
quartets; tt = triplet of triplets; m = multiplet. Mass spectra were
recorded on a Finnigan MAT 95 magnetic sector spectrometer.
Thin layer chromatography (TLC) was performed using Fluka
silica gel 60 F 254 (0.2 mm) on Al-plates. Silica gel columns
for chromatography were prepared with E. Merck silica gel
60 (0.063–0.20 mesh ASTM). GC experiments were run on a
Clarus 500 GC with autosampler and FID detector. Column:
Varian CP-Sil 8 CB (l = 15 m, d i = 0.25 mm, dF = 1.0 lm),
N2 (flow: 17 cm s−1; split 1 : 50); Injector-temperature: 270 ◦C,
detector temperature: 350 ◦C. Temperature program: isotherm
150 ◦C for 5 min, heating to 300 ◦C with 25 ◦C min−1, isotherm
for 15 min. Cyclic voltammetry: EG & G 263A-2 potentiostat.
Cyclic voltammograms were recorded in dry CH2Cl2 under an
argon atmosphere at ambient temperature. A three-electrode
configuration was employed. The working electrode was a Pt
disk (diameter 1 mm) sealed in soft glass with a Pt wire
as the counter electrode. The pseudo reference electrode was
an Ag wire. Potentials were calibrated internally against the
formal potential of octamethylferrocene (−0.010 mV (CH2Cl2)
vs. Ag/AgCl). NBu4PF6 (0.1 mol L−1) was used as supporting
electrolyte.

Preparation of the catalyst stock solution

Na2PdCl4 (14.7 mg, 0.05 mmol), 1·3H+ (80 mg, 0.1 mmol) and
K2CO3 (56 mg, 0.4 mmol) were placed in a Schlenk tube under
argon. Degassed water (5.0 mL) was added and the mixture was
stirred at 55 ◦C for 3 h until the clear solution turned nearly
colourless (very slightly yellow). This stock solution had a Pd-
concentration of 0.01 mol L−1.

Typical screening procedure of cross coupling reactions

K2CO3 (2 mmol) was placed in a 25 mL Schlenk tube under
an argon atmosphere. Degassed water (1.5 mL) and degassed

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 563–570 | 565
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Table 2 Sonogashira reactions involving S/O-heterocyclic or S/O-containing substratesa

Entry Aryl halide Acetylene Product t/h Conversionb Yieldc

1 10 ≥99% 91%

2 10 ≥99% 94%

3 10 ≥99% 90%

4 10 ≥99% 92%

5 10 ≥99% 95%

6 10 ≥99% 91%

7 10 ≥99% 94%

8 10 98% 91%

9 5 ≥99% 95%

10 5 ≥99% 95%

11 10 <5% 0

12 5 ≥99% 94%

13 5 ≥99% 96%

14 5 98% 93%

a 1.5 mmol aryl chloride, 1.7 mmol acetylene, 2.0 mmol K2CO3, 6 mL water/ipropanol (1 : 1), catalyst 1 mol% (1 mL stock solution : Na2PdCl4/ligand
(1 : 2)), 90 ◦C. b Determined via gas chromatography (heptadecane internal standard). c Average of two runs, column chromatography (silica (15 ×
3cm)).
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ipropanol (3 mL) were added as well as the respective aryl
halide (1.5 mmol) and acetylene (1.7 mmol). After addition
of 1.5 mL catalyst stock solution (1.5 mL = 1 mol% Pd) the
reaction mixture was stirred at 90 ◦C for the given time. After
cooling to room temperature the reaction mixture was diluted
with ether (10 mL), washed with water (10 mL), the organic
phase dried over MgSO4, filtered and concentrated in vacuo.
The product was isolated by column chromatography (silica,
cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). Alternatively the yield
was determined via gas chromatography with heptadecane as an
internal standard.

Typical “g-scale” procedure of cross coupling reactions

K2CO3 (2.76 g, 20 mmol) was placed in a 50 mL Schlenk
flask under an argon atmosphere. Degassed water (7.5 mL)
and degassed ipropanol (15 mL) were added, as well as 2-
chloropyridine (1.14 g, 939 lL, 10 mmol) and acetylene (1.22 g,
1.32 mL, 12 mmol). After addition of 7.5 mL of the aqueous
catalyst stock solution (7.5 mL = 1 mol% Pd-loading) the
reaction mixture was stirred at 90 ◦C for 7 h. After cooling to
room temperature, the reaction mixture was transferred into a
separation funnel. The upper (organic) layer was isolated, dried
over MgSO4 for 10 min, filtered and concentrated in vacuo.
The product was purified by column chromatography (silica,
cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). Yield: 1.63 g (91%).

2-(2,6-Dimethyl-phenylethynyl)-pyridine (4a)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.64 (ddd, 5J = 1.0 Hz, 4J = 1.5 Hz,
3J = 4.5 Hz, 1 H, CH, ar), 7.66 (dt, 4J = 1.8 Hz, 3J = 7.3 Hz,
1 H, CH, ar), 7.52 (td, 4J = 1.5 Hz, 3J = 7.5 Hz, 1 H, CH, ar),
7.21 (ddd, 4J = 1.5 Hz, 3J = 7.5 Hz, 3J = 5.0 Hz, 1 H, CH,
ar), 7.15 (t, 3J = 8.0 Hz, 1 H, CH, ar), 7.07 (d, 3J = 7.5 Hz,
2 H, CH, ar), 2.55 (s, 6 H, CH3); 13C{1H} NMR (125.77 MHz,
CDCl3) d = 149.1, 142.9, 139.9, 135.0, 127.5, 126.2, 125,7, 121,5
121.0, 96.0, 86.0, 20.1; HRMS calcd. for C15H13N: 207.1048,
found 207.10290.

2-Phenylethynyl-pyridine (4b)

The crude product was purified via column chromatography on
silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H- and 13C
NMR-spectra are consistent with those in the literature.72

2-Oct-1-ynyl-pyridine (4c)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.64 (ddd, 5J = 1.0 Hz, 4J = 1.5 Hz,
3J = 5.0 Hz, 1 H, CH, ar), 7.60 (dt, 4J = 2.0 Hz, 3J = 8.5 Hz,
1 H, CH, ar), 7.36 (td, 4J = 1.0 Hz, 3J = 8.0 Hz, 1 H, CH, ar),
7.17 (ddd, 4J = 1.0 Hz, 3J = 7.5 Hz, 3J = 5.0 Hz, 1 H, CH, ar),
2.43 (t, 3J = 7.0 Hz, 2 H, C–CH2), 1.63 (qui, 3J = 7.0 Hz, 2 H,
CH2), 1.49–1.42 (m, 2 H, CH2), 1.37–1.27 (m, 4 H, CH2), 0.90
(t, 3J = 7.0 Hz, 3 H, CH3); 13C{1H}NMR (125.77 MHz, CDCl3)
d = 149.8, 144.1, 136.0, 126.8, 122.2, 91.2, 80.4, 31.4, 28.7, 28.4,
22.5, 19.4, 14.1; HRMS calcd. for C13H17N: 187.1361, found
187.13295. 1H- and 13C NMR-spectra are literature consistent.73

1,2-Di-(2,2′-pyridyl)-ethyne (4d)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H NMR
(300 MHz, CDCl3) d = 8.54 (ddd, 5J = 0.9 Hz, 4J = 1.8 Hz,
3J = 4.8 Hz, 2 H, CH, ar), 7.63 (dt, 4J = 1.8 Hz, 3J = 7.8 Hz,
2 H, CH, ar), 7.55 (td, 4J = 1.5 Hz, 3J = 7.5 Hz, 2 H, CH, ar),
7.21 (ddd, 4J = 1.2 Hz, 3J = 5.0 Hz, 3J = 8.3 Hz, 2 H, CH,
ar; 13C{1H} NMR (75 MHz, CDCl3) d = 149.2, 141.7, 135.2,
126.8, 122.4, 86.9; HRMS calcd. for C12H8N2: 180.0688, found
180.06814.

2-Oct-1-ynyl-pyrimidine (4e)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 2 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.68 (d, 3J = 5.0 Hz, 2 H, CH, ar),
7.19 (dt, 3J = 5.0 Hz, 1 H, CH, ar), 2.47 (t, 3J = 7.5 Hz, 2 H,
C–CH2), 1.66 (qui, 3J = 7.0 Hz, 2 H, CH2), 1.51–1.42 (m, 2 H,
CH2), 1.36–1.25 (m, 4 H, CH2), 0.89 (t, 3J = 6.5 Hz, 3 H, CH3);
13C{1H} NMR (125.77 MHz, CDCl3) d = 157.6, 153.8, 119.7,
91.2, 80.3, 31.7, 29.0, 28.4, 22.9, 19.6, 14.4; HRMS calcd. for
C12H16N2: 188.1314, found 188.13016.

5-Pyridin-2-ylethynyl-indan-1-one (4f)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 2 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.57–8.53 (m, 1 H, CHar), 7.65–7.57 (m,
3 H, CHar), 7.49–7.43 (m, 2 H, CHar), 7.21–7.16 (m, 1 H, CHar),
3.04 (t, 3J = 5.1 Hz, 2 H, CH2), 2.63–2.58 (m, 2 H, CH2); 13C{1H}
NMR (125.77 MHz, CDCl3) d = 204.9, 153.8, 149.2, 141.8,
136.0, 135.2, 130.1, 129.1, 127.4, 126.4, 122.6, 122.2, 90.5, 87.3,
35.3, 24.6; 15N NMR (50.69 MHz,CDCl3) d = −64.6; HRMS
calcd. for C16H11NO: 233.0841, found 233.08329.

4-Phenylethynyl-pyridine (4g)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 2 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.60 (dd, 3J = 4.5 Hz, J = 1.6 Hz,
2 H, CH, ar), 7.56–7.54 (m, 2 H, CH, ar), 7.39–7.36 (m, 5 H,
CH, ar); 13C{1H} NMR (125.77 MHz, CDCl3) d = 149.9,
132.0, 131.6, 129.3, 128.6, 125.7, 122.3, 94.1, 86.8; 15N NMR
(50.69 MHz,CDCl3) d = −68.9; HRMS calcd. for C13H9N:
179.0735, found 179.07323.

5-Phenylethynyl-pyridin-2-ylamine (4h)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 5 : 5 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.28 (dd, J = 2.2 Hz, J = 0.7 Hz, 1 H,
CHar), 7.56 (dd, 3J = 8.5 Hz, J = 2.2 Hz, 1 H, CHar), 7.51–7.48
(m, 2 H, CHar), 7.36–7.29 (m, 3 H, CHar), 6.46 (dd, 3J = 8.5 Hz,
J = 0.7 Hz, 1 H, CHar), 4.66 (s(br), 2 H, NH2); 13C{1H} NMR
(125.77 MHz, CDCl3) d = 156.5, 150.5, 139.4, 130.4, 127.3,
127.0, 122.4, 108.9, 106.9, 88.8, 86.0; 15N-NMR (50.7 MHz,
CDCl3) d = −114.7 (Pyr-N), (NH2): signal not observed; HRMS
calcd. for C13H10N2: 194.0844, found 194.08527.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 563–570 | 567
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5-(3-Diisopropylamino-prop-1-ynyl)-pyridin-2-ylamine (4i)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 5 : 5 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.12 (d, J = 2.2 Hz, 1 H, CHar), 7.41
(dd, 3J = 8.5 Hz, J = 2.2 Hz, 1 H, CHar), 6.40 (dd, 3J = 8.5 Hz,
J = 0.7 Hz, 1 H, CHar), 4.71 (s(br), 2 H, NH2), 3.61 (s, 2 H,
CH2), 3.42 (sept, 3J = 6.7 Hz, 2 H, CH ipr), 1.13 (d, 3J = 6.7 Hz,
12 H, CH3); 13C{1H} NMR (125.77 MHz, CDCl3) d = 157.7,
151.5, 140.7, 110.7, 108.2, 89.7, 81.1, 48.9, 35.3, 21.0; 15N-NMR
(50.7 MHz, CDCl3) d = −114.6 (Pyr-N), −309.0 (NH2), −323.9
(NiPr2); HRMS calcd. for C14H21N3: 231.1736, found 231.17283.

2-Oct-1-ynyl-thiophene (4j)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc = 9 : 1). 1H NMR (500 MHz,
CDCl3) d = 7.15 (dd, 3J = 5.0 Hz, J = 1.0 Hz, 1 H, CH thiophene),
7.10 (dd, 3J = 3.6 Hz, J = 1.0 Hz, 1 H, CH thiophene), 6.92 (dd,
3J = 5.0 Hz, J = 3.6 Hz, 1 H, CH thiophene), 2.41 (t, 3J = 7.2 Hz,
2 H, CCCH2), 1.62–1.56 (m, 2 H, CH2), 1.47–1.39 (m, 2 H,
CH2), 1.35–1.24 (m, 4 H, CH2), 0.90 (t, 3J = 7.0 Hz, 3 H, CH3);
13C{1H} NMR (125.77 MHz, CDCl3) d = 130.9, 126.7, 125.8,
124.3, 94.6, 73.7, 31.4, 28.6, 22.6, 22.5, 19.7, 14.0; HRMS calcd.
for C12H16S: 192.0973, found 192.09713. 1H- and 13C NMR-
spectra are literature consistent.74

3-Phenylethynyl-thiophene (4k)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc = 9 : 1). 1H NMR (500 MHz,
CDCl3) d = 7.52–7.49 (m, 3 H, CH thiophene + CHar), 7.34–7.29
(m, 3 H, CHar), 7.27 (dd, 3J = 5.0 Hz, J = 3.0 Hz, 1 H,
CH thiophene), 7.19 (dd, 3J = 5.0 Hz, J = 1.2 Hz, 1 H, CH thiophene);
13C{1H} NMR (125.77 MHz, CDCl3) d = 131.5, 129.9, 128.6,
128.3, 128.2, 125.3, 123.2, 122.3, 88.9, 84.5; HRMS calcd. for
C12H8S: 184.0347, found 184.03444. 1H- and 13C NMR-spectra
are literature consistent.52

2-Thiophen-2-ylethynyl-pyrimidine (4l)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 2 : 1). H NMR
(500 MHz, CDCl3) d = 8.75 (d, 3J = 5.0 Hz, 2 H, CHar), 7.50
(dd, 3J = 3.7 Hz, J = 1.1 Hz, 1 H, CH thiophene), 7.41 (dd, 3J =
5.1 Hz, J = 1.1 Hz, 1 H, CH thiophene), 7.23 (t, 3J = 5.0 Hz, 1 H,
CHar), 7.05 (dd, 3J = 5.1 Hz, 3J = 3.7 Hz, 1 H, CH thiophene);
13C{1H} NMR (125.77 MHz, CDCl3) d = 157.4, 153.3, 134.9,
129.7, 127.4, 121.3, 119.6, 91.9, 81.8; 15N-NMR (50.7 MHz,
CDCl3) d = −85.2; HRMS calcd. for C10H6N2S: 186.0253, found
186.02351.

