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media: a mechanistic perspective
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This review highlights progress made in the last decade to
‘‘tame’’ reactive free-radical species in aqueous-phase
reactions.
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imidazoles with aryl and heteroaryl bromides catalyzed by
CuI

Dongping Cheng, Fengfeng Gan, Weixing Qian and
Weiliang Bao*

D-Glucosamine, a natural ligand, can efficiently promote the
N-arylation of imidazoles with aryl and heteroaryl halides
using CuI as a catalyst.
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isomers, in contrast to an analogous extraction system
employing a conventional organic solvent.
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Acid in ionic liquid: An efficient system for hydrolysis of
lignocellulose

Changzhi Li, Qian Wang and Zongbao K. Zhao*

An efficient system for hydrolysis of lignocellulosic materials
in ionic liquids was developed with improved sugar yields at
100 uC under atmospheric pressure.

183

A green route to silica nanoparticles with tunable size and
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Yun Yang and Thibaud Coradin*

The spray-drying of alginate and silicate mixtures provides a
green route to hybrid nanoparticles of tunable size whose
internal structure can be tailored by further ageing in water at
variable temperatures.
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Crystalline-to-amorphous transformation of cellulose in
hot and compressed water and its implications for
hydrothermal conversion

Shigeru Deguchi,* Kaoru Tsujii and Koki Horikoshi

The transformation of crystalline cellulose to an amorphous
state in hot and compressed water was studied with respect to
various structural characteristics.
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dehydrogenation of 4-vinylcyclohexene in high pressure
steam; a cautionary lesson for continuous flow reactions

Morgan L. Thomas, Joan Fraga-Dubreuil, A. Stuart Coote
and Martyn Poliakoff*

In the dehydrogenation of VCH in the presence of O2, the
occurrence of periodic temperature spikes gives rise to large
variations in the observed product selectivity. This has
important implications for other work involving continuous
flow oxidations.

202

Electrochemical activation of CO2 in ionic liquid
(BMIMBF4): synthesis of organic carbonates under mild
conditions

Li Zhang, Dongfang Niu, Kai Zhang, Guirong Zhang,
Yiwen Luo and Jiaxing Lu*

A new electrochemical procedure for electrosynthesis of
organic carbonates from CO2 and alcohols has been
established in CO2-saturated room temperature ionic liquid
BMIMBF4 solution, followed by addition of an alkylating
agent.

207

Cu–Y zeolite supported on silicon carbide for the vapour
phase oxidative carbonylation of methanol to dimethyl
carbonate

Guillaume Rebmann, Valérie Keller, Marc J. Ledoux and
Nicolas Keller*

A b-SiC supported Cu–Y zeolite composite catalyst, prepared
by performing the zeolite synthesis in the presence of SiC,
combined the interest of using a thermoconductive material as
support for an exothermic reaction and a Cu–Y zeolite catalyst
for getting stable performances in the dimethyl carbonate
synthesis by the vapor phase oxidative carbonylation of
methanol.

214

Primary biodegradation of ionic liquid cations,
identification of degradation products of 1-methyl-3-
octylimidazolium chloride and electrochemical wastewater
treatment of poorly biodegradable compounds

Stefan Stolte,* Salha Abdulkarim, Jürgen Arning,
Anne-Katrin Blomeyer-Nienstedt, Ulrike Bottin-Weber,
Marianne Matzke, Johannes Ranke, Bernd Jastorff and
Jorg Thöming

We investigated the primary biodegradation of different
N-imidazoles, imidazolium, pyridinium and
4-(dimethylamino)pyridinium compounds substituted with
various alkyl side chains and their analogues containing
functional groups principally based on OECD guideline 301 D.
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A new rationale of reaction metrics for green chemistry.
Mathematical expression of the environmental impact
factor of chemical processes

Jacques Augé

The E-factor of chemical processes has been calculated. The
mathematical formula includes the overall atom economy, the
yields, the excess of reagents and the mass of the auxiliaries.
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An alternative method for the regio- and stereoselective
bromination of alkenes, alkynes, toluene derivatives and
ketones using a bromide/bromate couple

Subbarayappa Adimurthy,* Sudip Ghosh, Paresh U. Patoliya,
Gadde Ramachandraiah,* Manoj Agrawal,
Mahesh R. Gandhi, Sumesh C. Upadhyay,
Pushpito K. Ghosh* and Brindaban C. Ranu*

Mixtures of NaBr and NaBrO3 have been used for stereoselective
bromination of alkenes and alkynes, and regioselective bromine
substitution at thea-carbon of ketones and the benzylic position of
toluenes.

238

c-Valerolactone—a sustainable liquid for energy and
carbon-based chemicals

István T. Horváth,* Hasan Mehdi, Viktória Fábos,
László Boda and László T. Mika

c-Valerolactone exhibits the most important characteristics of
an ideal sustainable liquid, which could be used for the
production of both energy and carbon-based consumer
products.

243

Lipase catalysed mono and di-acylation of secondary
alcohols with succinic anhydride in organic media and
ionic liquids

Rafał Bogel-Łukasik, Nuno M. T. Lourenço,
Pedro Vidinha, Marco D. R. Gomes da Silva,
Carlos A. M. Afonso, Manuel Nunes da Ponte and
Susana Barreiros*

A study of the enzymatic acylation of (R,S)-2-octanol with
succinic anhydride in a wide polarity range of ionic liquids and
representative organic solvents demonstrates the occurrence of
a critical balance for the sequential acylation, which is strongly
dependent on the polarity of the solvent and on the solubility
of succinic acid in it.
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Copper catalyzed oxidative alkylation of sp3 C–H bond
adjacent to a nitrogen atom using molecular oxygen in
water

Dilute aqueous 1-butyl-3-methylimidazolium
hexafluorophosphate: properties and solvatochromic
probe behaviour
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Nanoparticle make up can be controlled by varying the foil’s composition

Bimetallic particles from sputter deposition 

Ionic liquids can withstand the high vacuum conditions required

©The Royal Society of Chemistry 2008

 Gold and silver alloy particles have 
been made using a simple technique 
involving ionic liquids.

The team, led by Tsukasa 
Torimoto at Nagoya University 
and Susumu Kuwabata at Osaka 
University in Japan, have used a 
process called sputter deposition 
to form bimetallic particles. The 
particles, which have applications 
in biosensors and as catalysts, are 
formed in an ionic liquid from atoms 
sputtered from a metal foil.

 Torimoto explained that the 
team investigated ionic liquids 
because of their very low vapour 
pressures. This means they can 
be used under the high vacuum 
conditions required for sputter 
deposition used here, without their 
physical and chemical properties 
changing.    

The technique involves 
bombarding a gold and silver metal 
foil with high energy gaseous ions. 
Metal atoms are ejected from the 
surface of the foil into an ionic 
liquid, where they coalesce to form 
the bimetallic nanoparticles. 

Up to now, explained Torimoto, 

February 2008  /  Volume 5 /  Issue 2  /  ISSN 1744-1560  /  CTHEC2 /  www.rsc.org/chemicaltechnology

Chemical Technology

Make nanoparticles while the sun shines
Solar ablation less energy intensive than laser or chemical routes

Intelligent inks
Colour change reveals faulty food packaging

Interview: Analyse this
Joe Caruso talks to May Copsey about warfare agents, proteomics 
and why elemental mass spectrometry is not just about the metal

Instant insight: Watching the burn
Craig Taatjes of Sandia National Labs, Livermore, US, and 
colleagues look  inside the mysterious chemistry of combustion

In this issue

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

Reference
K Okazaki et al, Chem. Commun., 2008, 691 
(DOI: 10.1039/b714761a)

Chem. Technol. , 2008, 5, T9–T16    T9

it has been difficult to obtain 
homogeneous alloy nanoparticles 
using conventional solution 
methods because of the differing 
chemical redox potentials of 
the metals. Using the sputtering 
technique the composition of the 
particles and their properties can be 
tuned by varying the composition 
ratios of the metal foil.

Frank Endres at Clausthal 
University of Technology in 
Germany said the team ‘present 
a simple and therefore elegant 
process for the large-scale 
production of metal and alloy 
nanoparticles’. He suggested a 
further step could be to combine the 
sputter technique used by Torimoto 
with a plasmaelectrochemical 
deposition method developed by 
himself and colleagues in Germany. 
‘This might be a route to making 
ternary compound nanoparticles,’ 
he explained. 
Katherine Davies

CT.02.08.T09.indd   20 28/01/2008   10:36:48
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An ink that changes its colour 
when exposed to oxygen could help 
shoppers decide if their packaged 
food is fresh.

Oxygen is the enemy of fresh 
food because it causes food to 
degrade and bacteria need it to 
grow. Hence, much of today’s 
packaged food comes in a 

Colour change reveals faulty packaging

Intelligent inks

It’s fairly unlikely that you’ll ever 
worry about snakes on a plane, but 
what if one of your co-passengers 
has SARS, or worse, is about to 
release some anthrax spores? US 
researchers are working to find the 
best way to detect such hazards.

Nearly two billion people travel 
on commercial airliners each year, 
and it is important to detect these 

If you want to detect disease in an airline cabin, where do you put the sensors? 

SARS on a plane

Reference 
S Mazumdar and Q Chen, J. Environ. Monit., 
2008, 10, 71 (DOI: 10.1039/b713187a)

The ink loses its colour 
when activated, then 
regains it when exposed 
to oxygen

Reference
A Mills and D Hazafy, Analyst, 
2008, 133, 213 (DOI: 10.1039/
b713450a)

Chemical Technology

Application highlights

T10    Chem. Technol., 2008, 5, T9–T16 ©The Royal Society of Chemistry 2008

protective atmosphere of gases 
such as nitrogen – with oxygen 
almost totally removed. 

Andrew Mills and David Hazafy 
at University of Strathclyde, UK, 
have developed a blue ink that loses 
all its colour and becomes oxygen 
sensitive when activated with UV 
light. It only turns blue again after 

problems as quickly as possible 
by installing sensors. However, 
the number of sensors that can be 
installed is limited by cost, size and 
weight. The question then remains: 
Where do you put the sensors to get 
the fastest response? 

Instead of using a full size 
replica of an airliner cabin, Sagnik 
Mazumdar and Qingyan Chen from 

Purdue University, West Lafayette, 
created a virtual cabin and used 
computational fluid dynamics to 
study the effects of the seating 
arrangement and the number of 
occupants on the optimum position 
for these sensors.

‘In 2003, one passenger passed 
on SARS to more than a dozen 
others,’ said Mazumdar. ‘It’s this 
kind of tragedy that we hope to 
help avoid.’ 

Their research is one part of 
a larger coordinated research 
effort called ACER (airliner cabin 
environment research). ‘It is 
essential to deploy sensors that can 
provide instantaneous information. 
New sensors that can provide 
instantaneous results, particularly 
for biological agents, is another 
important area for research,’ said 
Mazumdar. 
Stephen Davey

exposure to oxygen. 
The major advantages of the 

oxygen ink over most of the 
traditional methods for detecting 
oxygen is that it is cheap and easy 
to use, especially as it relies on a 
colour change detectable by the 
human eye, said Mills. Solvent-
based inks such as these are also 
easier to print on the common 
polymers used in food packaging, 
he added. 

‘An oxygen-sensitive ink, such 
as ours, could be used to show if 
the modified atmosphere remains 
intact, first at the packaging 
factory, then at the supermarket, 
ensuring faulty, damaged or 
tampered packages are not 
sold,’ said Mills. The customers 
themselves will be able to pick up 
the food and tell instantly if it has 
been spoiled. 
Sarah Corcoran

Fluid dynamics revealed 
the best place to find 
biological agents

CT.02.08.T10.indd   20 28/01/2008   10:46:17

D
ow

nl
oa

de
d 

on
 1

4 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
1 

Fe
br

ua
ry

 2
00

8 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

80
09

93
G

View Online

http://dx.doi.org/10.1039/B800993G


Chemical Technology

Canadian researchers have devised 
a way to assess biological samples 
for the presence of multiple small 
molecules, which has profound 
implications for rapidly identifying 
diseases. 

Being able to distinguish diseased 
cells from healthy ones is vital in 
identifying diseases in humans. A 
rapidly advancing way of doing this 
is to determine the concentrations 
of small molecules (biomarkers) 
present in biological samples, as 
amounts of these chemicals differ 
between diseased and healthy cells. 
Vladimir Baranov and colleagues 
from the University of Toronto have 
now developed a sensitive method 
that, by using lanthanide ions, is able 
to determine the concentrations of 
many biomarkers at once. This, they 
say, will have important applications 
in clinical diagnostics.