2-Thiophen-2-ylethynyl-pyridine (4m)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H NMR
(500 MHz, CDCl3) d = 8.62 (ddd, 3J = 5.0 Hz, J = 1.8 Hz, J =
1.0 Hz, 1 H, CHpyr), 7.67 (dt, 3J = 7.8 Hz, J = 1.8 Hz, 1 H,
CHpyr), 7.50 (dt, 3J = 7.8 Hz, J = 1.0 Hz, 1 H, CHpyr), 7.38 (dd,
3J = 3.7 Hz, J = 1.2 Hz, 1 H, CH thiophene), 7.34 (dd, 3J = 5.3 Hz,
J = 1.2 Hz, 1 H, CH thiophene), 7.23 (ddd, 3J = 7.7 Hz, 3J = 5.0 Hz,

J = 1.2 Hz, 1 H, CHpyr), 7.03 (dd, 3J = 5.2 Hz, 3J = 3.7 Hz,
1 H, CH thiophene); 13C{1H}NMR (125.77 MHz, CDCl3) d = 150.2,
143.3, 136.2, 133.4, 128.4, 127.3, 127.0, 122.9, 122.3, 92.4, 82.8;
15N-NMR (50.7 MHz, CDCl3) d = −67.5; HRMS calcd. for
C11H7NS: 185.0300, found 185.02890. The 1H NMR-spectrum
is literature consistent.75

3-Ferrocenylethynyl-thiophene (4n)

The crude product was purified via column chromatography on
silica (nheptane). 1H NMR (500 MHz, CDCl3) d = 7.44 (dd, 3J =
3.0 Hz, J = 1.1 Hz, 1 H, CH thiophene), 7.27 (dd, 3J = 5.0 Hz, 3J =
3.0 Hz, 1 H, CH thiophene), 7.15 (dd, 3J = 5.0 Hz, J = 1.1 Hz, 1 H,
CH thiophene), 4.48 (t, 3J = 1.9 Hz, 2 H, CHFc), 4.24 (s, 5 H, CHFc),
4.22 (t, 3J = 1.9 Hz, 2 H, CHFc); 13C{1H} NMR (125.77 MHz,
CDCl3) d = 129.9, 127.7, 125.1, 122.9, 87.7, 80.7, 71.3, 70.0,
68.8, 65.2; CV: (E1/2 = 0.550 V; DE = 92 mV); HRMS calcd. for
C16H12SFe: 292.0009, found 292.00108.

3-Phenylethynyl-furan (4o)

The crude product was purified via column chromatography on
silica (cyclohexane : EtOAc = 200 : 1). 1H NMR (500 MHz,
CDCl3) d = 7.68 (dd, J = 1.6 Hz, J = 0.9 Hz, 1 H, CH furyl),
7.50–7.47 (m, 2 H, CHar), 7.39 (dd, J = 1.9 Hz, J = 1.6 Hz, 1 H,
CH furyl), 7.33–7.30 (m, 3 H, CHar), 6.52 (dd, J = 1.9 Hz, J =
0.6 Hz, 1 H, CH furyl); 13C{1H} NMR (125.77 MHz, CDCl3) d =
145.6, 142.9, 132.5, 131.4, 128.4, 128.2, 123.2, 112.6, 91.0, 80.5;
HRMS calcd. for C12H8O: 168.0575, found 168.06009.

3-Ferrocenylethynyl-furan (4p)

The crude product was purified via column chromatography on
silica (nheptane). 1H NMR (500 MHz, CDCl3) d = 7.65–7.63
(m, 1H, CH furyl), 7.38–7.36 (m, 1H, CH furyl), 7.48 (d, J = 1.3 Hz,
1 H, CH furyl), 4.47 (t, 3J = 1.8 Hz, 2 H, CHFc), 4.23 (s, 5 H, CHFc),
4.22 (t, 3J = 1.8 Hz, 2 H, CHFc); 13C{1H} NMR (125.77 MHz,
CDCl3) d = 144.07, 141.67, 111.62, 107.13, 88.63, 75.46, 70.27,
68.96, 67.72, 64.30; CV: (E1/2 = 0.546 V; DE = 82 mV); HRMS
calcd. for C16H12OFe: 276.0237, found 276.0223.

2-Cyclohexylethynyl-thiophene (4q)

The crude product was purified via column chromatography on
silica (npentane : EtOAc = 200 : 1). 1H NMR (500 MHz, CDCl3)
d = 7.15 (dd, 3J = 5.2 Hz, J = 1.2 Hz, 1 H, CH thiophene), 7.10 (dd,
3J = 3.7 Hz, J = 1.2 Hz, 1 H, CH thiophene), 6.92 (dd, 3J = 5.2 Hz,
J = 3.7 Hz, 1 H, CH thiophene), 2.62–2.56 (m, 1 H, CH), 1.90–1.84
(m, 2 H, CH2), 1.79–1.68 (m, 2 H, CH2), 1.57–1.48 (m, 4 H,
CH2), 1.37–1.30 (m, 4 H, CH2); 13C{1H} NMR (125.77 MHz,
CDCl3) d = 130.8, 126.7, 125.8, 124.3, 98.4, 73.6, 32.4, 29.9, 25.9,
24.9; HRMS calcd. for C12H14S: 190.0817, found 190.07977.

1-Methylsulfanyl-4-(4′-methoxy-phenylethynyl)-benzene (4r)

The crude product was purified via column chromatography
on silica (cyclohexane: EtOAc = 100: 1). 1H NMR (500 MHz,
CDCl3) d = 7.45 (d, 3J = 9.0 Hz, 2 H, CHar), 7.42 (d, 3J =
8.5 Hz, 2 H, CHar), 7.20 (d, 3J = 8.5 Hz, 2 H, CHar), 6.87 (d,
3J = 9.0 Hz, 2 H, CHar), 3.82 (s, 3 H, OCH3), 2.49 (s, 3 H,
SCH3); 13C{1H} NMR (125.77 MHz, CDCl3) d = 158.6, 137.8,
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132.0, 130.7, 125.0, 119.0, 114.4, 113.0, 88.5, 86.8, 54.3, 14.5;
HRMS calcd. for C16H14OS: 254.0766, found 254.07671.

2-(4-Methylsulfanyl-phenylethynyl)-thiophene (4s)

The crude product was purified via column chromatography on
silica (cyclohexane : EtOAc = 100 : 1). 1H NMR (500 MHz,
CDCl3) d = 7.41 (d, 3J = 8.4 Hz, 2 H, CHar), 7.27 (dd, 3J =
5.1 Hz, J = 1.2 Hz, 1 H, CH thiophene), 7.26 (dd, 3J = 3.8 Hz, J =
1.3 Hz, 1 H, CH thiophene), 7.19 (d, 3J = 8.4 Hz, 2 H, CHar), 7.00
(dd, 3J = 5.1 Hz, 3J = 3.8 Hz, 1 H, CH thiophene), 2.48 (s, 3 H,
SCH3); 13C{1H} NMR (125.77 MHz, CDCl3) d = 140.0, 132.2,
132.0, 127.6, 127.5, 126.3, 123.8, 119.6, 93.3, 83.1, 15.7; HRMS
calcd. for C13H10S2: 230.0225, found 230.02168.

2-Thiophen-2-ylethynyl-phenylamine (4u)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 9 : 1 : 1). 1H NMR
(500 MHz, CDCl3) d = 7.33 (dd, 3J = 8.0 Hz, J = 1.5 Hz, 1 H,
CHar), 7.27 (dd, 3J = 5.1 Hz, J = 1.2 Hz, 1 H, CH thiophene),
7.25 (dd, 3J = 3.8 Hz, J = 1.2 Hz, 1 H, CH thiophene), 7.15–
7.11 (m, 1 H, CHar), 7.00 (dd, 3J = 5.1 Hz, 3J = 3.8 Hz,
1 H, CH thiophene), 6.72–6.68 (m, 2 H, CHar), 4.23 (s(br), 2 H,
NH2); 13C{1H} NMR (125.77 MHz, CDCl3) d = 148.0, 132.3,
131.8, 130.1, 127.3, 127.2, 123.5, 118.1, 114.5, 107.7, 89.7, 87.8;
15N-NMR (50.7 MHz, CDCl3) d = −321.9; HRMS calcd. for
C12H9NS: 199.0456, found 199.04614. 1H- and 13C NMR-spectra
are literature consistent.76

1-(4-Thiophen-3-ylethynyl-phenyl)-ethanone (4v)

The crude product was purified via column chromatography on
silica (cyclohexane : EtOAc = 10 : 1). 1H NMR (500 MHz,
CDCl3) d = 7.92 (d, 3J = 8.5 Hz, 2 H, CHar), 7.58 (d, 3J =
8.5 Hz, 2 H, CHar), 7.57 (dd, J = 2.8 Hz, J = 1.1 Hz, 1 H,
CH thiophene), 7.32 (dd, 3J = 5.0 Hz, J = 3.1 Hz, 1 H, CH thiophene),
7.21 (dd, 3J = 5.0 Hz, J = 1.1 Hz, 1 H, CH thiophene), 2.60 (s, 3 H,
CH3); 13C{1H} NMR (125.77 MHz, CDCl3) d = 197.6, 136.6,
132.0, 130.2, 129.9, 128.7, 128.6, 126.0, 122.2, 88.6, 88.3, 27.0;
HRMS calcd. for C14H10OS: 226.0453, found 226.04413.

5-Thiophen-2-ylethynyl-pyridin-2-ylamine (4w)

The crude product was purified via column chromatography
on silica (cyclohexane : EtOAc : NEt3 = 5 : 5 : 1). 1H NMR
(500 MHz, DMSOd6) d = 8.11 (dd, J = 2.4 Hz, J = 0.8 Hz, 1 H,
CHar), 7.58 (dd, 3J = 5.4 Hz, J = 1.2 Hz, 1 H, CH thiophene), 7.49
(dd, 3J = 8.6 Hz, J = 2.3 Hz, 1 H, CHar), 7.31 (dd, 3J = 3.6 Hz,
J = 1.2 Hz, 1 H, CH thiophene), 7.08 (dd, 3J = 5.4 Hz, 3J = 3.6 Hz,
1 H, CH thiophene), 6.46 (dd, 3J = 8.6 Hz, J = 0.8 Hz, 1 H, CHar),
6.45 (s(br), 2 H, NH2); 13C{1H} NMR (125.77 MHz, CDCl3)
d = 159.7, 151.5, 139.6, 132.0, 128.4, 128.0, 123.0, 108.0, 106.0,
92.1, 82.5; 15N-NMR (50.7 MHz, CDCl3) d = −113.6 (Pyr-N),
−299.7 (NH2); HRMS calcd. for C11H8N2S: 200.0409, found
200.03900.
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The effect of rare earth doping of alumina catalysts is investigated for the carbonyl sulfide (COS)
hydrolysis reaction (COS + H2O = CO2 + H2S). The effect of the catalyst preparation method is
described and discussed, and three methods are compared, namely: impregnation by incipient
wetness, coprecipitation and deposition precipitation. The most effective catalysts are prepared
using the incipient wetness impregnation method. The addition of rare earth oxides, namely Y2O3,
Gd2O3, Nd2O3, La2O3, increases the basicity of the material as shown by pulsed CO2

chemisorption and the basicity increases with the amount of rare earth oxide added. CO2 TPD
shows that the La2O3-doped alumina has the strongest basic sites. The promoted catalysts are all
effective for the COS hydrolysis reaction and the best results are obtained with Y2O3-doped
materials, as these have the most pronounced promotion of activity over the reaction timescale we
have examined. The combination of the results for COS conversion with the H2S selectivity data
and the effects of H2S pre-treatment shows that a highly active catalyst also has a high H2S
selectivity. The La2O3-doped materials deactivate rapidly and have poor H2S selectivities, and we
propose that the higher basicity of this material leads to reaction with the acidic COS and H2S
leading to the formation of the less basic lanthanum sulfide. This study has presented results for
the first time showing that an alumina catalyst for COS hydrolysis can be promoted by the
addition of rare earth oxides, and this is related to the enhanced basicity of the promoted catalyst.

Introduction

In recent years the emission of chemicals into the environment
has come under increasing scrutiny. Whilst a large part of
the focus has been on greenhouse gas emissions there is still
widespread concern over sulfur compounds as they are potent
precursors of acid rain. In this sense there are strict limits on
the amounts of sulfur in fuels such as diesel, and there is a
current emphasis on the search for cleaner fuels, and this has
seen a renaissance in Fischer Tropsch technology.1 Catalysis
plays a major role in decreasing emissions to the environment,
but it should also be noted that sulfur often has a detrimental
effect on the performance of many catalysts, as well as leading
to increased corrosion in reactors.2 Hence, it is crucial that
sulfur is removed from hydrocarbon feedstocks that are used
within the petrochemical industry for the manufacture of fuels.
Most sulfur present in hydrocarbon feedstocks is removed by
hydrodesulfurisation to form H2S that is subsequently absorbed
onto ZnO.3 Whilst this process is highly efficient it does not
affect carbonyl sulfide (COS), which is a potent catalyst poison.
Unless the residual low levels of COS are efficiently removed

aSchool of Chemistry, Cardiff University, Main Building, Park Place,
Cardiff, UK CF10 3AT. E-mail: hutch@cardiff.ac.uk
bJohnson Matthey Catalysts, PO Box 1, Billingham, Teeside, UK TS23
1LB
† Electronic supplementary information (ESI) available: TGA profiles
for catalyst precursors (Fig. S1) and SEM analysis of catalysts prepared
by the incipient wetness method (Fig. S2). See DOI: 10.1039/b717031a

the residual sulfur can have deleterious effects on downstream
processes. Hence, removal of COS is not simply a process of
waste abatement as it provides a means to clean-up important
chemical feedstocks that can subsequently be used for the
production of chemicals and fuels by green processes.

COS is treated by hydrolysis to form H2S, which is then
removed in the standard way by absorption. This process
has been well studied and to date alumina and titania have
been found to be promising catalysts and alumina is used
commercially.4–15 There has been interest in improving the
activity of catalysts by the addition of promoters and to date
most of these studies have been concerned with the modification
of alumina to affect its acid/base properties. George16 and
Fiedorow et al.17 demonstrated that the rate of COS hydrolysis
could be increased by the presence of a base and that basic sites
were essential for the reaction. To date, a wide range of alkali
metals (Li, Na, K, Cs), alkaline earth metals (Mg, Ca, Sr, Ba),
first row transition metals (Fe, Co, Ni, Cu, Zn) and Sn have been
considered as promoters for alumina.18–22 However, the effect of
rare earth metal cations as promoters for the alumina catalysed
COS hydrolysis reaction has received, as yet, no attention, and
this is the scope of the study we report here.

The effect of rare earth metal oxides on the properties of
alumina has been studied extensively although none of these
studies has focused on using rare earth metal modified alumina
as a catalyst for COS hydrolysis. Church et al.23 concluded
that La3+ and Ce4+ were effective surface area stabilisers for
alumina at temperatures up to 1100 ◦C, and La3+ was much
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more effective than Ce4+. Zhao et al.,24 using TPD-MS, found
that there were mainly strong basic sites and relatively few acidic
sites on rare earth oxide surfaces. The strength of the strong
basic sites decreased in the order: La2O3 > Nd2O3 > Y2O3 >

Ce2O3. Microcalorimetric and infrared spectroscopic studies of
ammonia and carbon dioxide adsorption were carried out by
Shen et al.25 to investigate the surface acid/base properties of
c-Al2O3 following the addition of K2O, MgO and La2O3. They
found that even a low loading of these oxides was effective for
the elimination of strong acid sites on alumina. With higher
loadings, the effectiveness of generation of basicity followed the
order of K2O > La2O3 > MgO. The acid/base properties of
alumina supported rare earth metal oxides (Ln/Al2O3; Ln = La,
Ce, Eu, Tb, and Yb) were also investigated by Yamamoto et al.26

using a-pinene isomerization and 2-butanol decomposition as
probe reactions, together with TPD and FTIR techniques. They
found that new Lewis acid sites were formed on c-Al2O3 by the
addition of rare earth elements but the maximum base strength
of Ln/Al2O3 never exceeded the corresponding rare earth metal
oxide itself.

We have selected yttrium, lanthanum, neodymium and
gadolinium oxides as representative rare earth promoters for
alumina. These were selected as they all show 3+ as the most
stable oxidation state, demonstrate a decrease of basicity due to
the lanthanide contraction and span a suitable range across the
period. In this paper we present our results for the use of these
rare earth-promoted catalysts for the hydrolysis of COS.

Results and discussion

Catalyst preparation and characterisation

A series of catalysts were prepared using incipient wetness,
coprecipitation and deposition precipitation techniques. TGA
of the uncalcined precursors (see ESI Fig. S1†) shows very
similar weight loss profiles with maxima at ca. 90, 300 and
450 ◦C. Consequently catalysts were calcined at 500 ◦C to
ensure the nitrate was decomposed to the oxide. The catalysts
after calcination at 500 ◦C were analysed by the BET surface
area method and XRF and the results are given in Table 1.
Samples prepared using the incipient wetness method containing
<10 wt% of the rare earth oxide showed a decrease of surface
area when compared with the non-impregnated alumina. At
higher loadings the surface area decreased further. The copre-
cipitation and deposition precipitation methods lead to high
surface areas even at higher loading. XRF analysis shows that
the metal loading for the coprecipitation and impregnation
methods is close to that expected, but the deposition method
leads to much lower loadings than expected. TPR analysis of
the calcined catalysts showed that the materials were stable with
respect to reduction up to 1000 ◦C.

The catalysts were characterised by XRD. For the 3
and 10%La2O3/Al2O3, 3 and 10%Nd2O3/Al2O3, 3 and
10%Gd2O3/Al2O3, and 10 and 30%Y2O3/Al2O3 catalysts, pre-
pared by coprecipitation and deposition precipitation methods,
no rare earth metal oxide phase was observed and only
diffraction reflections attributable to c-Al2O3 were observed.
For the incipient wetness method reflections associated with
the rare earth oxide can be observed above 20 wt% loading

Table 1 Catalyst samples and results of surface area and elemental
analysis

Metal loading (wt%)
BET surface

Catalyst area/m2 g−1 Theoretical XRF analysis

3%Y2O3/Al2O3
a 280 2.2 2.9

3%La2O3/Al2O3
a 280 2.3 2.2

3%Nd2O3/Al2O3
a 290 2.3 2.9

3%Gd2O3/Al2O3
a 300 2.4 3.7

10%Y2O3/Al2O3
a 230 7.2 7.1

10%La2O3/Al2O3
a 220 7.7 8.4

10%Nd2O3/Al2O3
a 240 7.8 7.8

10%Gd2O3/Al2O3
a 250 7.9 9.2

20%Y2O3/Al2O3
a 200 14.4 15.0

30%Y2O3/Al2O3
a 100 21.6 20.6

50%Y2O3/Al2O3
a 80 36.0 27.0

10%Y2O3/Al2O3
b 280 7.2 6.9

30%Y2O3/Al2O3
b 210 21.6 17.9

10%Y2O3/Al2O3
c 250 7.2 4.2

30%Y2O3/Al2O3
c 230 21.6 9.4

Y2O3
d 9 — —

Al2O3
b 200 — —

Al2O3
e 300 — —

a Incipient wetness impregnation. b Coprecipitation. c Deposition precip-
itation. d Calcination of Y(NO3)3·6H2O at 500 ◦C. e Support for incipient
wetness impregnation.

Fig. 1 Powder X-ray diffraction patterns for Y2O3/Al2O3 catalysts
prepared by incipient wetness impregnation.

and representative data for the Y2O3/Al2O3 catalysts are shown
in Fig. 1. These data suggest that at low loadings the rare earth
oxide is well dispersed and SEM analysis confirmed this to be the
case, as the morphology was very similar to the parent alumina
(see ESI Fig. S2†). SEM-EDX was used to analyse 10% and
30%Y2O3/Al2O3 catalysts and the results are given in Table 2 and
although the analysis of the catalyst composition is only semi-
quantitative, the Y/Al ratios are very similar to those expected
for the incipient wetness and coprecipitation methods. For the
deposition precipitation method the Y/Al ratios are lower than
expected and this is in agreement with the XRF analysis.

The CO2 pulse chemisorption technique was used to quantify
the number of basic sites on alumina and promoted alumina
catalysts. Assuming that one CO2 molecule interacts with one
basic site, the total amount of basic sites on the catalyst can
be calculated. However, we present the results using lmol
CO2 m−2 sample as this permits facile comparison of different
samples (Table 3). For the catalysts prepared using the incipient
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Table 2 EDX analysis of Y2O3/Al2O3 catalysts

Y/Al (wt%)

Catalyst Preparation method Theoretical EDX analysis

10%Y2O3/Al2O3 Incipient wetness 15 20
30%Y2O3/Al2O3 45 56
10%Y2O3/Al2O3 Coprecipitation 15 14
30%Y2O3/Al2O3 45 54
10%Y2O3/Al2O3 Deposition precipitation 15 8
30%Y2O3/Al2O3 45 10

Table 3 Comparison of the concentration of basic sites determined by
CO2 chemisorption

Catalyst Preparation method CO2 adsorbed/lmol m−2

Al2O3 Incipient wetness 0.22
3%Y2O3/Al2O3 0.38
10%Y2O3/Al2O3 0.78
20%Ya2O3/Al2O3 1.32
30%Y2O3/Al2O3 2.55
10%La2O3/Al2O3 0.57
10%Nd2O3/Al2O3 0.55
10%Gd2O3/Al2O3 0.43
10%Y2O3/Al2O3 Precipitation deposition 0.38
30%Y2O3/Al2O3 0.75
Al2O3 Co-precipitation 0.27
10%Y2O3/Al2O3 0.38
30%Y2O3/Al2O3 0.62

wetness method, the amount of adsorbed CO2 and hence
basicity follows the decreasing order of 10%Y2O3/Al2O3 >

10%Nd2O3/Al2O3 ≈ 10%La2O3/Al2O3 > 10%Gd2O3/Al2O3 >

c-Al2O3. All the promoted catalysts have more basic sites than
the alumina support. For a series of Y2O3/Al2O3 catalysts
prepared using the incipient wetness method, the number of
basic sites increases with increasing Y2O3 loading. All the
Y2O3 promoted alumina catalysts have more basic sites than
alumina. The amount of CO2 adsorbed for the 10%Y2O3/Al2O3

catalyst after being tested for COS hydrolysis at 150 ◦C for
29 h was 0.39 lmol m−2. It is clear that the used catalyst has
a lower number of basic sites than the fresh sample and this
is consistent with the deactivation that is observed during use.
For the catalysts prepared using coprecipitation and deposition
precipitation methods, the number of basic sites follows the
order of 30%Y2O3/Al2O3 > 10%Y2O3/Al2O3 > c-Al2O3. For
10%Y2O3/Al2O3 catalysts, the number of basic sites depends
on the preparation method and follows the decreasing order of
incipient wetness > coprecipitation ≈ deposition precipitation,
i.e. the catalyst prepared using incipient wetness has the largest
number of basic sites, whilst the other preparation methods had
a similar number.

CO2 desorption experiments were carried out following the
pulsed CO2 uptake experiments to identify the strength of basic
sites for alumina and rare earth metal oxide promoted alumina
catalysts (Fig. 2). The results show that the CO2 desorption peak
appears at ca. 100 ◦C for c-Al2O3 and slightly higher than 100 ◦C
for 10%Y2O3/Al2O3, 10%Nd2O3/Al2O3 and 10%Gd2O3/Al2O3.
For the 10%La2O3/Al2O3 catalyst the CO2 desorption peak
appears at ca. 275 ◦C. This confirms that the rare earth doped
alumina catalysts have stronger surface basic sites than the
undoped alumina.

Fig. 2 CO2 desorption profiles for alumina and rare earth metal oxide
promoted alumina catalysts.

COS hydrolysis

Initial studies compared catalysts prepared by incipient wetness
impregnation. 3% and 10% rare earth doped catalysts prepared
using incipient wetness were evaluated for the hydrolysis of
COS at 150 ◦C and the results for the effect of time on line
on conversion are shown in Fig. 3. All the catalysts show
deactivation towards COS hydrolysis under these conditions.
However, the undoped alumina shows an initial rapid deactiva-
tion, which is not so apparent in the doped samples. The rare
earth doped materials demonstrate higher catalyst activity but
sustained effects are only observed with the 10%Y2O3/Al2O3

and 10%Gd2O3/Al2O3 catalysts (Table 4).
After 10 h time-on-line, the activity is in the order:

10%Y2O3/Al2O3 > 10%Gd2O3/Al2O3 > c-Al2O3 ≈ 10%Nd2O3/
Al2O3 > 10%La2O3/Al2O3. Comparing the activities after 5 min
and 10 h on line, shows that the 10%Y2O3/Al2O3 catalyst has
the least deactivation combined with the highest promotion
of activity. The 10%La2O3/Al2O3 catalyst has the greatest
deactivation rate and after 10 h exhibits a lower catalyst activity
compared with the undoped parent alumina.

The selectivity to H2S for the alumina and the 10% rare earth
doped alumina catalysts is shown in Fig. 4. For c-Al2O3 and
10%Y2O3/Al2O3 catalysts, relatively stable H2S selectivities are
observed in the range of 0–10 h. For the 10%Gd2O3/Al2O3 cata-
lyst H2S selectivity decreases gradually with increasing time on
line. However, for 10%La2O3/Al2O3 and 10%Nd2O3/Al2O3 cata-
lysts, the H2S selectivity decreases markedly with increasing time
on line. After 10 h on line, H2S selectivity follows the decreasing

Table 4 Activity comparison of COS hydrolysis over 10% rare earth
metal oxide promoted alumina catalysts. Conditions: catalyst: 10 mg
diluted by 500 mg silicon carbide; 0.5%COS/N2: 58 ml min−1; N2:
180 ml min−1; H2O: 4559 ppm; reaction temperature: 150 ◦C

Conversion (%)

Catalyst 5 min time-on-line 10 h time-on-line

Al2O3 68 26
10%Y2O3/Al2O3 76 52
10%La2O3/Al2O3 71 15
10%Nd2O3/Al2O3 75 24
10%Gd2O3/Al2O3 76 35

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 571–577 | 573
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Fig. 3 Comparison of the activity of COS hydrolysis over (a) c-Al2O3, 3 and 10%Y2O3/Al2O3 catalysts, (b) c-Al2O3, 3 and 10%La2O3/Al2O3 catalysts,
(c) c-Al2O3, 3 and 10%Nd2O3/Al2O3 catalysts, (d) c-Al2O3, 3 and 10%Gd2O3/Al2O3 catalysts: Key (�) Al2O3, (�) 3% loading, (�) 10% loading:
Conditions: catalyst: 10 mg diluted by 500 mg silicon carbide; 0.5%COS/N2: 58 ml min−1; N2: 180 ml min−1; H2O: 4559 ppm; reaction temperature:
150 ◦C.

Fig. 4 Comparison of H2S selectivities for the COS hydrolysis reac-
tion: Key (�) Al2O3, (�) 10%Y2O3/Al2O3, (�) 10%La2O3/Al2O3, (×)
10%Nd2O3/Al2O3, (●) 10%Gd2O3/Al2O3: Conditions: catalyst: 10 mg
diluted by 500 mg silicon carbide; 0.5%COS/N2: 58 ml min−1; N2:
180 ml min−1; H2O: 4559 ppm; reaction temperature: 150 ◦C.

order of 10%Y2O3/Al2O3 ≈ c-Al2O3 > 10%Gd2O3/Al2O3 >

10%Nd2O3/Al2O3 > 10%La2O3/Al2O3.
To understand the deactivation mechanism in COS hydrolysis,

the rare earth metal oxide promoted alumina catalysts were
pre-treated in situ using H2S/H2O/N2 at 150 ◦C for 1 h
(41 ml min−1, 0.28%H2S/0.26%H2O/N2) and the pretreated

catalysts were evaluated for COS hydrolysis (Table 5). The
initial activities (5 min on line) of the catalysts pre-treated by
H2S/H2O/N2 were lower than those of untreated catalysts. After
pre-treatment with H2S/H2O/N2, the 10%Y2O3/Al2O3 catalyst
shows the highest activities both in the initial reaction stage
(5 min on line) and after 7.5 h on line. After 7.5 h on line,
the activity follows the trend 10%Y2O3/Al2O3 > c-Al2O3 >

10%Gd2O3/Al2O3 > 10%Nd2O3/Al2O3 > 10%La2O3/Al2O3

while the initial activity (5 min on line) decreases in the
order 10%Y2O3/Al2O3 > 10%Gd2O3/Al2O3 > c-Al2O3 >

10%Nd2O3/Al2O3 ≈ 10%La2O3/Al2O3. These studies show
that the deactivation observed with these catalysts is due to

Table 5 Comparison of catalytic activity of COS hydrolysis over c-
Al2O3 and 10% rare earth metal oxide promoted alumina catalysts pre-
treated by H2S/H2O/N2. Conditions: catalyst: 10 mg diluted by 500 mg
silicon carbide; 0.5%COS/N2: 58 ml min−1; N2: 180 ml min−1; H2O:
4559 ppm; reaction temperature: 150 ◦C

Conversion (%)

Catalyst 5 min time-on-line 7.5 h time-on-line

Al2O3 36 30
10%Y2O3/Al2O3 61 32
10%La2O3/Al2O3 26 13
10%Nd2O3/Al2O3 29 16
10%Gd2O3/Al2O3 49 23
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exposure to H2S, and possibly due to H2O to a lesser extent.
The experimental approach has used a pre-treatment stream
containing both H2S and H2O so that it is representative of
the conditions that the catalyst is exposed to during COS
hydrolysis. Water is always present under conditions when the
COS hydrolysis reaction is employed, and the simultaneous
presence of H2S and H2O results in competitive adsorption
leading to a more representatively treated surface compared to
treatment with H2S and H2O alone.