Baranov and colleagues bound 
151Eu ions to a polymer chain 
chemically attached to an antibody, 
which itself binds to a natural 

Simultaneous screening for many disease biomarkers is now on the horizon

Lanthanide ions hold key to disease screening

Concentrated sunlight is all you 
need to make useful nanomaterials, 
according to Israeli researchers.

Jeffrey Gordon of Ben-Gurion 
University in the Negev desert, 
Reshef Tenne of the Weizmann 
Institute, Rehovot, and their 
collaborators collect solar radiation 
outdoors and transmit it to an 
indoor laboratory with optical 
fibres. Here it is focussed on 
molybdenum sulfide or quartz 
powders, transforming them into 
nanotubes and nanocages. This is 
the first time that silica nanofibres 
and nanospheres have been 
produced from pure quartz, they 
said.

Wolfgang Tremel, who works 
on inorganic nanoparticles at the 
University of Mainz in Germany 
explained ‘A particular problem 
in the synthesis of fullerene-type 
nanoparticles and nanotubes is that 
high temperatures are needed to 

Solar ablation less energy intensive than laser or chemical routes

Make nanoparticles while the sun shines

Reference 
J M Gordon et al, J. Mater. 
Chem., 2008, 18, 458 (DOI: 
10.1039/b714108d)

Different biomarkers 
can be targeted by 
different lanthanide 
isotopes

Reference
O I Ornatsky et al, J. At. 
Anal. Spectrosc., 2008, DOI: 
10.1039/b710510j

interconnect the edges of fragments 
in such a way as to provide curvature 
to otherwise flat slabs.’

Gordon and Tenne believe that 
the solar route is far less energy 
intensive than laser ablation or high-
temperature chemical reactors, 
simpler and less costly, with only 
an ‘uncomplicated optical system’ 
required to deliver the light to the 
reaction vessel.

There are plenty of refinements 
that can be made: ‘We need to find 
optical and reactor configurations 
that ensure nanotube and 
nanoparticle generation in a more 
uniform and reproducible fashion,’ 
said the researchers. And, they 
add, it opens up new mechanistic 
questions: ‘Does photochemistry 
play a role or are the only important 
factors the temperature and flux 
gradients?’

Tremel warned that in its current 
state the technique will be unable 
to ‘yield samples at the gram 
scale’. More importantly though, 
he said that it promises new sorts 
of fullerene-like nanoparticles. 
These conditions, he said, ‘enable 
the formation and trapping of 
nanoparticles from metal oxide 
compounds which, like quartz, have 
significantly lower vapour pressures 
than metal chalcogenides’.
Colin Batchelor

©The Royal Society of Chemistry 2008      Chem. Technol., 2008, 5, T9–T16    T11

biomarker. Once the unreacted 
antibody derivative is washed away, 
the sample is exposed to inductively 
coupled plasma mass spectrometry. 
This atomises the entire sample and 
allows the elemental composition 
to be determined. In this case, the 
amount of 151Eu correlates to the 
amount of biomarker present in the 
original sample. The number of 151Eu 
ions within each molecule means 
that the method is more sensitive 
to the amount of biomarker than 
existing techniques, said Baranov.

The power of the team’s method is 
that it can measure many biomarkers 

simultaneously, simply by using a 
different one of the 50-plus stable 
lanthanide isotopes for antibodies 
against different targets. Baranov’s 
team are now working to apply their 
technique to the classification of 
leukaemia samples.

The importance of this research 
is emphasised by Les Ebdon, Vice-
Chancellor of the University of 
Bedfordshire, UK, who said ‘This 
exciting study ... promises to advance 
our abilities to understand and 
diagnose complex diseases such as 
leukaemia.’
David Barden

Sunlight is transmitted 
to the reaction vessel by 
optical fibres

CT.02.08.T11.indd   32 28/01/2008   10:51:44
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French scientists have designed tests 
to catch cheats who use prohibited 
drugs to dope racehorses.

Somatotropin, a protein hormone, 
increases muscle strength. 
Recombinant equine somatotropin 
is banned in horseracing since 
it can enhance the performance 
of the horse, giving it an unfair 
advantage. Somatotropin can be 
used legitimately to help repair 
tendon or bone injuries in horses, or 
to improve the condition of horses 
that no longer race.

Ludovic Bailly-Chouriberry, 
who works at both the Laboratory 
of Horse Racing in Verrières-le-
Buisson and the National Veterinary 
School in Nantes, and colleagues 
have developed a method to test for 
somatotropin based on detection 
of antibodies raised against the 
hormone in serum or plasma.

Other tests to screen for 

Banned muscle strength hormone somatotropin detected months after use

Immunoassays put pay to foal play

Researchers from the US have 
discovered that soy bean oil could 
be used as a renewable feedstock for 
gels and resins.

Materials with self-curing, 
thickening, and self-gelling 
properties are used in many 
industrial applications, as 
caulking agents, cements or 
coatings. However, many current 
products are ultimately derived 
from crude oil. Alongside current 
developments in the use of biofuels, 
there is also interest in alternative 
and renewable sources for such 
materials.

Now Atanu Biswas from the 
United States Department of 
Agriculture and co-workers have 
discovered that one such renewable 
raw material can be made to 
spontaneously form a gel. In the 
absence of solvent, and without the 
need for heating or catalyst, soy bean 
oil undergoes an ene reaction with 
DEAD (diethylazodicarboxylate).

‘We have been interested in 
combining green chemistry 

A renewable alternative to crude-oil-based self-curing agents is now possible

Get set with the ene reaction

Reference 
A Biswas et al, Green Chem., 
2008, DOI: 10.1039/b712385j

Detecting antibodies 
enables a longer 
screening period

Reference
L Bailly-Chouriberry et al, Analyst, 2008, 133, 
270 (DOI: 10.1039/b713712e)

Chemical Technology

T12    Chem. Technol., 2008, 5, T9–T16 ©The Royal Society of Chemistry 2008

with the use of agricultural raw 
materials,’ said Biswas. ‘A 
particular interest of ours 
is vegetable oil, because 
it is relatively low-
priced, abundant, and 
environmentally friendly,’ 
he continued.

Biswas and colleagues 
hope that this work can 
be the beginning of a new 
platform for materials that 
need self-thickening, 
self-gelling and self-
curing properties. 
‘Obviously for specific 
applications, some 
customization of 
end-use properties 
would be needed. 
Fortunately, 
there are 
many types 
of oils 
available 
that we can 
use to optimize 
given properties,’ he 

explained.
Surya Prakash from the 
University of Southern California, 

Los Angeles,US, said ‘Biswas and 
colleagues have discovered a 
novel condensation of soybean 
oil leading to self-curing and 
thickening. This chemistry 
will have enormous promise 

in preparing gels, resins and 
adhesives using vegetable oil 

based bio-feedstocks.’
A future challenge will be to find 

an alternative to the aptly named 
DEAD, which is known to be toxic. 
However, Biswas is confident that 
this will be achievable. ‘The key 
reaction for this new platform is 
the ene reaction. There are many 
reactants known to undergo 
ene reactions. For commercial 
applications, what is needed in the 
future is to screen these potential 
reactants, in view of reaction 
efficiency, toxicity, and economics, 
in order to target specific products,’ 
he said.
Stephen Davey

Soy bean oil 
spontaneously 

forms a gel

somatotropin abuse, the researchers 
said, include the detection of 
insulin-like growth factor (IGF-1) 
whose production is also triggered 
by somatotropin. They hope that by 
detecting antibodies instead of IGF-1 

a longer period for screening will be 
possible.

They identified the antibodies 
using two techniques: a biosensor 
immunoassay (BIA) and an 
enzyme-linked immunosorbent 
assay (ELISA). The developed 
technologies meant it was possible 
to detect the antibodies 80 days after 
administering somatotropin with 
BIA and 200 days after with ELISA.

Bailly-Chouriberry said that 
this could also provide a cheap 
and important tool to indirectly 
detect insulin or recombinant 
erythropoietin (EPO) misuse 
through the detection of their 
antibodies, supposing it can be 
adapted.
Sarah Corcoran
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What inspired you to become a scientist?
I started out as a high school chemistry teacher 
but I realised that there was so much exciting 
chemistry out there and I wanted to teach it at a 
higher level. I became increasingly interested in 
the research. In particular, working with graduate 
students and postdocs is a great plus.

What influenced your decision to study analytical 
science?
I had a fantastic teacher at university who taught a 
course in qualitative analysis and he really inspired 
me. I also think analytical chemistry suits my 
personality. It is a very practical part of chemistry. 
For example, if you develop a new method to 
analyse for lead in somebody’s blood, you see a 
clear application. It is this kind of outcome-based 
research that drives me.

Can you tell me about the techniques that you use?
Our main-stay is elemental mass spectrometry, 
known as ICP-MS. It’s mainly a metal-based 
technique, but it does an excellent job at looking 
at non-metal elements such as bromine, iodine, 
phosphorus and sulfur. It can be used to analyse for 
a variety of compounds, such as brominated fire-
retardants or phosphorus-based warfare agents. 
It has a wide range of uses, from small inorganic 
molecule analysis to proteomics. 

What are you working on at the moment?
We are trying to obtain a better molecular 
understanding of phytoremediation, the use of 
plants to remove pollutants from soil or water. We 
study selenium because it is present at high levels 
in agricultural fields in the western US. There’s 
relatively little difference between the amounts 
that are toxic and the amounts that are required for 
life. We look at selenium as it undergoes changes 
within the plant. You can actually modify certain 
metabolic changes genetically, taking chemical 
pathways in different directions and ultimately 
enhancing the bioremediation qualities of the 
plant. 

We’ve also been looking at chemical warfare 
agent hydrolyzates. We aren’t certified for 
handling the actual agents themselves so we study 

these degradation products. These provide an 
interesting track to reveal if an agent was present 
or not. We started this project because our basis for 
detection is to look at phosphorus as an internal 
tag by mass spectrometry, rather than looking at 
the molecule or functional group. 

Some of our work focuses on clinical 
applications of analytical mass spectrometry. 
We combine elemental mass spectrometry and 
molecular mass spectrometry to allow metabolite 
detection at very low levels. We are collaborating 
with a neuroscientist, Dr Joe Clarke, in the 
neurology department at Cincinnati. He’s very 
interested in the metabolites associated with 
certain types of stroke. He believes there may be 
metabolic markers involving non-metals, such 
as phosphorus and sulfur, that appear at very low 
levels in patients with post-stroke complications. 
If detected early enough, an appropriate 
intervention might be taken, either through drug 
therapy or some kind of physical intervention.

What is the next big thing that you would like to tackle 
in your lab?
Our movement into clinical applications is going 
to expand. There are particular sets of proteins in 
the shell, or capsid, of viruses. There’s very little 
known about the metalloprotein aspect of various 
capsid proteins and this is something we’d like to 
take a look at. We are interested in seeing how the 
capsid reacts to either adding metals or removing 
them. 

Do you have any advice for a young researcher keen to 
develop a successful scientific career?
The important thing is to keep your mind open. 
Scientists should not limit themselves or their 
thinking from reaching out into new areas. 
Collaborations will be even more the way of the 
future, but this also is consistent with establishing 
yourself as an independent scientist. 

What do you like doing when you’re not doing 
chemistry?   
I enjoy boating and my grandchildren. I like to 
travel with family or friends. I often combine a few 
days holiday with my scientific commitments.  

Analyse this
Joe Caruso talks to May Copsey about warfare agents, proteomics and why 
elemental mass spectrometry is not just all about the metal

Interview

Joe Caruso is a professor of 
analytical chemistry at the 
University of Cincinnati. His 
research interests include 
metal profiling in clinical 
samples and studies of 
selenium phytoremediation. 
Formerly chairman of the 
Journal of Analytical Atomic 
Spectrometry editorial board, 
Joe is a member of the Chemical 
Society Reviews editorial board.

Joe Caruso

©The Royal Society of Chemistry 2008

Chemical Technology
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Easier and more 
efficient than
traditional LLE
... SLE+ Supported Liquid
Extraction Plates

Supported Liquid Extraction (SLE) provides an easier

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

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

required. Problems including emulsion formation, and

separation of liquid layers are eliminated. 

ISOLUTE® SLE+ Supported Liquid Extraction Plates are

optimized for simultaneous processing of 96 samples

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

using a generic methodology for extraction of neutral,

acidic and basic compounds. 

ISOLUTE® SLE+ is available in the industry standard 

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

with all commercially available automated liquid 

handling systems.

For more information or to request 

a free sample visit www.biotage.com.

www.biotage.com

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

• No emulsion formation

• Easy to automate

• Rapidly transfer methods from 
traditional LLE to ISOLUTE SLE+

• Excellent flow characteristics 
improve reproducibility 

Sample Preparation
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Chemical Technology

Instant insight

Watching the burn
Craig Taatjes of Sandia National Labs, Livermore, US, and colleagues look 
inside the mysterious chemistry of combustion using photoionization mass 
spectrometry combined with synchrotron radiation

©The Royal Society of Chemistry 2008

Combustion is an ancient 
technology, but it remains the 
dominant means of releasing 
stored energy in the world today. 
When Nikolaus Otto invented the 
four-stroke engine in 1876 and 
when Rudolf Diesel patented his 
engine in 1898, scientists did not 
even have the basic knowledge that 
combustion was driven by chain-
reaction chemistry, an insight that 
would yield Nikolay Semenov the 
Nobel Prize decades later. The 
science of combustion systems, with 
interacting fluid mechanics and 
complex chemistry, is a daunting 
multiscale and multiphase problem 
that continues to tax state-of-the-art 
computational and experimental 
methods. There is an intensifying 
emphasis on reducing pollutant 
levels, and new engine technologies 
are emerging that rely on chemical 
kinetics for ignition timing. These 
have made understanding the 
fundamentals of combustion a key to 
designing new practical devices and 
have brought detailed chemistry to 
the forefront of twenty-first-century 
combustion research. 
	 Understanding the chemistry 
behind some of the most stubborn 
problems in combustion technology 
relies on knowledge of isomer-
specific concentrations of products 
and intermediates. For example, the 
efficiency of advanced engines that 
rely on compression ignition of a 
premixed fuel–air charge depends 
on the particulars of alkylperoxy 
radical isomerizations. The problem 
of soot formation in hydrocarbon 
flames hinges on whether reactions 
of small hydrocarbon species in a 
flame form aromatic rings or not. 
Photoionization mass spectrometry 
is a powerful technique for probing 
chemical reactions and combustion 
processes, and the photon-energy 

dependence of the ionization can 
distinguish isomers. Recently, 
photoionization by synchrotron 
radiation has been combined 
with simultaneous detection of 
multiple masses to investigate the 
chemistry of low-pressure flames. 
The brightness of the synchrotron 
source and the multiplexed mass 
spectrometry permits rapid 
acquisition of three-dimensional 
data: signal as a function of the mass, 
the ionization photon energy, and 
either reaction time or distance from 
the burner surface.
	  ‘Slices’ taken out of such datasets 
by integrating over two of the 
dimensions would correspond to 
more traditional measurements, 
such as profiles of species as a 
function of distance from the burner 
or kinetic concentration against 
time. However, interpretation of the 
multidimensional data directly from 
an image yields great insight into 
global chemical mechanisms and 
can highlight previously unknown 
reactive pathways. For example, an 
image of the evolving mass spectrum 
of molecules sampled from a rich 
ethene flame as a function of the 
distance from the burner shows soot 
precursor chemistry at a glance. 
Moving away from the burner, 
the fuel is consumed and higher-
molecular-weight hydrocarbons 
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A visual interpretation 
of multidimensional data 
can give a glimpse of 
chemical mechanisms 
– if you know what to 
look for

begin to be formed; species with 
three carbon atoms appear very 
close to the burner, four-carbon 
species slightly farther away, five-
carbon species farther still, and 
so on. Comparison with an image 
of a similarly rich flame of the 
oxygenated fuel dimethyl ether 
shows immediately that the growth 
of these soot precursors is almost 
completely absent in the ether flame, 
consistent with the soot-reducing 
effects of oxygenates.
	 Additionally, possession of the 
entire three-dimensional data 
set allows the measurements to 
be correlated in different ways. 
As one example, the change in 
the photon-energy dependence 
of signal at a given mass can be 
related to a change in the isomeric 
populations. Correlating this with 
time then allows the separation of 
contributions from different stages 
of the reactions. Spectra derived 
from such correlations offer means 
to detect important ignition-
chemistry intermediates.
	 The investigation of increasingly 
complex chemical systems not only 
requires the ability to simultaneously 
monitor many channels, but 
demands new strategies to manage 
and visualize the resulting data. 
Tunable photoionization and 
simultaneous multiple-mass 
detection can effectively depict 
flame and chemical kinetic 
processes; continuing development 
of spectroscopic and visualization 
technologies will deliver new 
insights into combustion.

Read more in Craig Taatjes et 
al’s critical review ‘“Imaging” 
combustion chemistry via multiplexed 
synchrotron-photoionization mass 
spectrometry’ in issue 1, 2008 of 
PCCP.
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Essential elements

Celebrating a decade of success

RSC Books 2008  

Chemical Technology

And finally…

This month sees the publication 
of an exciting theme issue of 
Molecular BioSystems on the 
subject of metabolomic analysis 
of microorganisms. The issue is 
introduced by Hirotada Mori and 
Tadhg Begley of the Molecular 
BioSystems editorial board and 
features a good mix of review and 
primary research material. 

The investigation of cellular 
metabolic pathway networks is a 
remarkably varied field, requiring 
a wide range of knowledge and 
theoretical and experimental tools 
taken from a diversity of scientific 
disciplines. 

Approaches involving time-
of-flight mass spectrometry, 
TOCSY NMR, informatics 
and computational strategies 
are described, along with the 
modelling and reconstruction of 
metabolic networks. A review of 
flux analysis, dynamic changes 
in metabolite profiles, new 
techniques to identify extracellular 
components and dynamic changes 
in gene regulation are all to be 
found in this issue. Enjoy!
See www. molecularbiosystems.org

2007 witnessed the launch of 
the RSC eBook Collection, an 
innovative online product for 
scientists across the globe. A 
further highlight was Elegant 
Solutions by Philip Ball being 
awarded the 2007 Dingle 
Prize for the best recent book 
to communicate the history 
of science, technology and/or 
medicine to a wide audience 
of non-specialists. As we 
begin 2008, RSC Publishing is 
confident that our exciting 2008 
book list will achieve further 
success, reinforcing our position 
at the forefront of international 
chemistry research publishing.

Looking forward to the 
year ahead, RSC Books plans 
to continue providing a first 

class online publishing service 
and is aiming to achieve 
simultaneous eBook and 
print publication. Our eBook 
project saw 44 new eBooks go 
live in 2007 with a further 52 
forecast to go live during 2008. 
Expect to see groundbreaking 
titles from our exclusive RSC 
Nanoscience & Nanotechnology, 
RSC Biomolecular Sciences 
series and the new RSC Green 
Chemistry and RSC Energy 
Series which join the RSC eBook 
Collection during 2008.

For more information on our 
prestigious international best 
sellers visit www.rsc.org/books

lectures, poster prizes and 
commissioned articles. Look out 
for specially selected reviews 
representing the many areas 
of Green Chemistry, and JEM 
sponsored lectures at Airmon 
2008 (Albert Gilmutdinov) and 
DIOXIN 2008 (Kevin Jones). 
PCCP and CrystEngComm will 
also be maintaining a high profile 
at key conferences across their 
fields, including sponsoring ten 
poster prizes.

For further information on 
these and other anniversary 
events visit the website  
(www.rsc.org/journals) or 
speak to us at one of the many 
conferences RSC Publishing staff 
will be attending throughout 
2008. Watch out for celebrations 
at the Spring ACS meeting in 
New Orleans in April…

2008 is a big year for RSC 
Publishing as four titles from 
its successful journal portfolio 
celebrate their tenth year of 
publication. CrystEngComm, 
Green Chemistry, Journal of 
Environmental Monitoring 
(JEM), and Physical Chemistry 
Chemical Physics (PCCP) have all 
made huge advances in their first 
decade. 

PCCP boasts the highest ISI 
immediacy index of any general 
physical chemistry journal and 
CrystEngComm, with an impact 
factor of 3.729, is the journal 
in which to publish crystal  
engineering research. JEM is 
packed full of cutting-edge work 
on environmental processes and 
impacts and Green Chemistry, the 
most highly cited journal in its 
field, has an impact factor of 4.192.

A number of celebratory 
activities are planned this year 
to mark the anniversaries, 
including receptions, sponsored 
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Green chemistry, green solvents, and free
radical reactions in aqueous media
DOI: 10.1039/b800137p

Since its birth over a decade ago, the field

of green chemistry has seen rapid expan-

sion, with numerous innovative scientific

breakthroughs associated with the pro-

duction and utilization of chemical

products.1 The concept and ideal of

green chemistry now goes beyond chem-

istry and touches subjects ranging from

energy to societal sustainability. The key

notion of green chemistry is ‘‘efficiency’’,

including material efficiency, energy effi-

ciency, man-power efficiency, and prop-

erty efficiency (e.g., desired function vs.

toxicity). Any ‘‘wastes’’ aside from these

efficiencies are to be addressed through

innovative green chemistry means.

‘‘Atom-economy’’2 and minimization of

auxiliary chemicals, such as protecting

groups and solvents, form the pillar of

material efficiency in chemical produc-

tions. By far, the largest amount of

‘‘auxiliary wastes’’ in most chemical

productions are associated with solvent

usage. In a classical chemical process,

solvents are used extensively for dissol-

ving reactants, extracting and washing

products, separating mixtures, cleaning

reaction apparatus, and dispersing pro-

ducts for practical applications. While

the invention of various exotic organic

solvents has resulted in some remarkable

advances in chemistry, the legacy of such

solvents has led to various environmental

and heath concerns. Consequently, as

part of green chemistry efforts, a variety

of cleaner solvents have been evaluated

as replacements.3 However, an ideal and

universal green solvent for all situations

does not exist. Among the most widely

explored greener solvents are ionic

liquids,4 supercritical CO2,5 and water.6

These solvents complement each other

nicely both in properties and applica-

tions. Importantly, the study of green

solvents goes far beyond just solvent

replacement. The use of green solvents

has led science to uncharted territories.

For example, the study of ionic liquids

made large-scale supported synthesis

possible for the first time7 and the

utilization of supercritical CO2 has led

to breakthroughs in microelectronics and

nanotechnologies.8 Although water is the

most abundant, natural and non-toxic

solvent on earth, it has been traditionally

considered as a nuisance in most

chemical productions. However, since

Breslow’s9 report on the acceleration of

Diels–Alder reactions in aqueous media,

the re-examination of this solvent for

chemical applications has exploded. The

commercialization of aqueous-based

hydroformylation and hydrogenation

processes allow product separation and

catalyst recycling readily.10 The develop-

ment of aqueous organometallic reac-

tions simplifies protection–deprotection

of functional groups and allows the

direct use of biomass-based feedstocks

for synthetic purposes.11 The innovative

‘‘on-water’’ concept,12 water-tolerant

Lewis acids,13 and aqueous organocata-

lyses14 led to new understandings of

fundamental chemical reactivities.

Free-radicals represent a large class of

chemical species such as atoms, mole-

cules and reaction intermediates that

possess unpaired electrons. Such chemi-

cal species can both be long lived and

short lived. They played important roles

in biological processes and regulations of

the atmosphere.15 Chemically, most free

radicals are highly reactive and form a

fundamental class of chemical reac-

tions.16 Such reactions generally follow

a pattern of the three stages of initiation,

propagation and termination. The termi-

nation only occurs when two radicals,

both at very low concentrations, meet

and annul each other. Sometimes, this

makes the reaction disastrous (such as in

ozone depletion or explosions). However,

with proper design and control, radical

reactions can also be very ‘‘economical’’,

for example in tandem reactions and

atom-transfer synthesis.

Because most molecule-based radicals

and reaction intermediates do not have

charges, consequently radicals generally

react via orbital–orbital interactions,

which is analogous to the pericyclic

reactions.17 As a first approximation,

the principles, phenomena and theories

governing pericyclic reactions could be

applicable to many free-radical reactions.

The similarity between pericyclic reac-

tions and radical reaction suggest that

free-radical reactions can not only occur

in water but may be even advantageously

accelerated by water. In addition, the

very strong O–H bond of water and the

high energy required for homolytic clea-

vage of this bond suggests that water will

be better than most organic solvents in

preventing side-reactions. There are a

variety of ways to initiate a radical

reactions. Some classical radical initia-

tors are less desirable and new ones have

been developed.