In COS hydrolysis, both alumina and promoted alumina
catalysts deactivated with increasing time on line, particu-
larly in the initial stage of the reaction. The investigation of
10%Y2O3/Al2O3 catalyst shows that after ca. 29 h on line the
number of basic sites on the used catalyst dropped by ca. 40%
compared to the fresh catalyst. This result strongly suggests
that the deactivation is related to the decrease in the number of
basic sites. In the COS hydrolysis reaction both COS (reactant)
and H2S (product) are acidic compounds and consequently
a strong interaction between these acidic molecules and the
surface basic sites on the catalysts can be expected. Sulfide
formation is readily feasible under the reaction conditions, for
example Y2O3 + H2S → Y2S3 + H2O. The formation of rare
earth metal sulfide reduces the number of basic sites, therefore
reducing the catalyst activity. It is also possible that H2O and
CO2 are potential species to deactivate the catalysts. Indeed,
the CO2 chemisorption studies indicate that adsorption to the
catalyst surface is readily possible. However, the TPD studies
are carried out using CO2 alone and there is no competitive
adsorption, which would be prevalent under reaction conditions.
In previous studies of alumina catalysts kinetic investigations
changing the partial pressures of H2O and CO2 have shown that
whilst both species inhibit the rate of COS hydrolysis, at higher
temperatures they did not significantly affect deactivation.15

Hence, we consider that H2S is the component in the reaction
mixture that is mainly responsible for catalyst deactivation.

The La2O3/Al2O3 catalyst, having the strongest basic sites
on the basis of the CO2 TPD experiments (Fig. 2), has the
strongest affinity for the formation of La2S3. This explains
why the La2O3/Al2O3 catalyst deactivates rapidly, although it
is possible that only a surface sulfide is formed rather than a
bulk sulfide. The combination of COS conversion with the H2S
selectivity data and the effects of H2S pre-treatment shows that
a highly active catalyst also has a high H2S selectivity and vice
versa. The high activity catalysts are also more resistant to pre-
treatment with H2S. These results suggest that the lower activity
may be due to more S species deposited on or even reacted with
the catalyst resulting in the blocking of the active sites and/or
the formation of an inactive phase. Therefore, it is apparent that
the preparation of an improved catalyst by the incorporation
of rare earth metal oxides to introduce more basic sites is a
balance between the promotion of basic sites to enhance activity,
whilst the introduction of too many strong basic sites enhances
deactivation.

Amongst the 10% rare earth metal oxide promoted alumina
catalysts, Y2O3 showed the most promising promotion effect
(Fig. 3 and Table 3). Hence in our subsequent experiments we
have concentrated on the study of Y2O3 promoted alumina
catalysts using different preparation procedures. A series of
Y2O3/Al2O3 (0, 10, 20 and 30%Y2O3) catalysts were prepared by

using the incipient wetness technique and tested for COS hydrol-
ysis at 150 ◦C (Fig. 5). Initially the 10 and 20%Y2O3/Al2O3 cata-
lysts have similar activity to c-Al2O3 whilst the 30%Y2O3/Al2O3

catalyst has lower activity than c-Al2O3. However, the 10,
20%Y2O3/Al2O3 and c-Al2O3 catalysts deactivated rapidly with
increasing time on line, particularly in the initial stage of the
reaction, whilst 30%Y2O3/Al2O3 deactivated slowly. Time-on-
line studies up to 40 h showed that the rate of deactivation
after 30 h was not significant, and relatively stable activity
was observed. After ca. 35 h on line, the activity follows the
decreasing order of 30%Y2O3/Al2O3 > 20%Y2O3/Al2O3 > c-
Al2O3 > 10%Y2O3/Al2O3.

Fig. 5 COS hydrolysis over Y2O3/Al2O3 catalysts prepared by in-
cipient wetness method: Key (�) Al2O3, (�) 10%Y2O3/Al2O3, (�)
20%Y2O3/Al2O3, (●) 30%Y2O3/Al2O3: Conditions: catalyst: 10 mg
diluted by 500 mg silicon carbide; 0.5%COS/N2: 58 ml min−1; N2:
180 ml min−1; H2O: 4559 ppm; reaction temperature: 150 ◦C.

The coprecipitation method was used to prepare 10 and
30%Y2O3/Al2O3 catalysts. The catalytic testing results for COS
hydrolysis at 150 ◦C are shown in Fig. 6. The results show
that the coprecipitated catalysts deactivate more slowly than
the catalysts prepared by the incipient wetness method, and
after ca. 6 h on line, the activity follows 30%Y2O3/Al2O3 >

10%Y2O3/Al2O3 > c-Al2O3. However, these catalysts were less

Fig. 6 COS hydrolysis over Y2O3/Al2O3 catalysts prepared by co-
precipitation method: Key (�) Al2O3, (�) 10%Y2O3/Al2O3, (�)
30%Y2O3/Al2O3: Conditions: catalyst: 10 mg diluted by 500 mg silicon
carbide; 0.5%COS/N2: 58 ml min−1; N2: 180 ml min−1; H2O: 4559 ppm;
reaction temperature: 150 ◦C.
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active than the catalysts prepared using the incipient wetness
method (Fig. 5).

The 10 and 30%Y2O3/Al2O3 catalysts were also prepared
using deposition precipitation and the results for COS hydrolysis
at 150 ◦C are shown in Fig. 7. The results show that during the
initial stage of reaction the activity of the catalysts decreases
rapidly and after ca. 28 h on line the activities of these three cata-
lysts were very similar. As observed for the catalysts prepared
by impregnation, the catalysts prepared by co-precipitation and
precipitation deposition showed relatively stable time-on-line
activity once 30 h was attained.

Fig. 7 COS hydrolysis over Y2O3/Al2O3 catalysts prepared by depo-
sition precipitation method: Key (�) Al2O3, (�) 10%Y2O3/Al2O3, (�)
30% Y2O3/Al2O3: Conditions: catalyst: 10 mg diluted by 500 mg silicon
carbide; 0.5%COS/N2: 58 ml min−1; N2: 180 ml min−1; H2O: 4559 ppm;
reaction temperature: 150 ◦C.

Comparison of the different preparation methods indicates
that the most active catalysts for COS hydrolysis are prepared
using the relatively simple impregnation method by incipient
wetness. Catalysts prepared using coprecipitation have lower
activities but still demonstrate a promotional effect for the
Y2O3 dopant. Deposition precipitation leads to catalysts that
deactivate rapidly and consequently it is not a preferred method
of preparation. For the 30%Y2O3/Al2O3 catalysts the materials
prepared by the two precipitation methods have significantly
higher surface areas compared with the material prepared by
incipient wetness. When the effect of the surface area is taken
into account the promotional effect of the addition of Y2O3

using incipient wetness is very marked indeed.

Conclusions

The hydrolysis of COS over an efficient catalyst is an important
industrial process. It is not simply waste abatement as it provides
a means to clean-up important chemical feedstocks that can
subsequently be used for the production of chemicals and
fuels by green processes. We have shown for the first time
that an alumina catalyst for the COS hydrolysis reaction can
be promoted by the addition of rare earth oxides and this is
related to the enhanced basicity of the promoted catalyst. The
addition of rare earth oxides, namely Y2O3, Gd2O3, Nd2O3 and
La2O3, increases the basicity of the material as shown by pulsed
CO2 chemisorption. CO2 TPD shows that the La2O3-doped
alumina has the strongest basic sites. The promoted catalysts
are all effective for COS hydrolysis and the best results are

obtained with Y2O3-doped materials as these have the most
pronounced promotion of activity that is sustained over the
reaction timescale we have examined. The combination of the
results for COS conversion with the H2S selectivity data and
the effects of H2S pre-treatment shows that a highly active
catalyst also has a high H2S selectivity and vice versa. The high
activity catalysts are also more resistant to being pretreated with
H2S. The La2O3-doped materials deactivate rapidly and have
poor H2S selectivities and we propose that the higher basicity
of this material leads to reaction with the acidic COS and
H2S leading to the formation of the less basic surface sulfide.
The most effective catalysts are prepared using the incipient
wetness impregnation method. A balance between the increased
basicity of the catalyst leading to promotion of COS hydrolysis,
whilst not increasing the basicity to an extent that enhances
deactivation is required for optimal catalyst performance.

Experimental

Catalyst preparation

Catalysts were prepared using impregnation with incipient
wetness, coprecipitation and deposition precipitation methods.
For incipient wetness impregnation, c-Al2O3 (Johnson Matthey,
No. 55–1, BET surface area 300 m2 g−1) was ground to 150–
250 lm particles and used as a catalyst support. The appropriate
amount of metal nitrate was dissolved in distilled water (0.9 ml)
to form an aqueous solution. The solution was added dropwise
to c-Al2O3 particles (1 g) and the solid was shaken for 10 min to
ensure uniform distribution of the solution. The wet solid was
dried in air (90 ◦C, 16 h). TGA results showed that metal nitrate
on alumina decomposed at around 450 ◦C. Consequently, the
catalyst precursors were calcined at 500 ◦C for 3 h in static air,
at the temperature ramp rate of 10 ◦C min−1, to obtain the final
catalysts.

For catalysts prepared by coprecipitation the appropriate
metal nitrate and Al(NO3)3·9H2O (20.9 g) were dissolved in
distilled water (30 ml) at room temperature and the solution
was stirred continuously. Aqueous ammonia (17.5%) was added
dropwise to the solution until a pH of 7.0–8.0 was attained.
The solution was kept stirring at room temperature for 2 h. The
precipitate was recovered by filtration and dried in air (90 ◦C,
16 h). Calcination at 500 ◦C for 3 h in static air was used to
obtain the final catalyst. The catalyst was crushed and sieved to
a particle size of 150–250 lm and used for catalytic tests.

A deposition–precipitation method was used to prepare 10
and 30%Y2O3/Al2O3. The procedure, using 10%Y2O3/Al2O3 as
an example, is as follows: c-Al2O3 (2 g, 150–250 lm) was added to
distilled water (100 ml) at room temperature and the solution was
stirred continuously. Y(NO3)3·6H2O (0.6778 g) was dissolved
in distilled water (10 ml). The Y(NO3)3 solution was added
to the c-Al2O3 solution and the temperature was controlled at
70 ◦C. Aqueous ammonia (17.5%) was added dropwise to the
solution until a pH of 8.0 was attained. The suspension/solution
was stirred at 70 ◦C for 1 h. The solid product was recovered by
filtration and then dried in air (90 ◦C, 16 h). Calcination at 500 ◦C
for 3 h in static air was used to obtain the final 10%Y2O3/Al2O3

catalyst. The catalyst was crushed and sieved to a particle size
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of 150–250 lm and used for catalytic testing. A sample of Y2O3

was also prepared by calcination of the nitrate (500 ◦C, 16 h).

Catalyst characterisation

The catalysts were characterised using a number of techniques.
The specific surface area was measured according to the BET
method from the N2 isotherm adsorption at 77 K using a Gemini
2360 Surface Analyser (Micromeritics). Before measurement,
the samples were treated in N2 (150 ◦C, 2 h). XRD patterns
were obtained using an Enraf Nonius FR590 X-ray generator
employing a Cu Ka source (k = 1.5418 Å), fitted with an Inel
CPS 120◦ position sensitive detector. The tube voltage was set
to 40 kV and the current was set to 30 mA. Each sample was
scanned for 30 min. Thermogravimetric analysis was obtained
using a Perkin Elmer TGA 7 Thermo gravimetric Analyser.

Elemental analysis was carried out by X-ray fluorescence
spectroscopy using a Philips MagiX PRO, a 4 kw Rh anode
wavelength dispersive spectrometer. SEM images and EDX
analysis were obtained by a FEI XL30 ESEM FEG scanning
electron microscope. The temperature programmed reduction
(TPR) profiles of promoted catalysts were obtained using an
Autochem 2910 (Micromeritics) instrument fitted with a thermal
conductivity detector. The catalyst sample (150 mg) was placed
in the quartz reactor tube and heated from room temperature
to 120 ◦C for 0.5 h under argon flow (20 ml min−1) to remove
adsorbed water from the catalyst, and then cooled to room tem-
perature. The analysis was carried out from room temperature
to 1050 ◦C (10 ◦C min−1) using 10%H2/Ar (50 ml min−1) as
reducing gas. The same instrument was used for pulsed CO2

chemisorption and temperature programmed desorption (TPD).
In this case the sample (100 mg) was degassed at the calcination
temperature prior to analysis. A fixed amount of carbon dioxide
was injected to the sample using a pulse technique at ambient
temperature. After the sample was fully saturated with CO2, the
sample was purged using argon to remove any physisorbed CO2.
Then, a TPD analysis was performed from ambient temperature
to 500 ◦C using a temperature ramp rate of 40 ◦C min−1.

Determination of COS hydrolysis activity

COS hydrolysis was carried out using a standard laboratory
microreactor with on line analysis of the products using gas
chromatography fitted with a flame photometric detector, as
described previously.15,21 Conversion was calculated from the
difference of COS concentration at reaction conditions with

that determined under conditions were there was no reaction
of COS. H2S selectivity was expressed as a percentage of the
sulfur converted, and hence a selectivity <100% denotes a sulfur
balance of <100%, indicating sulfur deposition on the catalyst.
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In this work, the effect of CO2 on the cloud point temperature (CPT) of an aqueous solution of
p-tert-octylphenoxy polyethylene (Triton X-100) was studied at different temperatures, pressures
and surfactant concentrations. It was demonstrated that CO2 could reduce the CPT of the
micellar solutions considerably. On the basis of this finding, we proposed a new route to separate
different substances from water by combination of Triton X-100 and CO2. It was discovered that
phenol or vanadium ion in aqueous solutions could be separated efficiently from water by
combination of CO2 and Triton X-100. Our study also showed that the gold nanoparticles
synthesized in Triton X-100 micellar solutions could be recovered using CO2 while the surfactant
remained in the solution. This is attractive because recovery of gold nanoparticles is very
convenient. This separation method has some unusual advantages, such as high separation
efficiency, simple post-treatment process, and lower separation temperature, which is especially
advantageous when temperature-sensitive substances are involved.

1. Introduction

Micellar systems have been very attractive for many years due to
their importance in both fundamental research and practical
applications. Controlling the properties of micellar systems
conveniently is of great importance.