The tutorial review by Tuck and co-

workers18 in this issue on forming C–H

bonds in aqueous media summarized

recent developments on the subject of

using radical chemistry to generate term-

inal products with the formation of C–H

bonds. The review include several key

sections: (i) a brief background on the

subject; (ii) the fundamental ways to

carbon-centered free radicals in aqueous

media and selection criteria; (iii) the

discussions of the advantages and the

usages of three major classes (azo-based

initiators, peroxides and boranes) radical

initiators for aqueous free-radical reac-

tions; (iv) the effect of substrate solubility

and hydrogen-atom-transfer reactions

in aqueous media; (v) discussions on

various greener free-radical hydrogen

donors for forming the final C–H bond

as well as the concept of ‘‘on water’’ and

‘‘in water’’ related to radical reactions;

and finally, (vi) several applications of

the hydro-atom-transfer reactions in

aqueous media including natural product

syntheses, probing DNA structure, and

deuterium isotopic labeling.

Green chemistry is about scientific

innovations in creating new knowledge

based on sustainability and resource

efficiency, as well as to tackle wastes

and hazards associated with the genera-

tion and utilization of chemical products.

The arsenals created by green chemists

EDITORIAL www.rsc.org/greenchem | Green Chemistry
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are ever increasing. The development of

free radical reactions to form C–H bond

in aqueous media is one more tool in the

green chemistry toolbox.

Chao-Jun Li, McGill University,

Canada
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Recent advances in C–H bond formation in aqueous media: a mechanistic
perspective
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Recent advances in free-radical chemistry have expanded the versatility and flexibility of carbon–

hydrogen bond formation in aqueous media. This review highlights progress made in the last

decade to ‘‘tame’’ reactive free-radical species in aqueous-phase reactions. Detailed are a broad

range of synthetically useful transformations and their application in synthesis, DNA structural

probing and isotope labelling. The review provides some practical hints useful for the design of

high-yielding free-radical reactions in aqueous media.

1 Introduction

One of the challenges for today’s chemist is to move away from

highly volatile, environmentally harmful, and/or biologically

incompatible organic solvents.1–5 Research in this area has

lead to the use of ionic liquids, supercritical (and near

supercritical) solvents, and fluorous solvents.2 An obvious

choice is to replace organic solvents with water, due to its cost

and availability.3–6 Additional benefits are that water can aid

in the removal of the environmentally unfriendly ‘‘heavy

metal’’ by-products.4,7 With several key reviews highlighting

the ‘greenness’ of water,1,2,4 there has been a push to develop

chemical reactions in water (aqueous media). Free-radical

reactions are an important class of synthetic reactions that

have been traditionally performed in organic solvents. In

recent years, the number of reports of free-radical reactions

that use water has increased.1–9 Water is an ideal solvent for

free-radical reactions as it possesses no reactive functional

groups and strong O–H bonds that make hydrogen abstraction

unlikely.4,7,9
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Whilst there have been several excellent reviews on carbon–

carbon (C–C) bond formation and reactions of carbon–

hydrogen (C–H) bonds in water,4,6–9 this review addresses

carbon–hydrogen bond formations in aqueous media via

radical reactions (hydrogen-atom transfer (HAT), radical

cyclization and deoxygenation) within the past decade. There

is a specific focus on HAT reactions as they represent one of

the major classes of the atom/group transfer reactions. In HAT

reactions, a hydrogen atom is transferred from a chain carrier

to the newly formed radical centre, through the general

mechanism involving radical initiation, radical propagation

and radical termination steps (Scheme 1). This reaction is

important in biology, in the chemical industry and in the

chemical laboratory.1,2,10–15

The review can be classified broadly into five main sections;

the generation of carbon centered free radicals, radical

initiators, solubility of substrate, the suitability of free-radical

hydrogen donors and HAT reactions in aqueous media.

2 Generation of carbon-centered free radicals in

aqueous media

In aqueous media carbon centered free radicals are typically

generated by either chemical, photolysis or radiolysis methods.

These methods are briefly discussed below and the criteria for

the selection of a radical initiator and hydrogen donor are

discussed in section 3 and 5 respectively.

Chemical methods used to generate carbon centered radicals

include so called ‘‘building block’’ reactions of free-radical

chemistry, such as HAT reactions,2,3 Barton–McCombie

deoxygenation reactions,3,4 free-radical additions to double

bonds,2,4 Fenton type reactions3 and thermal homolysis of

organometallic compounds such as certain chromium spe-

cies.16 Application of this method for generation of free

radicals will be discussed further in section 3.

Photochemical methods for the formation of alkyl and

other carbon centered radicals have been applied to the

following ‘‘building block’’ reactions in the arsenal available to

free-radical chemists.17,18 Well suited for use in biological

systems has also being used in synthetic applications in

aqueous and organic solvents.3,4,5,6

Radiolysis methods for the generation of carbon centered

radicals in aqueous solution include irradiation of the reaction

mixture to produce eaq
2, H? or ?OH radicals with various

organic compounds. Although, this method is not currently

used in synthesis, it is a very accurate and reliable probe for

exploring mechanistic and kinetic properties of free radicals

generated in vivo.19–25

3 Radical initiators for aqueous free-radical
reactions

There are three major classes of radical initiators; azo-based

initiators, peroxides and boranes. In a free-radical reaction

typically 5–10 mol% of the initiator is added, either in one

portion or by slow addition to the reaction over a period of

time. Water-soluble azo initiators have a number of advan-

tages over organic peroxides. They are relatively inexpensive,

do not produce undesirable decomposition products and/or

toxic by-products and have a greater thermal stability. There

are several commercially available azo radical initiators, see

Fig. 1 for structures, that can be used for free-radical reactions

in aqueous media. The most popular thermal radical initiator

is 29,29-azobisisobutyronitrile (AIBN) which has a half-life

(t1/2) in toluene of 1 h at 81 uC and 10 h at 65 uC.26–29 Whilst

AIBN is a popular choice, other azo compounds can give

superior results due to their varying half-life. The half-life of

the radical is dependent on its substitution, consequently

29,29-azobis(4-methoxy)-3,4-dimethylvaleronitrile (AMVN)

has a half-life in toluene of 1 h at 56 uC and 10 h at 33 uC,

29,29-azobis(2-methylpropionamidine) dihydrochloride

(APPH), a hydrophilic azo compound, has a t1/2 of 10 h at

56 uC in organic solvents. The radical initiators AIBN,

AMVN, V-501 and AAPH have been used in aqueous

reactions.16 Peroxides are used when the reaction requires a

more reactive initiating species.27,30 Initially an acyloxyl

radical is formed, followed by decarboxylation and a

subsequent bimolecular reaction which affords the reactive

carbon centered radical. Common peroxides that are used in

organic media are tert-butyl perbenzoate (PhC(O)OOBu-t)

and di-tert-butyl peroxide (t-BuOOBu-t), whose t1/2 are 1 h at

125 and 147 uC, respectively.24,27

Photochemically generated radical chain reactions are less

familiar to the synthetic chemist than those described above.3

The above mentioned peroxides, tert-butyl perbenzoate and di-

tert-butyl peroxide, have been used in the presence of light to

initiate radical chain reactions at room temperature or lower.

Azo compounds decompose under photochemical conditions

and therefore are rarely used.30

Triethyl borane (Et3B), in the presence of a very small

amount of oxygen, is an excellent initiator for radical chain

reactions. For a long time it has been known that trialkylbor-

anes (R3B) will react spontaneously with molecular oxygen to

give the corresponding alkyl radical (R?), but only in the last

10 years has this approach being successfully applied to the

initiation of free-radical reactions.30 These reactions can be

run at temperatures as low as 278 uC, which allows for a high

Scheme 1 General diagram of the hydrogen-atom transfer (HAT)

reaction.
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degree of stereo-, regio- and enantioselectivity required in the

synthesis of complex molecules.19,26,27,31–33

It is advisable to add the initiators slowly during the course

of the reaction with particular attention being paid to the half

life of the decomposition of the initiator at the operating

temperature of the reaction. The direct addition of the thermal

initiator with a reaction temperature much higher than that of

the 1 h half life generally does not lead to the optimal outcome

of the free-radical reactions. At low temperatures, when the

thermal initiation is not viable, Et3B/O2 is the best initiator to

use initially.

4 Solubility of substrates and HAT reactions in

aqueous media

Although a media effect in radical reactions was believed to be

almost negligible, Oshima et al. reported recently that water

increases the rate of radical reactions.34 They have found that

the atom transfer radical cyclization of allyl iodoacetate,

promoted by triethylborane, is accelerated in water.34

Moreover, they found that the yields of the cyclized products

correspond to the solubility of the starting allyl iodoacetate

derivative in water (Table 1).

A similar solubility effect was observed in the radical

addition of iodoacetamide to alkenes in water (Table 2).34

Whereas alkenes with hydrophilic groups produced the lactone

in high yields, water-insoluble 1-octene did not yield the

desired lactone under the identical reaction conditions. The

addition of organic co-solvent (EtOH–H2O = 9 : 1) was

required for the addition of iodoacetamide to 1-octene.34

5 Free-radical hydrogen donors for C–H bond
formation, ‘‘on water’’ and ‘‘in water’’

Organotin hydrides, such as Bu3SnH, Ph3SnH and Me3SnH,

have been used as hydrogen donors in radical chain processes

for the last 40 years.16,28,31,32,35,36 Since organostannanes are

toxic, special handling during the disposal of tin residues is

necessary and often problems with contamination after

product purification are encountered. It is therefore not

surprising that the so-called ‘tin problem’ has been addressed

by introducing a variety of alternative hydride sources that can

be used in conventional free-radical conditions as well as in

aqueous media.35 An increasing number of new reagents are

being reported for use in aqueous media, these include silylated

cyclohexadienes,35a gallium hydride (HGaCl2),37 indium(II)

chloride (InCl2),38 hypophosphorous acid (H3PO2)3 and

1-ethylpiperidine hypophosphite (EPHP)26 (Fig. 2). The use

of hypophosphorous acid as a H-donor is discussed in more

detail in section 5.1.

Thiols are hydrogen donors in free-radical reactions due to

the weak S–H bond (364 kJ mol21 cf. 435 kJ mol21 for

O–H).32 Thiols are frequently employed in mechanistic studies

as radical traps.16 An understanding of the kinetic rates of

radical reactions is required for their development and

Fig. 1 Commercially available azo free-radical initiators.

Table 1 Cyclization of allyl iodoacetates with triethylborane

R Solubility in water/mM Yield (%)

H 10 67
CH3 4.4 77
C2H5 1.4 72
n-C3H7 0.4 18
n-C10H21 0 0
CH2OH 170 89

Table 2 Radical addition of various acetamide to alkenes in water

R Yield (%)

CH2OH 88
(CH2)2OH 91
(CH2)3OH 85
(CH2)4OH 95
(CH2)2CO2H 94
n-C6H13 0

Fig. 2 Common hydrogen donors utilized in the radical hydrogen

atom transfer reactions in water and aqueous media.
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alteration. To date a large volume of vital kinetic data has been

collected, a kinetic timeline of the hydrogen donor abilities of

various commonly used free-radical reducing agents is

summarized in Fig. 3.28–30 Generally speaking for HAT

reactions to be efficient the rate of the chain transfer step

between the radicals and the starting materials must be higher

than that of the chain termination steps between the radicals.30

5.1 Hypophosphorous acid (H3PO2) and its derivatives as a free-

radical hydrogen donor

5.1.1 Background and reaction rates. An understanding of

the physical aspects and the reaction rates of P-centered

radicals is required in order to benefit from the full potential

offered by phosphorous-containing compounds. The radical

reactions HAT, halogen atom abstractions, cyclizations and

additions are reactions in the ‘‘tool box’’ of the widely applied

free-radical chemistry.39

It is interesting to note that hydrogen abstraction from

hypophosphorous acid or its derivatives to form phosphonyl

radicals is comparable to that of phenyl-substituted silanes

(1.2 6 105 M21 s21).40 Turro and Jockusch showed that

phosphinoyl radicals (R2P(O)?) are roughly ten times more

prone to reduction by thiophenol than acylphosphinoyl ones

((RCO)2P(O)?).41 A considerable amount of work has linked

the structure and reactivity of these radicals; phosphinoyl and

phosphonyl radicals are non-planar and as a result have a

variable degree of s-character,42 phosphonyl radicals are more

bent than phosphinoyl ones and acylphosphinol radicals are

further flattened (Fig. 4).43 In general, the more bent the

radical, the faster it will add to olefins. A trend that has been

attributed to the relative accessibility of the localized spin to

the trapping agent.