It is well known that phase separation of nonionic surfactant
aqueous solutions occurs when heated over the cloud point
temperature (CPT). Additives, such as electrolytes, organics, can
also be used to induce phase separation of micellar solutions.
However, some undesired post-treatments are usually required
to separate the additives from the micellar solutions or products,
which make it difficult to reuse the micellar systems.1

CO2 is widely used as an environmentally benign solvent.
Recently, surfactant solutions related with CO2 have been
studied extensively. For example, many researchers have in-
vestigated microemulsions with CO2 as continuous phase.2

Zielinski et al.3 studied properties of D2O/n-hexaethylene glycol
monododecyl ether (C12E6)/CO2 system, and found that CO2

could reduce the CPT of the C12E6/D2O system considerably.
Johnston and coworkers reported that addition of dense CO2

to perfluoropolyether micelles in water could swell the micelles
to form CO2-in-water microemulsions.4 Jessop et al.5 reported
that long-chain alkyl amidine compounds could be transformed
into charged surfactants by exposure to an atmosphere of CO2,
thereby stabilizing water/organics emulsions. The emulsions
could be broken after removing CO2. In our previous work, we
studied the effect of CO2 on the stability of reverse micelles in

Beijing National Laboratory for Molecular Sciences, Institute of
Chemistry, Chinese Academy of Sciences, Beijing, 100080, China.
E-mail: hanbx@iccas.ac.cn; Fax: +86-10-62562821;
Tel: +86-10-62562821

organic solvents, and found that CO2 could tune the properties
of reverse micelles, which had potential applications in material
processing, chemical reactions and protein extractions.6

Separation is crucial for many chemical processes, and
development of new separation methods has been an interesting
topic for many years.7 In this work, we studied the effect of
CO2 on the CPT of the aqueous solution of p-tert-octylphenoxy
polyethylene (Triton X-100, Scheme 1), which is a typical
nonionic surfactant and widely used in industry and research.8 It
was demonstrated that CO2 could reduce the CPT of the micellar
solutions significantly. On the basis of this result, we proposed
a new separation method by combination of CO2 and the
surfactant solution. It was discovered that phenol or vanadium-
8-hydroxyquinoline (Scheme 1) complexes in water could be
separated efficiently from the solutions by this method at suitable
conditions; and gold nanoparticles synthesized in Triton X-100
micellar solutions could be recovered by adding CO2 while the
surfactant still remained in the solution. To the best of our
knowledge, this is the first demonstration of application of CO2

and surfactant aqueous solutions in separation. We believe that
this new, simple, high efficient and clean separation method has
wide potential applications.

Scheme 1 Molecular structure of 8-hydroxyquinoline and Triton X-
100.

578 | Green Chem., 2008, 10, 578–583 This journal is © The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 0

9 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

41
64

E
View Online

http://dx.doi.org/10.1039/B714164E


2. Experimental

Materials

Triton X-100 (AR grade), phenol (AR grade), aurichloro-
hydric acid (AR grade), potassium borohydride (AR grade)
were provided by Beijing Chemical Reagent Factory. 8-
Hydroxyquinoline (AR grade) was produced by Shantou Xilong
Chemical Factory. CO2 (99.995% purity) was supplied by Beijing
Analytical Instrument Factory. The standard vanadium ion
solution (100 lg mL−1) was purchased from National Research
Center for Standard Reference Materials. It was prepared by
adding 0.2296 g ammonium metavanadate (NH4VO3) and 15 mL
nitric acid (1.42 g mL−1) into 500 mL pure water. The solution
was then diluted to 100 mg L−1. All the reagents were used
without further purification. Double distilled water was used
throughout the experiments.

Detection of the cloud point of Triton X-100 aqueous solution

The CPT of Triton X-100 aqueous solutions under compressed
CO2 was measured by visual observation. The high pressure view
cell (45 mL) used was similar to that used in our previous work.6a

In a typical experiment, the air in the view cell was replaced
by CO2. 20 mL aqueous solution of Triton X-100 was loaded
into the high-pressure view cell. The cell was placed into the
constant temperature water bath. After thermal equilibrium had
been reached, CO2 was charged into the cell slowly by a syringe
pump (DB-80) until the clear and transparent liquid solution
became turbid and milky, and the pressure was recorded. It was
estimated that the uncertainty of cloud point pressure (CPP)
was ±0.03 MPa.

Separation of vanadium ion in water

The high-pressure view cell used above was also utilized to study
separation of V ion. In the experiment, 8-hydroxyquinoline (8-
HQ) as the chelating agent was first loaded into the Triton X-100
aqueous solution of vanadium (V) ion to form vanadium–8-
hydroxyquinoline (V–8-HQ) complexes. The initial concentra-
tions of Triton X-100, V ion and 8-HQ in the solution were
5 wt%, 2.00 × 10−5 mol L−1 and 10−3 mol L−1, respectively.
20 mL of the solution was loaded into the high-pressure view
cell, which was placed in a constant temperature water bath of
318.15 K. CO2 was charged into the system to desired pressure,
and the stirrer was started. After stirring for 30 min, the stirrer
was stopped and the system was kept still for 12 h for phase
separation. The micellar solution was separated into two phases
and V–8-HQ complexes were precipitated together with Triton
X-100. The volumes of the upper aqueous phase and the lower
surfactant-rich phase were known from the graduation on the
view cell, which was pre-calibrated with water. The sample
of the upper aqueous phase was taken through the sample
valve, and the pressure remained constant during sampling by
charging CO2 into the view cell continuously. The concentration
of V ions in the upper aqueous phase was determined by
inductively coupled plasma atomic emission spectrometer (ICP-
AES, VISTA-MPX, VARIAN Corp., USA), which is the one
of the most commonly utilized methods for analysis of V and
some other metals. The procedure of separating V ions from the

micellar solutions by heating was similar to that using CO2. The
main difference was that no CO2 was loaded and the temperature
of the water bath was much higher.

Separation of phenol from Triton X-100 aqueous solutions

Separation of phenol from the Triton X-100 micellar solutions
using CO2 was also studied with the high-pressure view cell
utilized to study the separation of V ion. 20 mL Triton X-100
aqueous solution of known phenol concentration was loaded
into the view cell, which was placed in a constant temperature
water bath (313.15 K, 318.15 K, 323.15 K and 328.15 K).
CO2 was charged into the system to desired pressure, and the
stirrer was started. After 30 min the stirrer was stopped and
the system was kept still for 12 h for phase separation. The
volumes of the aqueous phase and Triton X-100-rich phase
were known from the graduation on the view cell. Samples
of the upper aqueous phase were taken through the sample
valve, and the pressure remained constant during sampling by
charging CO2 continuously. The samples were analyzed by UV-
vis spectrometer (TU 190, Beijing Instrument Company). The
concentration of the samples was calculated with the absorption
at 276 nm. The procedure of separating phenol from the micellar
solutions by heating was similar to that using CO2. The main
difference was that no CO2 was loaded and the temperature of
the water bath was much higher (333.15 K, 338.15 K 343.15 K,
348.15 K, 353.15 K).

Separation of gold nanoparticles from Triton X-100 micellar
solution

The high pressure view cell used above was also used to study the
recovery of gold nanoparticles from the Triton X-100 aqueous
solutions. In the experiment, 10 mL 1 wt% Triton X-100 solution
with 10−4 mol L−1 HAuCl4 and 10 mL 1 wt% Triton X-100
solutions with 10−4 mol L−1 KBH4 were mixed in the view
cell, and gold nanoparticles were therein formed. The view cell
was placed in a water bath of 313.15 K. After 30 min, CO2

was charged into the cell to suitable pressure and the solution
was stirred for 1 h. The stirrer was stopped to precipitate the
gold nanoparticles. The CO2 in the surfactant solution was
released after 40 min. The nanoparticles were collected and
washed with water and alcohol, and were then characterized
by transmission electron microscopy (TEM, JEOL JEM-2010)
operating at 200 kV. X-ray photoelectron spectroscopy (XPS)
spectrum of the nanoparticles was collected by means of an
ESCALab220i-XL spectrometer at a pressure of about 3 × 10−9

mbar using Al Ka as the exciting source (hm = 1486.6 eV) and
operating at 15 kV and 20 mA.

The UV-vis spectrometer (TU 1901) and the high pressure
UV-Vis sample cell used previously6b were utilized to determine
the surface plasmon absorption of gold nanoparticles in Triton
X-100 aqueous solutions. In the experiment, the Triton X-100
aqueous solution with gold nanoparticles was first prepared
at the same condition described above. Desired amount of
solution was charged into sample cell which was maintained
at 313.15 K. CO2 was then charged into the sample cell to the
desired pressure. The solution was stirred for 1 h, and was kept
unstirred for 40 min to allow gold nanoparticles to precipitate.
The UV-vis absorbance was then recorded.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 578–583 | 579
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3. Results and discussion

Cloud point of Triton X-100 aqueous solution

Fig. 1 displays the relationship between the CPT of Triton X-
100 aqueous solutions and CO2 pressure. The concentrations of
the surfactant were 0.20 wt%, 1.0 wt%, 2.0 wt% and 8.0 wt%,
respectively, which were all above critical micelle concentration
(cmc) of Triton X-100.9 It can be seen that the CPT decreases
with increasing pressure at all concentrations. In other words,
CO2 can induce phase separation of the surfactant solution.
However, our experiments showed that as the temperature was
lower than 310 K, the surfactant could not be precipitated up to
17 MPa. In this work, we define the minimum pressure required
to induce the phase separation as cloud point pressure (CPP).
The surfactant solution is separated into aqueous phase and
surfactant-rich phase as the pressure is above the CPP. At
the CPP, the solution became clear again as the pressure was
reduced slightly. In other words, CO2 could be used to switch
the phase separation of the solution repeatedly by controlling
the pressure of CO2 at a fixed temperature.

Fig. 1 The effect of CO2 pressure on the CPT of Triton X-100 aqueous
solutions of different concentrations.

Separation of vanadium ion in water

Removal or pre-concentration of heavy metal ions in water
are often required in industry and analytical processes,10 and
extraction based on phase separation of micellar solutions
is one of the effective methods with many advantages, such
as high extraction and pre-concentration factors, operational
safety, lower toxicity for analysts.11 The methodology used
is based on the principle that metal complexes in nonionic
surfactant solutions can be extracted into the surfactant-rich
phase above CPT . This method has been utilized to extract
vanadium ion in aqueous solutions, and 8-hydroxyquinoline
has been used as the chelating agent.12 To induce the phase
separation of the surfactant solution is a crucial step in this
method. As an example, we studied the separation of V ion in
water by CO2 using 8-hydroxyquinoline as the chelating agent.
The micellar solution was separated into two phases and the V–
8-hydroxyquinoline complexes were precipitated together with
Triton X-100. Here, extraction efficiency (E) is defined as the
ratio of the amount of V ion extracted into the surfactant-rich
phase to the total amount of V ion. The concentration of V ions

in aqueous phase was determined by ICP-AES method, which
is the one of the most commonly used methods for analysis
of V and some other metals. The E can be easily calculated
from the volume of the upper aqueous phase, the concentration
of V in the upper phase, and total amount of V loaded in the
system. Fig. 2a illustrates the effect of CO2 pressure on the
separation efficiency E of V ion at 318.15 K. It is estimated
that the uncertainty of data is 1.0%. It can be seen from
Fig. 2a that over an extraction efficiency of 0.99 for V ions
extracted into the surfactant-rich phase could be obtained at
11.0 MPa. In addition, Figs. 2b and 2c show the photographs
of the surfactant solution with 8-hydroxyquinoline complexes
before and after addition of CO2. It is evident that the micellar
system was separated into two phases. The aqueous phase
was almost colorless while the Triton X-100-rich phase was
much darker than the original solution, demonstrating that 8-
hydroxyquinoline complexes were extracted into the surfactant-
rich phase by addition of CO2.

Fig. 2 (a) Dependence of separation efficiency of V ion on CO2

pressure at 318.15 K ([Triton X-100] = 5 wt%); (b) Photograph of V–
8-HQ complexes in Triton X-100 aqueous solution without CO2; (c)
Photograph of V-8-HQ complexes in Triton X-100 aqueous system after
phase separation at 11.01 MPa (upper, CO2; middle, aqueous phase;
bottom, surfactant-rich phase with V–8-HQ complexes).

For comparison, we also studied the separation of V ion by
conventional method, i.e. the phase separation of the V–8-HQ
micellar solution was induced by heating the solution to higher
temperature. At 343.15 K and 353.15 K, the E determined in
this work was 0.78 and 0.83, respectively, which is in agreement
with the results reported by other authors determined using the
same method.12b This indicates that the CO2-induced separation
method proposed in this work is more efficient than conventional
method.

Separation of phenol from water

Phenol is widely used in different fields, such as agriculture,
food industry and biology.13 Due to its high toxicity and
corrosiveness, severe environmental problems are often caused
during its utilization processes.14 Conversion or removal of
this compound from water as well as the determination of its
concentration are required in many processes.15 It has been
shown that phenol in the micellar solution can be precipitated
together with surfactants at suitable conditions, which has been
utilized to separate phenol from aqueous solutions or to pre-
concentrate phenol.16 Precipitating the surfactants from the
solution is also one of the key steps in this method, and this

580 | Green Chem., 2008, 10, 578–583 This journal is © The Royal Society of Chemistry 2008
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is usually achieved by altering the temperature and/or with the
assistance of additives. To verify the versatility of the method
of this work, separation of phenol from water using Triton
X-100 and CO2 was also studied. The initial concentration of
phenol was 0.01 wt% and that of Triton X-100 was 1 wt% and
5 wt%, respectively. The experiments were performed at different
temperatures and CO2 pressures. As CO2 was added into the
system to suitable pressure, the solution was separated into two
phases and most of the phenol in the solution was precipitated
together with Triton X-100. Fig. 3a to 3d show the dependence

of the extraction efficiency (E) on CO2 pressure at 313.15 K,
318.15 K, 323.15 K and 328.15 K, respectively. It is estimated
that the uncertainty of E data is 1%. E increased sharply at lower
pressure region and increased slightly at higher pressure range.
The concentration of Triton X-100 also affected E obviously.
Generally, E with 1 wt% Triton X-100 was larger than that with
5 wt% of the surfactant in the lower pressure range. While at
higher pressures, the E with 5 wt% Triton X-100 became larger.
At all the temperatures studied E could exceed 0.96 at suitable
conditions.

Fig. 3 The effect of CO2 pressure on the separation efficiency of phenol with 1 wt% and 5 wt% Triton X-100 aqueous solutions at (a) 313.15 K, (b)
318.15 K, (c) 323.15 K and (d) 328.15 K. (e) is the separation efficiency of phenol with 1 wt% and 5 wt% Triton X-100 aqueous solutions at different
temperatures without CO2.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 578–583 | 581
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We also determined E by conventional heating-induced
separation method at 333.15 K, 338.15 K 343.15 K, 348.15 K
and 353.15 K and the results are shown in Fig. 3e. As expected,
E increased with increasing temperature and reached 0.95 at
358.15 K, while 0.96 could be achieved by our method in this
work even when the temperature was as low as 313.15 K. Haddou
et al.16a also separated phenol from 10 wt% oxo-C13E9 aqueous
solutions by adding sodium chloride, and E reached 0.95. More-
over, in our method, CO2 pressure was the only factor to be opti-
mized, and CO2 was the only additive to control the phase sepa-
ration, which simplified the post-treatment processes effectively.

Separation of gold nanoparticles from Triton X-100 micellar
solution

Triton X-100 micelles can act as template and stabilizer for the
synthesis of gold nanoparticles.17 In this work, we investigated
the possibility of recovering gold nanoparticles from Triton X-
100 micellar solution by CO2. The gold nanoparticles were first
synthesized in Triton X-100 micellar solution using HAuCl4 and
KBH4. The concentration of Triton X-100 was 0.2 wt%, and
those of HAuCl4 and KBH4 were both 10−4 mol L−1. Fig. 4a
illustrates the surface plasmon absorption of gold nanoparticles
in the solution before and after the addition of CO2 of various
pressures for 40 min. The maximum absorbance was at 527 nm,

indicating that the size of the nanoparticles prepared was around
10 nm.17 The absorbance could keep constant for at least 7 days
in the absence of CO2. The absorbance of gold nanoparticles
decreased with the increase of CO2 pressure, indicating the
precipitation of the gold nanoparticles in the solution. As the
pressure reached 4.10 MPa, most of the gold nanoparticles were
precipitated (Fig 4a).

Precipitation of the gold nanoparticles can also be observed
clearly from the change of color of gold-containing Triton X-
100 aqueous solution with and without CO2. The purple color of
the solution originated from the gold nanoparticles disappeared
after their precipitation at 4.10 MPa, which showed that the
gold nanoparticles began to precipitate at the pressure below the
CPP of Triton X-100 at this temperature (7.46 MPa, shown in
Fig. 1). And this also indicated that the gold nanoparticles could
be precipitated completely, while the surfactant still remained
in the aqueous solution. This is very attractive because both
recovery of gold nanoparticles is convenient and little surfactant
is lost. The collected gold nanoparticles were characterized
by TEM. As shown in Fig. 4b, spherical nanoparticles with
diameter of 10 ± 2 nm were obtained. In addition, the gold
nanoparticles recovered at 1.20 MPa were also characterized
by TEM (Fig. 4c), which demonstrated that the size and shape
were similar to those recovered at the higher pressure. The XPS
spectrum of the products is given in Fig. 4d. The two peaks are

Fig. 4 (a) UV-vis absorption spectra of gold nanoparticles in Triton X-100 micellar solution at different CO2 pressures; (b, c) TEM images of
gold nanoparticles recovered from Triton X-100 micellar solution at 4.10 and 1.20 MPa, respectively. ([Triton X-100] = 0.2 wt%, T = 313.15 K,
precipitation time = 40 min); (d) XPS spectrum of gold nanoparticles recovered from Triton X-100 micellar solution at 313.15 K and 4.10 MPa.
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at 83.9 eV (Au 4f7/2) and 87.6 eV (Au 4f5/2), respectively, which
is consistent with standard XPS spectrum of pure gold (Au0).18

4. Conclusion

The effect of CO2 on the CPT of the aqueous solution of
Triton X-100 as well as the separation of different substances
from water by combination of the surfactant and CO2 have
been investigated. It is shown that CO2 can reduce the CPT of
the micellar solutions considerably. Phenol or vanadium ion in
aqueous solutions can be separated efficiently from water by this
method. Furthermore, gold nanoparticles synthesized in Triton
X-100 micellar solutions can be recovered using CO2 while the
surfactant remains in the solution, which simplifies the recycling
process of surfactant solutions. This separation method has
some unusual advantages including: (1) the separation efficiency
is very high and can be optimized by CO2 pressure; (2)
other additives are not required, which simplifies the post-
treatment significantly; (3) the separation can be conducted
at lower temperature, which is especially advantageous when
temperature-sensitive substances are involved. This new, highly
efficient and clean separation method has potential applications
in a range of separation processes.
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Imidazolium based ionic liquids in soils: effects of the side chain length on
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This study provides data on the behaviour and toxicity of selected imidazolium based ionic liquids
in the terrestrial environment with the aim to contribute to a prospective hazard assessment. Using
the plant growth inhibition assay with wheat (Triticum aestivum) and cress (Lepidium sativum) we
investigated the influence of two different clay minerals (kaolinite and smectite) in varying
concentrations and clay mineral mixtures as well as the influence of organic matter in varying
concentrations on the toxicity of three imidazolium based ionic liquids differing in the alkyl side
chain length. The obtained results were compared to the German standard soil Lufa 2.2. Overall
the influence of the 2:1 layer mineral smectite on toxicity was stronger than for the 1:1 layer
mineral kaolinite resulting in lower toxicities when smectite was present. Comparable results were
achieved in the tests with different clay mineral mixtures. The influence of the clay minerals was
substance concentration dependent and the side chain effect could not consistently be confirmed
for the different soil mixtures. The 1:1 clay mineral kaolinite caused in some cases an increase in
toxicity. The obtained results for the influence of organic matter on the toxicity proved to be much
more consistent than for the clay minerals: here an increase in organic matter concentration always
resulted in a decrease of the toxicity. Differences in plant species sensitivity could be shown, but
not in a consistent manner. A site specific hazard assessment of ionic liquids should therefore take
into account organic matter content, quantity and especially quality of clay minerals.

Introduction

Ionic liquids are a fast-growing substance class and discussed
mainly as substitutes for conventional solvents. They are low
melting salts (melting point below 100 ◦C, mostly below room
temperature) with no measurable vapour pressure, typically con-
sisting of nitrogen-containing organic cations such as 1-alkyl-3-
methylimidazolium and inorganic or organic anions, commonly
containing fluorine e.g. tetrafluoroborate (BF4

−). Because of
their missing vapour pressure they are very attractive for users in
terms of their reduced air emission and their non-flammability
resulting in an improved operational safety for man compared to
conventional solvents. Ionic liquids are discussed for manifold
applications e.g. in the fields of synthesis,1,2 electrochemistry3

and (bio)catalysis.4,5

The heterogeneity within the pool of ionic liquids provides an
almost unlimited number of compounds complicating a hazard
assessment. To reduce this elusive number of possible ionic

aUFT - Centre for Environmental Research and Technology, Department
10: Ecology, University of Bremen, Leobener Straße, D-28359, Bremen,
Germany. E-mail: matzke@uni-bremen.de
bUFT - Centre for Environmental Research and Technology, Department
3: Bioorganic Chemistry, University of Bremen, Leobener Straße,
D-28359, Bremen, Germany
† Electronic supplementary information (ESI) available: Overview on
the ANOVA—results performed for the factors mineral type and mineral
concentrations as well as possible interactions of mineral type and
concentration. See DOI: 10.1039/b717811e

liquids the substances are systematically subdivided into the
structural elements head group, side chain and anion and are
analysed according to the “testkit concept”.6–8

Previous studies mainly focused on ecotoxicity of ionic liquids
in the aquatic environment,9–20 but data sets which are needed for
a profound and prospective hazard assessment for the terrestrial
environment, e.g. effects on plants and soil animals14,17,21–23 or
studies dealing with biodegradability,13,20,24–28 are very limited
or still missing so far. For the aquatic as well as the terres-
trial environment a side chain effect was found in previous
studies:12,13,15,17–20,29 an increase of the alkyl side chain length re-
sults in an increase in toxicity. A previous study from our group17

found also a side chain effect of two ionic liquids (1-butyl-3-
methyl-1-imidazolium tetrafluoroborate and 1-methyl-3-octyl-
imidazolium tetrafluoroborate) for wheat and cress tested in the
German standard soil Lufa 2.2. So part of the present study was
to verify if this side chain effect can be found independently of the
investigated soil composition with the three ionic liquids 1-ethyl-
3-methyl-imidazolium tetrafluoroborate (IM12 BF4), 1-butyl-
3-methyl-1-imidazolium tetrafluoroborate (IM14 BF4) and 1-
methyl-3-octyl-imidazolium tetrafluoroborate (IM18 BF4). The
structures of the selected test compounds, only varying in their
alkyl side chain length, are given in Fig. 1. The ionic liquids
names are abbreviated with acronyms according to Stolte et al.
(2006).8

A release of ionic liquids to the environment is still most likely
for the aquatic environment through waste water processes, but
in cases of accidental spills, waste disposal or a leakage of landfill

584 | Green Chem., 2008, 10, 584–591 This journal is © The Royal Society of Chemistry 2008
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Fig. 1 The selected test compounds a) 1-ethyl-3-methyl-imidazolium tetrafluoroborate (IM12 BF4), b) 1-butyl-3-methyl-imidazolium tetrafluorob-
orate (IM14 BF4), c) 1-octyl-3-methyl-imidazolium tetrafluoroborate (IM18 BF4).

sites an exposure for the terrestrial environment is also possible.
Soils are sinks for contaminants and some soil properties are of
essential influence to the bioavailability of xenobiotics30,31 and
therefore also on the bioavailability of ionic liquids. Previous
studies proved that the here investigated compounds represent
a hazard for terrestrial plants14,17 or higher aquatic plants14,17,32

and so a closer analysis of the influence of soil properties on the
ionic liquids behaviour, bioavailability and toxicity is necessary.
The bioavailability of ionic liquids on the terrestrial environment
is strongly determined by sorption processes of the compounds
and varies in dependence on different soil types. The sorption
of imidazolium based ionic liquids was investigated so far by
few studies including the sorption on bacterial and mineral
surfaces33 as well as natural soils34,35 or aquatic sediments.36

All publications stated that probably ionic interactions are the
dominating sorption mechanism and hydrophobic interactions
are of minor importance even though for ionic liquids both is
likely due to the positive charge and the hydrophobic component
(e.g. the alkyl side chain). This would imply that the influence
of organic matter as well as increasing alkyl side chains on the
sorption behaviour of ionic liquids is of minor importance in
comparison to e.g. clay minerals with high cation exchange
capacities and the positive charge. The results concerning the
influence of hydrophobic interactions on ionic liquids sorption
from Stepnowski et al. (2007)35 and Beaulieu et al. (2007)36 are
somewhat contradictory. Whereas Stepnowski and co-workers
proved an influence of hydrophobic interactions on the sorption
behaviour of imidazolium based ionic liquids for concentrations
up to 1 mM Beaulieu et al. could not confirm this. Gorman-
Lewis and Fein (2004)33 stated that clays have probably the
highest influence to affect the sorption of ionic liquids in soils
and proposed an interlayer cation exchange and/or a fixed
negative surface charge to be the responsible mechanism. In
general it is likely that the observed sorption strengths are a
mixture of varying sorption mechanisms.

We focused our study on the influence of organic matter on
ionic liquids toxicity to investigate the hydrophobic interactions
as well as two types of clay minerals with differing cation ex-
change capacities to investigate the strength of ionic interactions.
Additionally the concentrations of the added organic matter
and clay minerals were varied and mixtures of clay minerals
in different ratios were tested. The clay mineral mixtures were
chosen to analyse if there are interactions between the different
clay minerals influencing the bioavailability of ionic liquids
because clays are often present in the environment in mixtures.

Clays consist of silicon tetrahedrons and aluminium octa-
hedron layers and depending on the formation of the layers
they are divided into different clay mineral classes.37,38 Kaolinite
as a 1:1 or two layer mineral and smectite as a 2:1 or three

layer mineral were chosen. Kaolinite has almost no swelling
ability and a low sorption potential. Here the layers are kept
together via hydrogen bonds.38 In contrast the smectite layers are
linked by exchangeable cations. Therefore 2:1 minerals possess
the ability to shrink and swell, and a (reversible) incorporation
of cations, organic molecules or water can occur.37,38 These
different structures of the clay mineral classes are responsible for
a differing bioavailability of imidazolium based ionic liquids. In
general smectites show a much higher sorption capacity for ionic
liquids than kaolinites due to the high negative surface charge.38

The second important factor influencing the bioavailability of
substances in soils is the organic matter content. Organic matter
(Corg) is by definition the whole of dead organic substance in
soils originating from plant and animal detritus. It is a highly
diverse mix of molecules in terms of its chemical structure
and represents several interaction potentials for ionic liquids,
e.g. hydrogen bonding, hydrophobic sorption or electrostatic
interactions.36,39 Therefore we investigated the influence of
varying organic matter concentrations on the toxicity of 1-
butyl-3-methyl-1-imidazolium tetrafluoroborate and 1-methyl-
3-octyl-imidazolium tetrafluoroborate which clearly differ in
their hydrophobicity and will probably be affected in a different
manner by organic matter.

Finally we studied if the ionic liquids effect on growth
inhibition is comparable for wheat and cress or if there are
differences in sensitivity between monocotyledonous and di-
cotyledonous plants. Monocotyledonous and dicotyledonous
plant species strongly differ in their morphology, e.g. the roots
of monocotyledonous plants are adventitious and they do not
perform secondary growth (in the stem the vascular bundles are
arranged in a ring and not scattered and they do not posses
a meristem between the phloem and xylem).40 Those morpho-
logical differences could lead to differing sensitivities (toxicities)
when being exposed to chemicals and therefore we selected in
this study one common representative from each group.

We especially analysed the following hypotheses:
1. Toxic effects of ionic liquids on plants are reduced with

higher clay contents because clays show sorption capacities for
ionic liquids owing to their high specific surface, surface charge
and ionic exchange capacity.

2. Smectite has a stronger reducing effect on the ionic liquid
bioavailability than kaolinite because of the higher ability to
absorb and adsorb ionic liquids.

3. The toxicity of ionic liquids in soils with varying clay
mineral mixtures can hardly be predicted based on their effects
in soils with additions of single clay minerals because they are
able to interact with each other and therefore influence the
bioavailability of chemicals in a different manner compared to
singly applied clay minerals.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 584–591 | 585
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4. The effects of soil properties on ionic liquid bioavailability
depend on substance properties: ionic liquids with longer alkyl
side chains (e.g.–octyl) show a lower bioavailability than ionic
liquids with short alkyl side chains (e.g. -butyl) in the tested
concentration ranges.

5. A higher content of organic matter reduces the toxicity of
the ionic liquids.

6. Monocotyledonous (wheat) and dicotyledonous (cress)
plant species react different to the ionic liquids exposure.

Results

Effects of different clay minerals on toxicity

Table 1 gives an overview on all obtained growth inhibition data
for wheat (Triticum aestivum). The major results are shown in
figures and discussed at the particular place.

The effect of the clay minerals on the toxicity of IM12
BF4 (Fig. 2) depended on the substance concentration: at
1000 mg/kg dw soil kaolinite significantly influenced the
toxicity-10% kaolinite resulted in a decrease in toxicity whereas

Fig. 2 Toxicities of three different concentrations of IM12 BF4 for
wheat (Triticum aestivum) expressed as growth inhibition [%] compared
to untreated controls (± SD, n = 3) for the reference soil Lufa 2.2 and
the soils with varying concentrations of kaolinite and smectite. Columns
sharing the same letters do not differ significantly within each substance
concentration, otherwise P ≤ 0.05 (Post-Hoc, Bonferroni).