5.1.2 Use of P-centered radicals as efficient hydrogen donors.

The use of the hypophosphorous acid and its derivatives as

hydrogen donors comes from the crucial re-examination by

Barton and Jaszberenyi of some old radical reductions

involving hypophosphorous acid.44 The use of water as a

solvent for the clean and efficient reduction of organohalides

has initiated and propagated the growth of the novel area of

bioapplicable, biocompatible and ‘‘environmentally’’ friendly

methodology in free-radical synthesis. For this reason, and

because radical reactivities are complementary to other

reactivities, the quest for alternative mediators/hydrogen

donors is extremely active.12 In the last decade, hypopho-

sphorous acid and its derivatives have been used as mediators

in several radical reactions in aqueous media.43–52 The

mechanism of action of the P–H containing compounds is

described in Scheme 2.51 Several classes of novel hydrogen

donors was introduced by Jang et al., these include sodium

salts of hypophosphorous acid for the reduction of water-

soluble organohalides and introduction of dibutylphosphine

and diphenylphosphine oxides as novel, less hygroscopic

reducing agents.44–46

The groups of Murphy47 and Stoodley48 simultaneously

reported that N-ethylpiperidine hypophosphite (EPHP, Fig 2)

initiates carbon–carbon bond formation either through a

5-exo-trig cyclization of an aryl radical obtained from an

iodide47 or through a 5-exo-dig cyclization of an alkyl a-keto

radical obtained from a corresponding bromide48 (Scheme 3).

The final step of both transformation is the intra-molecular

HAT reaction from EPHP with the initiator V-501.

Kita and co-workers have built on previous results to report

EPHP-mediated cyclization of hydrophobic substrates in

water.49 The addition of a water-soluble initiator (VA-061,

[2,29-azobis(2-(2-imidazolin-2-yl)propane], Fig 1) and the

surfactant cetyltrimethylammonium bromide (CTAB) resulted

in a yield increase from 25 to 98% (Scheme 4). The authors

explain that this outstanding result is due to the micellar effect

of by CTAB, contributing to the incorporation of the

hypophosphoric acid in the micelles.52

Fig. 3 Rate constants for hydrogen-atom transfer from hydrogen-donor systems and primary radicals at 80 uC.

Fig. 4 Geometry of the P-centered radicals.

Scheme 2 General mechanism of the HAT reactions with hypopho-

sphorous acid (H3PO2) as hydrogen donors.
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Recently, Murphy et al. used a water-soluble phosphine

oxide to synthesize indolones in excellent yields in water in

tandem radical reactions (aryl radical formation, HAT,

cyclization and rearomatization) (Scheme 5).51 The reaction

is mediated by diethyl phosphine oxide (DEPO) and the water-

soluble radical initiator V-501. The advantages of these

reaction conditions are that reaction temperatures are sig-

nificantly lower than is typically required for a similar reaction

with tributyl tin hydride in benzene.35 This permits signifi-

cantly higher isolated yields than the corresponding reaction

mediated by ethylpiperidine hypophosphite (EPHP).49 DEPO

is water soluble and more lipophilic than hypophosphorous

acid and consequently it facilitates interaction between the

water-soluble mediator, the initiator and the lipophilic

substrates without requiring a phase transfer agent.50 The

pKa of DEPO (pKa = 6) ensures extraction of excess reagent

into the basic layer during workup.

5.2 Radical deoxygenation in aqueous media, a special case of

C–H bond formations

Tetraalkylammonium hypophosphites (TAHPs), recently

reported by Cho and Jang,50 are prepared by mixing various

commercially available tetraalkylammonium hydroxide with

aqueous H3PO2. These mild and efficient reagents are used for

the radical deoxygenation of alcohols and the formation of

carbon–hydrogen bonds in water, without additives such as

surfactants (Table 3).50

Reaction of the model compound, cyclododecyl S-methyl

dithiocarbonate, with several TAHPs (TAHP-1, TAHP-2,

TAHP-3 and TAHP-4) in the presence of a water-soluble

radical initiator, V-501, in water, can yield up to 94% of the

deoxygenated product after 5 h (Table 4).

This methodology was applied to the synthesis of 29,39-dide-

hydro-29,39-dideoxynucleosides which have been shown to

be potent anti-HIV agents.49 The bis-xanthate of the

N3-methyluridine derivative was subjected to the tandem

radical cyclization followed by HAT reaction in water, giving

the corresponding olefin in 82% yield (Scheme 6).50 Similar

results were also achieved in the case of adenosine derivative

(76% yield).50

Scheme 3 EPHP-mediated radical cyclizations.

Scheme 4 EPHP-mediated radical cyclization in water of the hydro-

phobic substrate.

Scheme 5 DEPO-mediated arylation of the amides in water.

Table 3 Various tetraalkylammonium hypophosphites

M+ M+(PO2H2)2

(CH3)3N+(CH2)15CH3 TAHP-1
Bu4N+ TAHP-2
Bu3N+CH3 TAHP-3
(CH3)4N+ TAHP-4

Table 4 Deoxygenation of O-cyclododecyl S-methyl dithiocarbonate
with tetraalkylammonium hypophosphites in water

Entry TAPH (equiv.) V-501 (equiv.) t/h Yield (%)

1 TAPH-1 (3) 0.5 5 94
2 TAPH-1 (2) 0.5 8 84
3 TAPH-2 (3) 0.75 7 90
4 TAPH-3 (3) 0.75 8 62 (29)a

5 TAPH-4 (3) 0.75 8 45 (52)a

a Recovered starting material.
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Recently, Kita et al. found that the combination of water-

soluble radical initiator (VA-061), water-soluble chain carrier

(EPHP) and surfactant (CTAB), resulted in a radical cycliza-

tion that occurred in water with a variety of hydrophobic

substrates (Table 5).52 Although the results were not as high

yielding as in the case of (TMS)3SiH, it was shown for the first

time that silane could be used as a silicon based hydrogen

donor in aqueous media. This discovery highlighted that

(TMS)3SiH is a environmentally benign and powerful hydro-

gen donor ‘‘on water’’ and ‘‘in water’’. By definition ‘‘on

water’’ reactions are a group of organic reactions that take

place as an emulsion in water and exhibit an unusual reaction

rate acceleration compared to the same reaction in organic

solvent or compared to the corresponding ‘‘dry media

conditions’’.53 Reactions ‘‘in water’’ are usually defined as

reactions that are miscible and are performed in water.

5.3 Tris(trimethylsilyl)silane ((TMS)3SiH) is an efficient radical

hydrogen donor, ‘‘on water’’

One of the drawbacks of radical reactions in aqueous media is

the immiscibility of either reagents, reactants or initiators.

However, recently this viewpoint has changed and immisci-

bility has started to be considered advantageous. Chemical

reactions ‘‘on water’’ are now given greater attention, since the

reactivity in the suspension obtained by vigorous stirring of

immiscible reactants seems to benefit from the enhanced

contact surface of the resulting tiny drops, as well as from the

unique molecular properties developed at the interface

between water and hydrophobic phase.53 ‘‘Polarity reversal

catalysis’’ is ideal for free-radical hydrogen transfer reactions

‘‘on water’’.54 The advantages of this methodology are based

on the fact that the silane/thiol mixture not only enhances of

the radical production and regeneration, but the system is also

flexible enough to accommodate the amphiphilic thiol (RSH)

which increases the radical reactivity at the interface Scheme 7.

5.3.1 On ‘‘polarity reversal catalysis’’ and the benefits for

silicon-based reducing agents in aqueous media. The reaction of

thiyl radicals with silicon hydrides (Scheme 8) is a key step of

the so called ‘‘polarity reversal catalysis’’ that has been utilized

extensively in the radical chain reductions of alkyl halides as

well as in the hydrosilylation of olefins using silane-thiol

couple. The reaction is strongly endothermic and reversible.

The rate constants kSH and kSiH were determined in

cyclohexane at 60 uC, relative to 2kt for the self termination

of the thiyl radicals, using the kinetic analysis of the thiol-

catalysed reduction of 1-bromooctane and 1-chlorooctane by

silane, respectively.55

Recently, Chatgilialoglu and co-workers reported that by

employing suitable thiol/silane mixture in the ‘‘polarity

reverse’’ mediated HAT reaction the efficient synergy of

radical production, regeneration and enhancement of the

radical reactivity at the interface can be achieved.54,56,57 For

the reduction of the organic halide (RX) by the combination

(TMS)3SiH/HOCH2CH2SH under radical conditions, the

propagation steps suggested in the scheme are expected. That

is, the alkyl radical abstracts hydrogen from the thiol and the

Scheme 6 Deoxygenation of N3-methyluridine derivative in water.5

Scheme 7 Radical chain reduction/cyclization of 3-(2-bromoethoxy)-

prop-1-ene by the (TMS)3SiH/thiol (RSH) reducing system

Table 5 Radical cyclization reactions using various initiators, hydrogen donors and surfactants

Initiator EPHP Yield (%) (cis : trans) H-donor/V-061 Yield (cis : trans) Additive EPHP V-061 Yield (%) (cis : trans)

VA-061 98 (55 : 45) None 0 None 64 (74 : 26)
AIBN 19 (57 : 43) (TMS)3SiH 94 (67 : 33) CTAB 98 (55 : 45)
Et3B 50 (67 : 43) EPHP 98 (55 : 45) SDS 98 (51 : 49)
V-501 72 (51 : 49) H3PO2/NaHCO3 84 (78 : 22) Triton X-100 98 (62 : 38)
VA-044 95 (50 : 50) NaH2PO2 58 (78 : 22) Et4N+Br2 85 (65 : 35)
a SDS = sodium dodecyl sulfate, Triton X-100 is a non-ionic surfactant.

Scheme 8
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resulting thiyl radicals abstract hydrogen from the silane, so

that the thiol is regenerated along with the chain carrying silyl

radical for a given RX (Scheme 9).56

Reduction of organohalides,56 including bromonucleo-

sides,58 can be achieved in aqueous media using (TMS)3SiH.

This procedure employs 2-mercaptoethanol as the catalyst and

either ACCN as organic solvent-soluble initiator or AAPH as

water-soluble radical initiator, the reduced compounds are

obtained in yields of 75% to quantitative (Table 6). As

(TMS)3SiH does not react significantly with water, it is

therefore a good reagent for radical based reductions in

aqueous media.

5.4 Thiol/azo initiator system in fatty acid isomerization and

peptide degradation in aqueous media

Chatgilialoglu and co-workers have used the thiol/azo-initiator

system for the isomerization of cis phospholipids to the

corresponding trans compounds. Cascade reactions, as well as

geometrical isomerization of the mono- and poly-unsaturated

fatty acid double bonds can be achieved by using a

combination of radical initiators and RSH as a hydrogen

donor in vitro (Scheme 10). From the in vitro and in vivo studies

it emerged that the thiyl radicals (RS?) are able to diffuse from

the aqueous phase to the lipid phase and perform a reaction

involving the membrane lipid double bonds thus forming trans

fatty acids.59,60 In these studies a catalytic amount of thiols

and various hydrophilic and hydrophobic azo-initiators, such

as AAPH, AIBN and AMVN, were used at 37, 71 and 54 uC
respectively, in aqueous media.61 Thiyl radicals addition to the

cis and trans double bond of phospholipids in aqueous media

is accompanied by isomerization, according to the mechanism

proposed in Scheme 10. This addition is reversible and gives

the trans geometric isomer in up to an 80% relative yield. In all

cases, HAT reactions take place at the initial pathways,

between alcohol and alkyl radical intermediate (R?) forming

the corresponding a-hydroxy carbon radical (?C–OH), which

can abstract a H-atom from the thiol to generate the

corresponding RS? (Scheme 10).

Sulfides have been shown to catalyze the lipid isomerization

processes61 with a series of hydrophobic and hydrophilic

sulfides (HOCH2CH2SCH3, HOCH2CH2CH2SCH3, S-methyl

cysteine and S-methyl homocysteine) were used with AAPH as

the initiator or under c-radiation conditions. It was suggested

that under c-radiolysis the H? atoms react with sulfides to form

a sulfuranyl species (Scheme 11) which in turn collapses to give

directly or indirectly the MeS? radical (or HS? in the case of

thiols). On the other hand the alkyl radicals R? or the ?C–OH

generated from the azo-initiator can abstract a hydrogen atom

from positions that are activated by the neighboring groups

forming the corresponding tertiary radical. These radical are

expected to generate MeS? radicals via b-elimination

(Scheme 11). Similarly, thiols such as HOCH2CH2SH and

cysteine should form sulfhydryl radicals HS? (or S?2) radical,

which are able to isomerize efficiently lipid double bonds in

aqueous media.62,63

The reaction of hydrogen atoms with peptides containing

methionine (Met) residues such as Met-enkephalins,64 RNase

A65–67 and amyloid b-peptides,68 have been investigated. In

these studies H? atoms are generated by radiolytic conditions

from the reaction of aqueous electrons with dihydrogen

Scheme 9 Proposed mechanism of polarity reversal catalysis using

(TMS)3SiH/thiol system.

Table 6 Reduction of organic halides (10 mM) with (TMS)3SiH
(12 mM) and HOCH2CH2SH (2.85 mM) in water

Substrate Initiator (mM) T/uC Yield (%)

APPH (3) 73 99
ACCN (3) 100 100

APPH (3) 73 90

APPH (3) 73 —
ACCN (3) 100 90
ACCN (33) 100 95

APPH (3) 73 —
ACCN (3) 100 90

APPH (3) 73 —
ACCN (3) 100 94

APPH (3) 73 —
ACCN (3) 100 75

Scheme 10 Thiol/azo-initiator system catalyzes lipid double bond

isomerization in aqueous media.
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phosphate anion (H2PO4
2), as shown in Scheme 12. For Met-

enkephalin it was calculated that 30–40% of H? should react

with the Met residue.64 The formation of diffusible thiyl

radicals such as CH3S?, derived from the reaction of the H?

with the Met moiety, was monitored with trans lipids as

markers. Using this peptide-liposome model, it was proposed

that CH3S? is able to migrate from the aqueous layer to the

membrane compartment thereby cause the geometrical iso-

merization of lipid double bonds.

6 Several applications of the HAT reactions in
aqueous media

6.1 Free-radical synthesis of natural products in water, is it a

reality

Hypophosphite hydrides can add to unsaturated compounds

and thus lead to the formation of the corresponding

phosphinates. Fukuyama designed a highly selective and

elegant synthesis of indoles by reacting hypophosphite salts

with unsaturated thioanilides.69 Initial regioselective addition

of the P-centered radical onto the CLS bond generated a new

stabilized carbon radical that could cyclize onto the olefin in

the ortho position, thus giving rise to the indolic skeleton.

Aromatization of the compound generated the desired

2,3-substituted indole. The authors have employed this

reaction as a key step towards the total synthesis of

(¡)-catharantine, a presumed biological precursor of anti-

tumor alkaloids vinblastine and vincristine (Scheme 13).69

6.2 Generation of radicals for probing DNA structures

The various conformations of DNA, the A, B and Z forms, the

protein-induced DNA kink, and the G-quartet form are

thought to play important biological roles in processes such

as DNA replication, gene expression and regulation, and the

repair of DNA damage.10 Investigation of local DNA

conformational changes associated with biological events is

essential in understanding the function of DNA. The suscept-

ibility of damage to the sugar unit of DNA is mainly

determined by formation of free radicals through hydrogen

atom abstraction from one of the five available positions. The

radicals in vivo can repair itself by hydrogen atom abstraction

from glutathione, or can lead to modification of the sugar unit

(DNA-damage), however they can lead to the strand breakage.

The ability of a chemist to generate the desired radicals using

‘‘nature like conditions’’ is essential to understanding radical

mediated DNA damage. To date there are several ways of

generating C19,70 C29,71 C39,72 C4973 and C5974,75 radicals

under ‘‘aqueous conditions’’ which are summarized in

Scheme 14.

6.3 Deuterium isotopic labeling in aqueous media

Recent progress in the fields of NMR spectroscopy and mass

spectrometry has allowed stable isotope labeling to become an

important technique in metabolic research for determining the

biological behavior of small molecules. The development of

synthetic methods for the preparation of compounds labeled

with non-radioactive isotopes such as deuterium has therefore

gained importance. Common methods for the incorporation of

deuterium into organic molecules include ionic reactions using

deuterides such as NaBD4 and LiAlD4, triethylsilane/boron

trifluoride system (Et3SiD?BF3) and radical methods involving

n-Bu3SnD.76,77 Unfortunately, radical reactions using tin

deuterides have serious drawbacks when used in the synthesis

of biologically active compounds, because of the inherent

Scheme 11 Sulfide/azo-initiator system used in lipid double bond

isomerization in aqueous media.

Scheme 12 Hydrogen atom reaction with peptides containing Met-

residues in aqueous media. Scheme 13 Formation of indole from thioanilide.
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toxicity of organotin derivatives and the difficulty of removal

of residual tin compounds. Recently radical cyclizations have

employed non-toxic and easily removed phosphinic acid

(H3PO2) in aqueous solvents.78 Oshima et al. introduced a

broad range of phosphorous based deuterating agents to

achieve radical deuteration, these include deuterated hypopho-

sphorous acid potassium salts, deuterated phosphinic acid/

DBU mixture and a deuterated phosphinic acid/DCl/K2CO3

combination.78 Deuteration of hydrophobic substrates is

possible, although the incorporation of deuterium was not

optimal (,20%), however less hydrophobic substrates gave

deuteration with total incorporation (Scheme 15).77 It is

noteworthy to mention that in this radical reaction a

quaternary center is created bearing a deuterium in high yield.

Various hydrogen/deuterium exchanges were conducted in

either D2O or D2O/dioxane mixture and complete deuterium

incorporation could be achieved by the reactions in D2O

without the addition of an organic co-solvent and/or organic

base.

7 Conclusions

This review highlights several methods for carbon–hydrogen

transfer reactions in aqueous media with various reducing

agents. The simplicity of water, its abundance and wide

availability, will undoubtedly lead the development of novel

and exciting methodologies. The development of environmen-

tally benign applications based on radical hydrogen atom

transfer reactions is just around the corner.
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Direct etherification of glycerol with alkyl alcohols, olefins and

dibenzyl ethers was successfully catalyzed by acid functionalized

silica, allowing the first catalytic access to valuable monoalkyl

glyceryl ethers.

Over the last ten years, glycerol has gained a lot of attention

because of the tremendous industrial development of vegetable oils

especially for the production of biodiesel. Indeed, glycerol is the

main co-product of the vegetable oil industry and the rapid

expansion of biodiesel demand is creating a significant glut of the

glycerol market, unavoidably accompanied by an alteration of the

cost and availability of this natural polyol. In order to further

advance the production and utilization of biodiesel, new and

innovative catalytic processes based on the use of glycerol were

recently developed. Some of these works can be found in recent

comprehensive reviews.1 However, up to now, all these studies are

mainly dedicated to the transformation of glycerol to low value

added chemicals such as surfactants,1b fuel additives,2 acrolein,3

carbonate,4 etc… This tendency comes from the fact that the use

of glycerol as a building block for advanced organic synthesis

raises major drawbacks such as (i) the presence of three hydroxyl

groups with similar pKa (y13.5) which requires the assistance of

protective agents,5 (ii) its high hydrophilicity which makes its

interaction with organic substrates highly difficult and (iii) its high

viscosity raising some substrate diffusion problems. For these

reasons, although numerous elaborate organic substrates exhibit a

glycerol moiety as organic skeleton, for instance amphiphilic

polymers,6 antifungal agents7 and various pharmaceutical ingre-

dients,8 glycerol has never been used as a starting material for their

synthesis. Indeed, in order to get satisfactory synthetic yields,

highly reactive and toxic reagents such as epichlorohydrin,

3-chloro-1,2-propanediol or glycidol are always preferred to the

cheap and non-toxic glycerol. However, regarding the availability,

the environmental and the economical viability of the process, the

use of glycerol would be much more preferable.

In this context, heterogeneous catalysis is expected to play a

pivotal role by offering to organic chemists useful tools for the

successful use of glycerol in advanced organic synthesis. In this

respect, we report here that acid organomodified silica materials

are much more efficient than other solid catalysts in performing

various organic transformations from glycerol with high yield. In

particular, we show here that Brønsted sulfonic catalysts

immobilized over siliceous solid support are a very active solid

catalyst for the metal and salt free (i) etherification of glycerol with

alkyl alcohols, (ii) nucleophilic addition of glycerol to olefins and

(iii) cleavage of ether bonds with glycerol. This study affords, in a

one step process and without addition of any organic solvent, a

diverse array of glycerol-based organic structures in moderate to

excellent yields. It is noteworthy that this study opens, for the first

time, environmentally friendly and easy routes for the transforma-

tion of glycerol to higher value added chemicals. Indeed,

monoether glyceryl ethers (MAGEs) resulting from these trans-

formations are highly valuable chemicals since they exhibit a wide

spectrum of biological activities such as anti-inflammatory,9

antibacterial, antifungal,10 immunological stimulation,11 and anti-

tumor properties.12 They are also important precursors for the

preparation of 1,3-dioxolan-2-ones13 and bis(sodium sulfonate

ester) type cleavable surfactants.14

We initially investigated the catalytic etherification of glycerol

with alkyl alcohols. To the best of our knowledge, this pathway

has been discussed very little and only a few pioneer efforts for

drug derivatization are reported.15 Alkyl chlorides are generally

used for selective etherification of alcohols including glycerol.16

However, this process requires a stoichiometric amount of base or

the use of Cu(acac)2
17 as catalyst which unfortunately leads to an

extensive production of salts which has to be treated and disposed

of. With the aim of searching for new catalytic pathways, we

discovered that silica supported sulfonic moieties (SiO2–SO3H 1)18

were able to catalyze the direct etherification of glycerol with

1-phenyl-1-propanol. Indeed, when an equimolar mixture of

glycerol and 1-phenyl-1-propanol was heated at 80 uC in the

presence of 1.7 mol% of sulfonic catalyst grafted over silica,

resulting MAGEs were obtained, after 4.5 h of reaction, in 73%

yield with an exclusive selectivity (Table 1, entry 2). Further

increase of the reaction time with the aim of increasing the

MAGEs yield was found to be ineffective due to the side

formation of double-etherified product at higher conversion (entry

3). Fortunately, the selectivity and the yield to the desired MAGEs

were significantly improved when 4.2 equiv. of glycerol were used

(entry 4). Temperature also affected the reaction quite notably, and

optimal yield was achieved at 80 uC (entries 4, 5). It is interesting to

note that, in all cases, the desired a-monoalkyl glyceryl ether (1c)

was always obtained with more than 88% regioselectivity.

Remarkably, very low amounts of SiO2–SO3H 1 catalyst can be

employed without affecting the reaction yield. Indeed, in the

presence of only 0.8 mol% of immobilized sulfonic catalyst,

MAGEs were obtained with 95% yield after 7.5 h of reaction

(Fig. 1). Conversely, an increase of the catalyst amount from 1.7 to

2.6 mol % of grafted –SO3H caused a surprising drop of the

Laboratoire de Catalyse en Chimie Organique, Université de Poitiers-
CNRS, 40 Avenue du recteur Pineau, Poitiers Cedex, 86022, France.
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{ Electronic supplementary information (ESI) available: Further experi-
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reaction yield from 95 to 69%. Further inspection revealed that, in

this case, more than 20% of carbon mass balance was lost

probably due to a polymerisation of reactants.

The efficiency of SiO2–SO3H 1 was then compared to other

known solid catalysts in order to highlight the large contribution of

silica-based materials for the use of glycerol in organic synthesis.

Surprisingly, with homogenous catalysts, such as p-toluenesulfonic

acid (PTSA) and methanesulfonic acid (CH3SO3H), the reaction

rate was lower than in the case of SiO2–SO3H 1 since the desired

MAGEs were produced with only 64% and 60% yield respectively

(entries 6, 7) after 4.5 h of reaction. The same results were obtained

when SiO2–SO3H was compared to other known acid solid

catalysts such as acidic carbon (carbon–SO3H, H+ exchange

capacity = 0.3 mmol g21), Amberlyst-16 (H+ exchange capacity =

5.0 mmol g21), and zeolite CBV-720 (with total framework Si/Al

ratio of 16).18 Indeed, with these solid catalysts, no reaction yield

beyond 20% was observed (entries 8–10) after 4.5 h of reaction. It

should be noted that, in all cases, except with CBV-720 zeolite for

which an important loss (ca. 60%) of carbon mass balance was

observed probably due to a polymerization of products, the

reaction mixture was clean as only starting materials and products

were detected by GC during the reaction.