15% kaolinite increased the toxic effect in comparison to the
reference soil. This increasing effect on toxicity became more
pronounced with decreasing IM12 BF4 concentrations. Smectite
on the other hand had no effect at 1000 mg/kg dw soil and at 100
mg/kg dw soil but strongly decreased toxicity at the intermediate
substance concentration of 500 mg/kg dw soil.

For IM14 BF4 (Fig. 3) a heterogeneous pattern became
obvious, the influence of the clay minerals proved to be substance
concentration dependent. With a substance concentration of
1000 mg/kg dw only kaolinite decreased the toxicity in compar-
ison to the reference soil Lufa and to the soils with smectite. An
increase of the kaolinite concentration had no influence on the
toxicity. For 500 mg IM14 BF4/kg dw soil only 10% kaolinte and
15% smectite significantly reduced the toxicity in comparison to
the other tested soil compositions. In contrast for the tested
IM14 BF4 concentration of 100 mg/kg dw soil the addition
of smectite clearly reduced the toxicity in comparison to the
reference soil and 15% kaolinite. Also the addition of kaolinite
(10%) resulted in a reduction of toxicity on the level of the soils
with smectite.

Fig. 3 Toxicities of three different concentrations of IM14 BF4 for
wheat (Triticum aestivum) expressed as growth inhibition [%] compared
to untreated controls (± SD, n = 3) for the reference soil Lufa 2.2 and
the soils with varying concentrations of kaolinite and smectite. Columns
sharing the same letters do not differ significantly within each substance
concentration, otherwise P ≤ 0.05 (Post-Hoc, Bonferroni).

Table 1 Toxicities of IM12 BF4, IM14 BF4, IM18 BF4 for wheat (Triticum aestivum) expressed as growth inhibition [%] (± SD = standard deviation,
n = 3) for the reference soil Lufa 2.2 and the soils with varying concentrations of kaolinite and smectite; n.d. = not determined

Substance
Concentration
[mg/kg dw soil]

Reference
soil Lufa 2.2

Lufa with 10% clay
(+ kaolinite)

Lufa with 15% clay
(+ kaolinite)

Lufa with 10% clay
(+smectite)

Lufa with 15% clay
(+ smectite)

IM12 BF4 1000 88 ± 2.40 81 ± 1.63 96 ± 2.62 87 ± 3.06 90 ± 0.97
500 64 ± 5.66 64 ± 4.24 70 ± 3.01 40 ± 5.63 21 ± 1.93
100 14 ± 5.25 30 ± 0.95 33 ± 5.86 17 ± 3.59 12 ± 1.79

IM14 BF4 1000 82 ± 3.01 68 ± 5.95 73 ± 2.35 72 ± 11.93 81 ± 6.46
500 62 ± 5.82 45 ± 6.93 53 ± 7.14 53 ± 8.23 19 ± 6.13
100 21 ± 2.53 9 ± 6.24 23 ± 4.20 9 ± 4.32 9 ± 4.22

IM18 BF4 1000 92 ± 0.66 99 ± 0.12 94 ± 1.31 63 ± 4.39
500 82 ± 2.47 86 ± 1.01 86 ± 2.23 10 ± 10.10 n.d.
100 59 ± 0.75 13 ± 9.93 10 ± 5.25 8 ± 3.19

586 | Green Chem., 2008, 10, 584–591 This journal is © The Royal Society of Chemistry 2008
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In general for IM18 BF4 (Fig. 4) the influence of the
clay minerals became more obvious with decreasing substance
concentrations. For 1000 and 500 mg/kg dw soil no or only slight
differences in toxicity occurred between the reference soil and
the soils with added kaolinite. In contrast for all tested substance
concentrations the soil with added smectite has a strong reducing
effect on the toxicity. This reducing effect became also more
pronounced at lower substance concentrations. For 100 mg/kg
all clay minerals showed a high toxicity reducing potential, but
no differences between kaolinite and smectite were observable.

Fig. 4 Toxicities of three different concentrations of IM18 BF4 for
wheat (Triticum aestivum) expressed as growth inhibition [%] compared
to untreated controls (± SD, n = 3) for the reference soil Lufa 2.2 and
the soils with varying concentrations of kaolinite and smectite. Columns
sharing the same letters do not differ significantly within each substance
concentration, otherwise P ≤ 0.05 (Post-Hoc, Bonferroni).

The side chain effect could be proved for the reference soil
Lufa 2.2 (Fig. 5), whereas for the different soil mixtures a stag-
nancy or even a turning back of the side chain effect occurred,
i.e. the toxicity decreased with increasing alkyl side chain.

Fig. 5 Comparison of the toxicities for IM12 BF4, IM14 BF4 and IM18
BF4 for all investigated soil mixtures at a concentration of 100 mg/kg
dw soil expressed as growth inhibition [%] to check for the side chain
effect in dependence on different soil properties.

To compare the influence of the soil properties on the toxicity
a ratio was calculated for all investigated soil types which relates

the toxicities for the reference soil and the respective toxicities
for the varying soil mixtures. An overview on those results is
given in the electronic supplementary information.

The obtained results can be summed up as follows:
1. The side chain effect could be proved for the reference soil

Lufa 2.2 for IM14 BF4 and IM18 BF4, but not continuously for
all tested clay soil compositions. Between IM12 BF4 and IM14
BF4 no or only marginal differences in toxicity have occurred
for the reference soil. For the clay soils here a reversal of the side
chain effect occurred: IM12 BF4 was more toxic than IM14 BF4.

2. The influence of the clay mineral has been strongly
dependent on the tested substance concentration.

3. Kaolinite has been able to increase toxicity, e.g. for IM12
BF4 an increase of the kaolinite concentration resulted in an
increase of the toxicity.

4. Smectite has shown either no influence or if there had been
an influence on toxicity it has a stronger reducing effect than
kaolinite

The influence of different mixtures of clay minerals on toxicity

The following part shows the results obtained for IM14 BF4 and
IM18 BF4 influenced by three different mixtures of kaolinite and
smectite in varying ratios (Fig. 6).

Fig. 6 Toxicities of two different concentrations of IM14 BF4 and IM18
BF4 for wheat (Triticum aestivum) expressed as growth inhibition [%]
compared to untreated controls (mean ± SD, n = 3) for the reference
soil Lufa 2.2 and the soils with clay mixtures in different ratios at a
total clay concentration of 10%. Columns sharing the same letters do
not differ significantly and the statistical analysis was performed for
each substance concentration separately, significant results are P ≤ 0.05
(Post-Hoc, Bonferroni).

For IM14 BF4 the clay mixtures reduced the toxicity in
comparison to the reference soil but no influence of the kaolinite-
smectite ratio on the growth inhibition was observable. For IM18
BF4 a substance concentration dependent influence of the clay
minerals was obvious. No differences in toxicity occurred for all
tested soils at a substance concentration of 1000 mg/kg dw soil.
In contrast for a substance concentration of 500 mg/kg dw soil
a clear influence of the clay mineral ratio could be observed:
an increase of the kaolinite fraction in the clay mixture resulted
in an increase of the observed toxicity. The toxicities for high

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 584–591 | 587
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Table 2 Toxicities for IM14 BF4 and IM18 BF4 for wheat (Triticum aestivum) and cress (Lepidium sativum expressed as growth inhibition [%]
(mean ± SD, n = 3) for the reference soil Lufa 2.2 and the soils with 5 and 10% organic matter (Corg)

Growth inhibition [%]

Wheat (Triticum aestivum) Cress (Lepidium sativum)

Substance
Concentration
[mg/kg dw soil]

Reference soil
Lufa 2.2

Lufa with
5% Corg

Lufa with
10% Corg

Reference soil
Lufa 2.2

Lufa with
5% Corg

Lufa with
10% Corg

IM14 BF4 1000 82 ± 3.01 43 ± 2.92 23 ± 10.90 100 ± 0 52 ± 4.78 29 ± 0.04
500 62 ± 5.82 31 ± 1.83 6 ± 7.84 58 ± 6.19 15 ± 6.41 7 ± 0.01
100 21 ± 2.53 14 ± 2.28 −4 ± 2.75 −3 ± 3.25 −4 ± 12.06 0.3 ± 0.02

IM18 BF4 1000 92 ± 0.66 84 ± 1.59 72 ± 3.34 100 ± 0 89 ± 0.75 76 ± 1.38
500 82 ± 2.47 65 ± 4.02 38 ± 2.32 100 ± 0 73 ± 5.76 33 ± 4.61
100 59 ± 0.75 1 ± 4.07 11 ± 7.39 83 ± 3.12 8 ± 2.04 −0.2 ± 1.48

smectite contents within the mixture (70% and 50% smectite) are
below the toxicities of IM14 BF4 and so a turning back of the
side chain effect is observable. When comparing IM14 BF4 and
IM18 BF4 at a test concentration of 1000 mg substance kg/dw
soil the side chain effect is present for all tested soil compositions:
IM18 BF4 was more toxic than IM14 BF4 independently from
the clay minerals or the clay mineral ratio of the mixtures.

The influence of organic matter on toxicity and difference in
sensitivity between the two plant species

In general with an increase in the organic matter content a
consistent decrease in toxicity could be confirmed (Table 2,
Fig. 7). Here the side chain effect could be proved. Additionally
differences in sensitivity between the two plant species wheat
and cress were observable. For IM14 BF4 the differences seem
to be concentration dependent: at 1000 mg/kg dw soil cress was
the more sensitive species and at 100 mg/kg dw it was vice versa.
For IM18 BF4 cress was for the reference soil Lufa and the soil
with 5% organic matter more sensitive. At a Corg concentration

Fig. 7 Toxicities of IM14 BF4 and IM18 BF4 for wheat (Triticum
aestivum) and cress (Lepidium sativum) expressed as growth inhibition
[%] compared to untreated controls (mean ± SD, n = 3) for the reference
soil Lufa 2.2 and the soils with varying concentrations of organic matter.
Columns sharing the same letters do not differ significantly and the
statistical analysis was performed for each substance concentration and
plant species separately, significant results are P ≤ 0.05 (Post-Hoc,
Bonferroni).

of 10% no differences in sensitivity between the two plant species
occurred. For IM14 BF4 even at high substance concentrations
(1000 mg/kg dw soil) a strong reduction in toxicity occurred
when the organic matter content was increased: for wheat an
increase to a total organic matter content of 5% reduced the
toxicity about 50% at 1000 and 500 mg/kg dw soil in comparison
to the reference soil. An increase to a total concentration of
10% organic matter resulted in a reduction of the toxicity of
approximately 75% for 1000 mg/kg dw soil and at 500 mg/kg
dw soil no toxicity was observable anymore. Cress reacted in
a similar way apart from the above mentioned differences in
species sensitivity. For IM18 BF4 at 1000 mg/kg dw soil the
toxicities were reduced only slightly, but even here the differences
were significant (P<0.01). At 500 mg/kg dw soil the influence
of organic matter became stronger, here a reduction of toxicity
occurred up to 50% caused by the addition of organic matter
(both 5 and 10% organic matter). At 100 mg/kg dw soil no
toxicity could be observed anymore for the soils with organic
matter addition for both organisms.

Discussion

The differences in toxicity observed in the diverse clay soils can
be explained by the varying properties of the two-layer and
three layer minerals. The most important property of clays is the
chemical activity of their surfaces, resulting in a negative surface
charge. In general the importance of layer silicate clays to soil
properties can be best described by the cation exchange capacity
(CEC) which is defined as the ability to absorb and adsorb
ionic species in solutions.37 Three layer minerals, and in this
mineral class especially smectites, have the highest CEC in soils.37

Smectites, representing the most common group, possess the
highest chemical and physical activity and ions are usually freely
exchanged.37 The presence of permanently negative charged
sites accounts for the ability of many soils to hold cations
against leaching, but still in an exchangeable form. Comparing
kaolinite and smectite it has to be noticed that kaolinite (being
the two layer mineral) has almost no swelling ability and a
low sorption potential due to the hydrogen bonds between the
two layers.41,42 In contrast the three layer mineral smectite can
expand because here no hydrogen bonds between the single
layers are possible. It possesses the ability to shrink and swell,
and a (reversible) incorporation of cations, organic molecules
or water can occur. Thus smectites are suitable to absorb or
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adsorb xenobiotics.41,42 By definition adsorption is the process of
accumulation of chemical species to the surface and absorption
is the incorporation of xenobiotics within the clay mineral.37

Therefore the differences in toxicity between the reference soil
Lufa 2.2 and the soils with kaolinite were small because only a
weak adsorption and no absorption occurred. In contrast, for
the smectite soils higher interaction potentials were observable
because of the possibility for the substances to be adsorbed
and absorbed. Owing to the fact that for smectite soils the
dominating sorption effect is likely to be based on ionic
interactions and not on hydrophobic interactions the observed
decreases in toxicity especially for the IM18 BF4 can be explained
with a formation of admicelles on the mineral surface according
to Stepnowski et al. (2007).35 They assume that for ionic liquids
with increased hydrophobicity (e.g. longer alkyl side chain) the
formation of second layers on the clay mineral surface is possible
which would explain the lower bioavailability of IM18 BF4 in
the smectite containing soils.

In aquatic systems the side chain effect could be observed
even with the shorter side chains, e.g. IM12 and IM14, which
means that the EC50 values for IM12 are higher than for IM14.32

In contrast there seems to be a “critical” side chain length for
the investigated soil systems with respect to interaction with the
chemicals because there were either no differences in toxicity
between IM12 and IM14 or a reversal of the side chain effect
occurred, which means more toxic effects were observed in the
soils with kaolinite for IM12 than for IM14.

In general a short side chain seems to increase the mobility
of the substances in soils, fewer interactions are possible with
the matrix in comparison to ionic liquids with a longer alkyl
chain and therefore the influence of the clay minerals is reduced.
The results obtained for the clay mineral mixtures were similar
in comparison to the singly tested clay minerals kaolinite and
smectite. In general for IM14 BF4 no influence of the clay
mixture ratio on toxicity could be observed and therefore no
influence of the clay mineral type. However, one exception
occurred: the observed toxicities for the added clay mineral
mixtures were lower than the toxicities of the reference soil Lufa
2.2 for both tested substance concentrations. In contrast for
IM18 BF4 a saturation of the soils occurred for all investigated
clay mixtures at 1000 mg/kg dw soil even for the soil with
a high smectite content. This is in contrast to the results for
10% smectite tested singly, resulting in a clear reduction of
the toxicity. On the other hand for 500 mg IM18 BF4/kg dw
soil a clear influence of smectite on the toxicity was observable
meaning with an increase of the smectite content in the clay
mixture an decrease in toxicity occurred.

For organic matter also a high influence on toxicity was
expected in comparison to the clay minerals. Organic matter is
a chemically highly diverse mixture of molecules and therefore
predictions on fate and performance of ionic liquids are difficult.
Humic substances which represent the main part of organic
matter being responsible for interactions with chemicals, are
mixtures of macromolecule substances with molecular weights
between 500 and 100 000 g/mol. Here many functional chemical
groups can contribute to the interactions with xenobiotics e.g.
hydroxyl, carboxyl or aromatic ring structures.43–46

Additionally the formation of chemical complexes can occur
between humic acids and clay minerals or the surface of the clay

minerals can be altered by humic acids.47 In this study a reduced
toxicity could be proved for the soils with increased organic
matter content for both IM14 BF4 and IM18 BF4. However
this reduction in toxicity can be highly variable when testing
other types of organic matter from different sources resulting
in more or less pronounced toxic effects because the influence
of organic matter on toxicity is strongly dependent on type
and quantity. For high IM18 BF4 concentrations (1000 mg/kg
dw soil) the reductions in toxicity were only marginal in the
soils with increased organic matter content probably based on
a saturation of the adsorption capacities of the binding sites.
When comparing the toxicity reducing effects of organic matter
and smectite for IM18 BF4 the influence of smectite was very
pronounced in comparison to organic matter. The calculated
ratio clearly showed for IM18 BF4 (1000 mg/kg dw soil) in the
soil with 10% smectite 68% growth inhibition (in relation to
Lufa) whereas for 5% Corg it was 91% and for 10% Corg still 78%.
For lower substance concentrations this effect was even more
pronounced (for details please see electronic supplementary
information) For IM14 BF4 (1000 mg/kg dw soil) this result
was vice versa: here the influence of organic matter on toxicity
reduction was stronger (5% Corg = 52% growth inhibition, 10%
Corg = 28% growth inhibition) than the one of smectite (10%
smectite soil mixture = 88% growth inhibition).

Additionally differences in sensitivity between the two tested
plant species could be observed within this study even though
they were not consistent and variable. So at present it is
not possible to generate general statements on future testing
strategies for monocotyledonous and dicotyledonous plants
regarding their species sensitivity. In terms of regulation and
hazard assessment the strategy to test representatives from both
is furthermore recommended until the remaining uncertainties
can be eleminated.

This study was merely performed with laboratory experi-
ments. Such investigations are always limited in their explana-
tory power because in the field the impact of imidazolium based
ionic liquids and therefore the strength of the effects caused
is influenced by diverse factors like aging of the substances
and soils, acidification of soils (changes in pH-values linked
to a changing bioavailability) and temperature as well as
biotic factors like community structures and behaviour of e.g.
soil invertebrates. Nevertheless the controlled conditions in a
laboratory study give important hints for further investigations,
and conclusions on undesirable toxic substances are possible.
The results here obtained should help to improve the knowledge
on the ecotoxicological hazard potential of ionic liquids in order
to lead to a better understanding in terms of the design of
inherently safer chemicals.

Conclusions

The objective of this study was to investigate the influence of
two different clay minerals, clay mineral mixtures and organic
matter content on the toxicity of imidazolium based ionic liquids
differing in their alkyl chain length.

In general most ecotoxicological studies focus on the aquatic
environment due to an easier performance (lower costs and
shorter test duration). But even if, with some exceptions, the
results were as expected and the above mentioned hypotheses
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could be verified in terms of a prospective hazard assessment
for new substance classes a detailed analysis is necessary for the
terrestrial environment.

For subsequent studies the structural elements head group
and anion of an ionic liquid should be studied in more detail.
Here especially for (potentially) toxic anions opposite effects can
be expected according to the fact that in the majority of the cases
soils are negatively charged matrices.

Additionally a prospective hazard assessment of ionic liquids
should not only include some selected standard soils (or even
artificial soils e.g. OECD soil) but important factors which
crucially influence the bioavailability of imidazolium based
ionic liquids. For the influence of clay minerals evidence was
given that higher clay contents can not be equated with
a lower bioavailability/toxicity, especially for low substance
concentrations. Further studies should focus on changing envi-
ronmental conditions influencing the bioavailability and toxicity
of substances, e.g. aging of the substances, varying pH-values,
temperature or formation of humic acid-clay mineral complexes.
No consistent differences in species sensitivity could be found
for the here analysed compounds, but unless those differences
are understood the strategy of testing both monocotyledonous
and dicotyledonous plants is recommended.

In general a careful investigation of key structures of ionic
liquids in terms of their ecotoxicological hazard potential
is advisable to support the development of inherently safer
chemicals, reducing the risk for man and the environment.

Material and methods

The tested ionic liquids were provided by Merck KGaA (Darm-
stadt, Germany). Cadmiumchloride, CaCl2·2H2O, kaolinite and
smectite were purchased from the Sigma-Aldrich Cooperation
(Germany). The German standard soil LUFA 2.2 was ob-
tained from the Landwirtschaftliche Forschungs- und Unter-
suchungsanstalt Speyer (Speyer, Germany). Wheat and cress
seeds were bought in a health food shop to ensure that the seeds
were not treated with any kind of pesticides to exclude mixture
effects during the experiments. For the tests with different
organic matter content plain flower soil without any fertilisers
was used and purchased from a home improvement store.

We used the standardised growth inhibition assay (ISO) with
wheat (Triticum aestivum) and cress (Lepidium sativum).48

The determined endpoint is growth inhibition measured as
dry weight of the above ground parts of the plants. Wheat
(Triticum aestivum) and cress (Lepidium sativum) were chosen
as representatives for monocotyledonous and dicotyledonous
plants as requested in the guideline. Test duration is three weeks
from sowing. The growth inhibition assay was conducted in
plastic plant pots, for wheat 10 seeds were used, and for cress 20.
The plants were cultivated in a German standard soil (Lufa 2.2)
characterised as loamy sand and with a pH of 5.6 ± 0.2, a clay
content of 7.5% and an organic carbon content of 2.3%. The
water content was fixed at 50% of the water holding capacity
(48%) with aqueous substance solutions respectively deionised
water for the controls. The ionic liquids were solved in 0.01 M
CaCl2 for spiking the soils and were prepared 24 h before
test beginning and stirred to ensure that the ionic liquids are
completely dissolved in the aqueous medium. For each test at

least six controls with uncontaminated soil were grown. Within
the test each plant pot contained 300 g dry weight (dw) soil
and for all substance concentrations three replicates were used.
To minimise the waste amount of contaminated soils a toxic
reference (cadmium) was used to ensure that the obtained data
are valid and a constant quality of the tests was given. The water
content was adjusted every second day by weighing. Differently
composed soil types were tested in comparison to Lufa 2.2
which was used as a reference soil. For the composition of the
different soil types Lufa 2.2 was used as basic substrate and
supplemented with the corresponding clay mineral and organic
matter concentration. The different clay minerals (kaolinite or
smectite) were added to Lufa 2.2 to obtain final soil dry matter
concentrations of 10% and 15% of clay. As an organic matter
source plain flower soil (Compo Sana Qualitätsblumenerde,
Compo GmbH Münster, Germany) was used. The organic
matter content was determined (89%) via incineration at 500 ◦C
in a muffle furnace. The organic matter was added to Lufa 2.2
to obtain final soil dry matter concentrations of 5% and 10% of
organic matter.

To exclude pH effects on plant growth, the pH values of the
soil samples were checked at the beginning and the end of the
test. For all tested substances pH values ranged in the original
pH band of Lufa 2.2. For measuring the pH value 5 g soil
and 25 ml 0.01 M CaCl2 solution were shaken (150 rpm) for
two hours. After sedimentation of the soil samples (at least 4
hours) the pH values were measured. The plants were grown in
a phytotron chamber under controlled conditions (temperature
20 ◦C, 80% humidity) with a 16 hours light and 8 hours darkness
cycle.

Data analysis and data plotting

The presented endpoint is [%] growth inhibition, calculated
in relation to the untreated controls. Data are presented as
mean ± standard deviation (SD). All data achieved in this study
were plotted using Sigmaplot Version 10. Statistical analysis
was performed by a one-way ANOVA using the Bonferroni
multiple comparisons test from the SPSS software package
12, respectively by a two-way ANOVA for the analysis of
interactions between clay mineral type and clay concentration.
An overview on the results of the performed statistics is given in
the electronic supplementary information (ESI).†
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The synthesis of polyhydroquinoline derivatives via a four-component unsymmetric Hantzsch
reaction induced by solar thermal energy is reported. The process proved to be simple,
environmentally friendly, economic and high yielding.

Introduction

1,4-Dihydopyridines have received considerable attention be-
cause of their biological activity.1 They are among the most
widely used drugs for cardiovascular diseases,2 have a wide
range of other pharmacological activities3,4 and play an im-
portant role in CNS-targeted chemical delivery systems.5 In
addition, quinolines exhibit a wide spectrum of activities such as
antiplasmodial,6 antibacterial,7 antiproliferative,8 antimalarial,9

and anticancer properties.10 Many other biological activities are
known11 which inspired us to search for an improved and green
approach for the synthesis of these derivatives. The conventional
method for their synthesis involves four-component reaction
of an aldehyde with ethyl acetoacetate and ammonia in acetic
acid or by refluxing in alcohol. However, these methods suffer
from several drawbacks such as long reaction times, use of large
quantities of organic solvents and low yields. Recently, several
methods have been reported comprising the use of microwave,
ionic liquids, TMSCl-MaI, metal triflates and polymers, also
Baker’s yeast.12–17 However, the use of high temperature, ex-
pensive metal precursors, catalysts that may be harmful to
the environment and longer reaction times are disadvantages
of such synthesis. Green chemistry has received considerable
attention nowadays18 and we do believe that the nature provides
us with many clean and environmentally friendly techniques to
achieve our purposes. This encouraged us to think about solar
energy as a free energy source. Solar thermal heating overcomes
the energy consumption of conventional heating as well as
dissipation of energy—typically heat to the environment.19

It is worth mentioning that solar energy is regarded as a
clean reagent20 and solar transformations proceeded cleanly
and no or only minor amounts of side products could be
detected. In continuation of our work on the synthesis of
azines and fused azines,21 we reported herein the first attempt
to synthesise unsymmetrical polyhydroquinoline derivatives 4
using dimedone (1), aryl aldehyde (2), ethyl acetoacetate (3)
and ammonium acetate under the effect of solar heating
(Scheme 1).

Chemistry Department, Faculty of Science, El-Minia University,
El-Minia, 61519, Egypt. E-mail: kusadek@yahoo.com; Tel: +2- 086-
2364806

Scheme 1

Results and discussion

The structures of the products 4 were confirmed by comparison
(TLC) with authentic samples22 prepared by refluxing the
reaction mixture in ethanol for 4–8 hrs. and also by spectral data.
In order to examine the effect of substituted aryl aldehydes (2)
on the reaction rate and the overall yield, various functionallized
aryl aldehydes were used under the above reaction conditions.
It has been found that the reaction proceeds smoothly to give
polyhydroquinolines 4, in high yields. However, when the aryl
substituent was a strong electron withdrawing group (e.g. 4h)
prolonged reaction times were required (cf. Table 1). This reflects
the effect of the nature of substituent on the reactivity of the
arylidene derivative supposed to be formed as an intermediate.
In order to investigate the exact cause of the reaction, i.e. whether
it is a thermal or photochemical transformation, we carried
out the reaction with 2a–h in the dark at the same maximum
reaction temperature reached during the solar exposure and
for the same reaction time. It afforded the same products

Table 1 Solar thermal synthesis of polyhydroquinoline derivatives

Compound Ar (2) Time/h Yield (%)

maximum
tempa ,b

reached ◦C

4a C6H5 2.5 92 46
4b 4-HO–C6H4 2.0 90 48
4c 4-H3CO–C6H4 2.0 92 50
4d 1-naphthyl 2.0 88 48
4e 4-Cl–C6H4 6.0 87 42
4f 2-furyl 2.0 90 52
4g 4-H3C–C6H4 2.0 88 51
4h 3-O2N–C6H4 12.0 83 40

a Compounds 4a–h were obtained in carrying out the reaction in dark
at the same temperature. b Reactants were recovered unchanged when
carrying out the reaction in dark at room temperature.
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obtained under solar heating.21,22 Likewise, we performed the
same reaction with 2a–h at a low temperature (5 ◦C) and up
to room temperature under the effect of artificial visible light-
emitted from a Toshiba low pressure flourescence lamp (60 W)—
and the reactants were recovered, almost unchanged, even when
exposure was performed for a longer reaction time. This ruled
out the possibility of a solar photochemical reaction.23–25

Conclusions

We have successfully developed an easy, high yielding and
versatile method for the synthesis of polyhydroquinolines from
the reaction of dimedone, aryl aldehydes, b-ketoester and
ammonium acetate catalyzed by free solar thermal energy. The
process does not require the use of any expensive or harmful
catalysts and thus is a simple, environmentally friendly technique
of high yield and produces analytically pure target compounds.

Experimental

General procedure

to a solution of an equimolar (0.01 mol) mixture of each
of dimedone, aryl aldehyde and ethyl acetoacetate in ethanol
(10 ml), in a Pyrex flask, ammonium acetate (1 g) was added.
The reaction mixture was exposed to direct sunlight. After 1.5–
10 hrs of illumination a precipitate started to form which was
completed after the times stated in Table 1. During the solar
exposure, the temperature of the reaction mixture reached 40–
52◦C (Table 1). The resulting solid product was collected by
filtration, washed with EtOH, dried and recrystallized from
EtOH to yield 4a–h. Compounds 4a–g have been described
previously; 4b ref. 25, 4c ref. 26, 4f ref. 14 and 4a, 4d, 4e, 4g
all ref. 17, and our spectral data (IR, 1H and 13C-NMR) are
substantially identical to those found in literature.

Compound 4h: Mp: 177–178◦C.1H NMR (300 MHz, CDCl3):
d = 0.93 (s, 3H), 1.07 (s, 3H), 1.22 (t, 3J = 7.1 Hz, 3H), 2.12–2.42
(m, 7H), 3.69 (q, 3J = 7.1 Hz, 2H), 5.16 (s, 1H), 6.85 (s, 1H), 7.36
(t, 3J = 7.9 Hz, 1H), 7.71 (d, 3J = 7.9 Hz, 1H), 7.98 (m, 1H), 7.99
(m, 1H). 13C NMR (75 MHz, CDCl3): d = 12.9, 18.0, 25.8, 28.1,
31.5, 35.7, 39.5, 49.3, 58.8, 103.7, 109.8, 119.9, 121.6, 127.3,
133.5, 143.4, 146.9, 148.1, 165.7, 194.4. IR (KBr): m = 3282,
3211, 3077, 2960, 1700, 1611 cm−1. Found: C, 67.34; H, 6.46; N,
7.45; anal. calcd for C21H24N2O5: C, 67.39; H, 6.46; N, 7.48.
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