Recyclability of the SiO2–SO3H solid catalyst was also

investigated. After each cycle, the used catalyst was filtered,

washed with ethanol and reused for the next catalytic run. The

activity of SiO2–SO3H 1 was unaffected even after five catalytic

runs (Table 1, entry 11) (see also ESI{). This higher performance

of the silica based catalyst compared to other catalytic systems

might be ascribed to its strong affinity for glycerol. Indeed, these

materials are known to be highly polar19 and probably stronger

interact with glycerol than other solid catalysts leading thus to

higher reaction rate.

Having found suitable conditions for the catalytic dehydrative

etherification of glycerol over SiO2–SO3H 1 solid catalyst, we then

proceeded to screen a wide range of different alcohols and the

results are shown in Table 2. Many benzyl alcohols including

1-phenyl-1-ethanol, 1-tolyl-1-ethanol, 1-(4-chlorophenyl)-1-

ethanol, 1-phenyl-1-pentanol, benzhydrol and benzyl alcohol were

successfully converted to their corresponding MAGEs in 85% to

96% yields (entries 1–5). Interestingly, the present catalytic process

tolerated the use of functionalized alkyl alcohols such as

a-vinylbenzyl alcohol, 1-phenyl-1-pentyn-3-ol and 1-phenyl-2-

propyn-1-ol. Indeed, yields ranging between 70 and 83% were

obtained in all cases and no polymerization or cleavage of the

double and triple bond was observed (entries 6–8). Amphiphilic

MAGEs resulting from the etherification of glycerol with a long

alkyl chain are useful surfactants for industry because of their high

Table 1 Screening of catalystsa

Entry Catalyst

GC yield (%)

1 Naked SiO2 0 0
2b SiO2–SO3H 1 73c (1c/1d = 90/10) ,1
3b,d SiO2–SO3H 1 76c (1c/1d = 88/12) 12
4 SiO2–SO3H 1 96c (1c/1d = 90/10) ,1
5e SiO2–SO3H 1 73c (1c/1d = 90/10) ,1
6 PTSA 64c (1c/1d = 86/14) ,1
7 CH3SO3H 60c (1c/1d = 83/17) ,1
8 Carbon–SO3H 12c (1c/1d = 89/11) ,1
9 Amberlyst-16 12 c(1c/1d = 88/12) ,1

10 Zeolite HFAUf 18 (1c/1d = 54/46) ,1
11g SiO2–SO3H 1 96c (1c/1d = 88/12) ,1
a 1b/1a molar ratio = 4.2. b 1b/1a molar ratio = 1. c The remainder is unreacted starting material. d 7 h. e 60 uC. f Zeolite CBV-720 with total
framework Si/Al ratio of 16, 10 wt%. g Reused in the fifth run.

Fig. 1 Effect of catalyst amount.
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stability.16 For this reason, we then examined the reactivity of

aliphatic alcohols with glycerol. The present catalytic process was

found only efficient starting from exo-norborneol for which 83%

yield was obtained (entry 9). All attempts to catalytically etherify

glycerol with dodecanol were unsuccessful and no reaction was

observed even at higher temperature or with longer reaction time

(entry 10). Fortunately, starting from long chain allylic alcohols

such as trans-2-octene-1-ol, amphiphilic MAGEs were obtained

with more than 61% yield offering new and green access to robust

glycerol-based surfactants (entry 11).

In seeking further improvements using glycerol as the glyceryl

donor, we then moved on to the direct nucleophilic addition of

glycerol to olefins. In the literature, catalytic addition of glycerol to

isobutene has been already reported. However, this process

requires a large excess of isobutene and a lack of selectivity was

observed since tri-etherified products were mainly obtained.20

Recently, Zhang and Corma reported an efficient procedure for

the etherification of alcohols with olefins. This reaction was

catalyzed by gold catalyst in the presence of copper as co-

catalyst.21 Selective and metal free nucleophilic addition of glycerol

to olefins would be, if realized, conceptually interesting and

industrially relevant because of the 100% of atom economy of this

reaction. Results of this study are reported in Scheme 1. Under

optimized conditions, SiO2–SO3H 218 allowed successful conver-

sions of norbornylene and dicyclopentadiene to the corresponding

mono-ethers of glycerol in 89% and 64% yields, respectively.

Interestingly, in the case of dicyclopentadiene, the nucleophilic

addition of glycerol exclusively occurred to the 5,6-double bond.

To the best of our knowledge, the present catalytic process is the

first example of a salt and metal free route for the direct and

selective nucleophilic addition of polyols to olefins.

In order to further demonstrate the large contribution of SiO2–

SO3H solid catalysts for the use of glycerol as a safe organic

building block, dibenzyl ethers were then used to react with

glycerol. In the presence of 2.2 mol% of sulfonic catalyst

immobilized on silica (SiO2–SO3H 2), dibenzyl ether and

di(a-phenyl)propyl ether were readily reacted with glycerol at

95 uC to afford the corresponding ethers with more than 90% yield

within 4 h (Scheme 2). The regioselectivity of this reaction was still

very high since a-regioisomers (6a) were produced with more than

92% selectivity.

In conclusion, glycerol has been proven as a green, cheap and

sustainable glyceryl donor for the synthesis of various derivatives

instead of traditional expensive and toxic epichlorohydrin,

3-chloro-1,2-propanediol and glycidol. In this study, we have

shown that SiO2–SO3H catalysts are able to couple glycerol with

Scheme 1 Synthesis of MAGEs from glycerol and olefins.

Table 2 Etherification between glycerol and alkyl alcohols over
SiO2–SO3H 1

Entry Alcohols Time/h
Isolated
yield (%) 2a/2b

1 2.5 85 93/7

2a 2.0 94 94/6

3 8.0 89 93/7

4b 2.0 96 94/6

5 19 76 84/16

6 48 83 88/12

7c 7 70 90/10

8 4 82 92/8

9 5 83 89/11

10 48 0 —

11d 39 61 79/21e

a 1.4 mol% catalyst, 65 uC. b 70 uC. c 60 uC. d 2.5 mol% catalyst,
85 uC, GC yield, trans/cis = 2.0. e Calculated based on GC (for cis-
product) and 1H NMR(for trans-product).
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various organic substrates under environmentally friendly condi-

tions. Indeed, with benzyl, propargyl and allyl alcohols, olefins and

dibenzyl ethers, glycerol was converted to the corresponding

MAGEs in moderate to excellent yields. This method not only

contributes to conversions of glycerol to more value added

chemicals but also opens, for the first time, a salt and metal free

catalytic alternative to the stoichiometric synthesis of MAGEs.

The authors thank the French Ministry of Research and CNRS

for their financial support and the post-doctoral grant for YG.
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A new, green protocol for producing simple esters by selectively

oxidizing an aldehyde dissolved in a primary alcohol has been

established, utilising air as the oxidant and supported gold

nanoparticles as catalyst. The oxidative esterifications proceed

with excellent selectivities at ambient conditions; the reactions

can be performed in an open flask and at room temperature.

Benzaldehyde is even oxidised at a reasonable rate below

270 uC. Acrolein is oxidised to methyl acrylate in high yield

using the same protocol.

Over the past decade, the utilisation of gold catalysis has increased

rapidly.1 For a long time, gold was thought to be relatively inactive

as a catalyst, but finally in 1973 it was shown to be active for the

hydrogenation of olefins.2 Later, the hydrochlorination of

acetylene and the aerobic oxidation of carbon monoxide was

reported by Hutchings3 and Haruta et al,4 respectively. Since that

time, gold has been identified as the most active catalyst in a

variety of reactions. Oxidations with molecular oxygen, in

particular, have attracted increasing attention over recent years,

since they represent ‘‘green’’ oxidation methods.5 The oxidation of

alcohol and aldehyde moieties using gold nanoparticles has

previously been studied in some detail.6–8

Herein, we show that supported gold nanoparticles can be used

to catalyse the oxidation of benzaldehyde dissolved in different

alcohols to directly produce various benzoate esters. The oxidising

agent is air, a cheap and abundant resource. The experiments are

conducted at room temperature, thus requiring no external

heating, yielding an economic and practical route. The experiments

take place in a flask open to air. It has been shown that if an

alcohol is oxidised in the presence of a stoichiometric amount of

aqueous base, carboxylates are achieved.9 Base can in fact be

negated from the starting reaction mixture, but then elevated

temperatures are required to drive the reaction to full conversion.

If the reactions are carried out in water, carboxylic acids result.10,11

If performed in methanol, primary alcohols are converted into

methyl esters.12,13 For the latter process, only a catalytic amount of

base is required. It has recently been established that the oxidation

of alcohols to their corresponding methyl esters proceeds via an

aldehyde intermediate. The rate determining step is believed to

be dehydogenation of the alcohol to form this aldehyde

intermediate.14 The second step—oxidation to form the methyl

ester—proceeds relatively rapidly, indicated by the lack of

accumulation of the aldehyde. This points to the possibility for

aldehyde oxidations at much milder conditions than those used for

alcohols. The reaction pathway can be seen in Scheme 1. Previous

work on the oxidation of aldehydes to carboxylic acids has been

conducted by Rossi et al.15

The catalytic reactions were carried out in an open glass flask,

fitted with a condenser. All chemicals were used without further

purification. NaOMe was used as a 30% solution in MeOH. In a

typical experiment, gold supported on titanium dioxide (1%

Au/TiO2 supplied by Mintek) was suspended in the solvent

alcohol. The aldehyde and base were added under stirring. Small

aliquots were taken at selected times, the samples were filtered

directly through a 13 mm syringe filter and analysed by GC and

GC-MS. The GC column used was Agilent Technologies Inc. HP-

5. For the acrolein reactions, a CP-PoraPLOT Q-HT column was

used. The reaction equation for benzaldehyde is shown in

Scheme 2a, and that for acrolein in Scheme 2b, which is

considered later as an application of the method presented.

Fig. 1 shows the formation of methyl benzoate at varying

temperatures. It can be seen that at decreasing temperatures the

rate of formation of methyl benzoate decreases. The temperature is

the limiting factor below 25 uC. Above this temperature it can be

seen that there is no difference in the rates of reactions, implying

that a factor other than temperature in now the rate determining

factor. This could be the availability of atmospheric oxygen; we

Center for Sustainable and Green Chemistry, Department of Chemistry,
Technical University of Denmark, Kemitorvet building 207, DK-2800,
Kgs. Lyngby, Denmark. E-mail: chc@kemi.dtu.dk; Tel: +45 4525 2402
{ The Center for Sustainable and Green Chemistry is sponsored by the
Danish National Research Foundation.

Scheme 1

Scheme 2
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would expect approximately the same amount of oxygen to be

dissolved in the solution at 25 uC as at 40 uC, thus accounting for

the similar reaction rates.16

Methyl benzoate can be formed from benzaldehyde at

temperatures as low as 278 uC, proving this to be a facile and

extremely fast reaction at room temperature. The remarkable

catalytic activity of gold nanoparticles for aerobic oxidation of

benzaldehyde at 278 uC was verified in an independent series of

experiments. At these reaction conditions, ca. 2.7 mmol benzalde-

hyde was oxidized per mmol gold per hour.

Fig. 2a depicts the effect on the reaction rate of varying the

amount of base present. Sodium hydroxide can also be utilised as

the base, but sodium methoxide was selected for practical

purposes. A higher percentage of base yields a substantially faster

reaction. With lower quantities of base the reaction takes longer to

go to completion. Fig. 2b shows the results for formation of

methyl benzoate in the absence of base. Formation of methyl

benzoate with 10% base present is shown alongside for

comparison. The fact that product formation occurs in excellent

yield and selectivity even without base indicates that the protocol

can be easily modified to the conditions required in special cases.

Temperature, base presence and amount, and the use of oxygen or

air as the oxidant can be varied, and full conversion with good to

excellent yields are obtained; hence this can be viewed as a versatile

and practical process. Furthermore, the reaction was run without

catalyst (Fig. 2b), highlighting the necessity of the supported

nanoparticles.

The protocol for methyl ester formation was investigated to

study more generally ester formation. A range of simple alkyl

alcohols and benzyl alcohol were utilised in place of methanol

(Fig. 3). Formation of the methyl ester is by far the most rapid. On

utilisation of longer chained alcohols, the rate of reaction

decreases. This can be observed in the decreasing reaction rates

of the alkyl alcohols, progressing from methanol to 1-butanol.

When benzaldehyde is reacted with benzyl alcohol, the reaction

rate is slower than that observed for methanol, but more rapid

than for the alkyl alcohols. However in all cases, the reaction

conditions can be tuned to produce the desired ester in high yield.

Moreover, analogous experiments with hexanal and 2-methyl

pentanal showed that it is also possible to achieve the

corresponding methyl ester from these substrates in yields above

90%. However, full conversion is only reached after about 10 h

showing that these aliphatic substrates are oxidized more slowly

than benzaldehyde.

Further experimentation on the protocol set out above was

executed using acrolein as the aldehyde starting material. Acrolein

can be obtained from glycerol by dehydration at high tempera-

tures,17 and subsequently oxidised in methanol to furnish the

methyl ester, methyl acrylate. Glycerol, as a by-product from

biodiesel formation, is a very cheap and abundant feedstock.18

Acrylate esters constitute an important group of feedstocks, for

example, they are used to make water-based paints, solvent-based

coatings and acrylic coatings. Our methodology enables such

Fig. 1 Rate of formation of methyl benzoate at selected temperatures.

Reaction conditions: Benzaldehyde : methanol 1 : 30, 0.2 mol% 1 wt%

Au/TiO2 from Mintek, 10 mol% 30% NaOMe soln. in MeOH.

Fig. 2 a. Rate of formation of methyl benzoate with various amounts of

base present. b. Conversion of benzaldehyde to methyl benzoate with no

base present. Reaction conditions: Benzaldehyde : methanol 1 : 30,

0.2 mol% 1 wt% Au/TiO2 from Mintek, T = 25 uC.

Fig. 3 Gold catalysed oxidation of benzaldehyde in alcohol solvent.

Reaction conditions: Benzaldehyde : methanol 1 : 30, 0.2 mol% 1 wt%

Au/TiO2 from Mintek, T = 25 uC, 20 mol% 30% NaOMe soln. in MeOH.

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 168–170 | 169

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

21
71

G
View Online

http://dx.doi.org/10.1039/B712171G


acrylate esters to be synthesised, at room temperature, using air as

the oxidant, thus providing a ‘‘green’’ route to methyl acrylate.

Methyl acrylate was synthesised from acrolein by the present

aerobic oxidation protocol with 87% selectivity at 97% conversion

(Fig. 4 and Scheme 2b). This result is achieved with no

optimisation, thus providing a good yield of methyl acrylate at

this stage.

In conclusion, we have described a practically, and potentially

economically, very attractive route to furnish esters from

aldehydes. The simplest available oxidant, air, is used and the

oxidative esterifications run to full conversion with good to

excellent selectivities. The oxidation reactions even take place at

278 uC, demonstrating the highly catalytic ability of gold

nanoparticles. The methodology can be tuned to allow for varying

temperatures and amounts of base, depending on the required

reaction conditions. In addition, we have synthesised methyl

acrylate from acrolein using the same advantageous process, and

the scope for synthesising other acrylate esters by the same method

stands as a strong possibility.
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Fig. 4 Gold catalysed oxidation of acrolein in methanol. Reaction

conditions: Acrolein : methanol 1 : 80, 0.9 mol% 1 wt% Au/ZnO from

Mintek, T = 25 uC. Yield of methyl acrylate is shown.
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D-Glucosamine, a natural ligand, can efficiently promote the

N-arylation of imidazoles with aryl and heteroaryl halides using

CuI as a catalyst.

Copper-catalyzed N-arylation is an important transformation in

organic synthesis and the resulting arylated products have widely

spread applications in pharmaceutical and agrochemical industries.

Traditional copper-catalyzed Ullmann coupling protocols often

require the use of stoichiometric amounts of copper reagents,

which leads to the problems of waste disposal on scale.1 It also

necessitates the high reaction temperature and has low toleration

of functional groups. Therefore, for a long time, the transforma-

tion has not exhibited its promising advantage. Although some

significant achievements in palladium-catalyzed N-arylation have

been made,2 its practical application for industry is problematic

mainly due to the toxicity and high cost of the palladium catalyst

and the specific ligands. In recent years, the economic attractive-

ness of copper has led to a resurgence of interest in Ullmann-type

reactions and great progress3 has been made in the context of some

special ligands such as aliphatic diamines,4 1,10-phenanthroline

and its derivatives,5 ethylene glycol,6 diethylsalicylamide,7 amino

acids,8 oxime-type,9 Schiff base10 and phosphine-containing

ligands.11 However, except for amino acids, almost all of the

ligands are nonnatural and not eco-friendly. For example, some

ligands, such as aliphatic diamines and 1,10-phenanthroline, are

toxic or corrosive; other ligands, such as diethylsalicylamide,

oxime-type and Schiff bases usually need tedious procedures to

synthesize. Based on the concerns of green chemistry, hazardous

materials may not be the preferred choices in manufacture and

application of chemical products. Enviromentally benign and easy

to obtain ligands are still in demand.

Within the N-arylation of imidazole, the copper-catalyzed

Ullmann coupling reaction is the most efficient method. Most

coupling of imidazoles uses aryl iodides as the electrophilic

coupling partner and only a few examples with aryl bromides are

reported.12 Since ethylene glycol, diamine and their derivatives,

usually unnatural, are good ligands for the Ullmann reaction in

published papers, with the interest of green chemistry,13 we intend

to find a natural compound which contains an hydroxyl and

amino group as a green ligand for the N-arylation coupling

reaction. D-Glucosamine is a main raw material in the synthesis of

antibiotics and anticarcinogens and is also used in pharmaceuticals

due to its important physiological functions.14 Herein, we wish to

report D-glucosamine promoted N-arylation of imidazole with aryl

and heteroaryl bromides using CuI as a catalyst.

At first, bromobenzene 1a and imidazole 2 were selected as the

model substrates (Table 1, Scheme 1). Catalyzed by CuI, different

natural ligands, several bases and solvents were examined to set up

standard reaction conditions. When the reaction was performed in

DMSO in the presence of 2.1 equivalents of Cs2CO3 at 110 uC for

24 h with D-glucose as a ligand, the desired product 3a was

obtained in 60% yield (Table 1, entry 1). Then, other multi-

hydroxyl natural compounds such as D-mannitol, D-fructose and

D-glucosamine were investigated. From the results in Table 1, it is

obvious that D-glucosamine is the most efficient ligand examined

(Table 1, entries 1–4) and gave the coupling product in 84% yield.

With D-glucosamine as a ligand, the change of the base to K3PO4

and K2CO3 resulted in decreased yields (Table 1, entries 5–6).

Besides DMSO, a number of other solvents such as DMF, NMP,

1,4-dioxane and [Bmim]BF4 were further surveyed. It was found

that use of an ionic liquid as the solvent suppressed the coupling

reaction entirely. DMF, NMP and 1,4-dioxane were not good

choices here and the yields were comparatively lower. Compared

with the catalytic effect of CuI, the other copper(I) sources, such as

CuBr, CuCl, or Cu2O showed slightly lower catalytic activities

(Table 1, entries 11–13). Interestingly, the N-arylation product was

aDepartment of Chemistry, Zhejiang University, Xi Xi Campus,
Hangzhou, 310028, Zhejiang, P. R. China.
E-mail: wlbao@css.zju.edu.cn; Fax: +86 571-88273814;
Tel: +86 571-88273814
bCollege of Pharmaceutical Science, Zhejiang University of Technology,
Hangzhou, 310014, Zhejiang, P. R. China
{ Electronic supplementary information (ESI) available: Experimental
details and characterisation data. See DOI: 10.1039/b713658g

Table 1 N-arylation of imidazole under different conditionsa

Entry Ligand Base Solvent Catalyst Yield (%)b

1 D-Glucose Cs2CO3 DMSO CuI 60

2 D-Mannitol Cs2CO3 DMSO CuI 59

3 D-Fructose Cs2CO3 DMSO CuI 65

4 D-Glucosamine Cs2CO3 DMSO CuI 84

5 D-Glucosamine K3PO4 DMSO CuI 70

6 D-Glucosamine K2CO3 DMSO CuI 65

7 D-Glucosamine Cs2CO3 DMF CuI 30

8 D-Glucosamine Cs2CO3 NMP CuI 70

9 D-Glucosamine Cs2CO3 Dioxane CuI 25

10 D-Glucosamine Cs2CO3 [Bmim]BF4 CuI 0

11 D-Glucosamine Cs2CO3 DMSO Cu2O 70c

12 D-Glucosamine Cs2CO3 DMSO CuBr 65

13 D-Glucosamine Cs2CO3 DMSO CuCl 58

14 None Cs2CO3 DMSO CuI 20
15 D-Glucosamine Cs2CO3 DMSO CuI 81d

a Reaction conditions: Bromobenzene (1.2 mmol), imidazole
(1.0 mmol), CuI (0.2 mmol), ligand (0.4 mmol) and base (2.1 mmol)
in solvent (1.0 ml) under N2. b Isolated yields. c Cu2O (0.1 mmol).
d 5 equivalents of H2O were added.
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obtained in 20% yield in the absence of the ligand, which might

indicate that maybe imidazole promotes the coupling reaction

itself. It should be noted that the process is fairly insensitive to

water, which is demonstrated by the observation that only a small

decrease in reaction yield occurred when 5 equivalents of water

(relative to bromobenzene) were added to the reaction mixture

(Table 1, entry 15). Therefore, no special precautions to exclude

small amounts of moisture from this reaction are required.

With the optimized procedure in hand, the scope of this

coupling reaction was further explored with different aryl and

heteroaryl bromides as the substrates and the results are

summarized in Table 2, Scheme 2. From the results, no significant

electronic effects were observed for para- and meta-substituted aryl

bromides; the rates and yields of the reactions were comparable.

2-Methylbromobenzene typically required longer reaction time

and gave an acceptable yield (Table 2, entry 3). It indicated that

the yield of the coupling reaction is strongly affected by the steric

hindrance of the methyl in 2-methylbromobenzene. To our delight,

2-bromo-4-methyltrifluoroacetanilide can be efficiently used as the

substrate and excellent yield was obtained in shorter time (Table 2,

entry 12). This may be ascribed to the existence of an accelerating

effect caused by an ortho-amide group, which was in accordance

with the result of Ma et al.15 Moreover, heterocyclic aryl bromides,

such as different types of substituted bromopyridines and

bromothiophenes were compatible with the present procedure

and good to excellent results were obtained. Especially, 2-chloro-

pyrimidine, can also be used as an appropriate substrate and

affords the corresponding product smoothly (Table 2, entry 18).

The coupling of benzimidazole with bromobenzene also gave the

corresponding product in 60% yield (Scheme 3).

In summary, we have disclosed that D-glucosamine, a natural

ligand, can efficiently promote the N-arylation of imidazoles with

aryl and heteroaryl halides using CuI as a catalyst. It provides a

green ligand for selection of copper-catalyzed N-arylation for

practical use.

Scheme 1

Scheme 2

Scheme 3

Table 2 N-arylation of imidazolea

Entry Arylating agent Product Time Yield (%)b

1 3a 24 h 84

2 3b 24 h 80

3 3c 24 h 35
48 h 55

4 3d 24 h 73

5 3e 24 h 79

6 3f 22 h 90

7 3g 24 h 72

8 3h 20 h 91

9 3i 24 h 68

10 3j 22 h 86

11 3k 24 h 72

12 3l 10 h 90c

13 3m 24 h 78

14 3n 24 h 70

15 3o 22 h 82

16 3p 20 h 83

17 3q 24 h 71

18 3r 18 h 95

a Arylhalide (1.2 mmol), imidazole (1.0 mmol), CuI (0.2 mmol),

D-glucosamine (0.4 mmol) and Cs2CO3 (2.1 mmol) in DMSO (1.0 ml)
under N2. b Isolated yields. c Performed at 60 uC.
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Crown ether stereochemistry is shown to influence the mode of

sodium ion partitioning between acidic nitrate media and a

dialkylimidazolium-based room temperature ionic liquid

containing various dicyclohexano-18-crown-6 (DCH18C6)

isomers, in contrast to an analogous extraction system employ-

ing a conventional organic solvent.

Progress toward the design of viable ionic liquid (IL)-based

systems for metal ion separations requires an improved under-

standing of the fundamental aspects of the processes involved in

the transfer of a metal ion from an aqueous phase into an IL in the

presence of various types of complexants and extractants.1 To this

end, we have been carrying out a systematic examination of the

influence of various parameters, among them the composition of

the aqueous phase, the nature of the metal ion, the properties

of the extractant, and the constituents of the solvent, on the mode

of metal ion partitioning into ionic liquids.2–9 In contrast to liquid–

liquid systems involving metal ion extraction into conventional

organic solvents, ion partitioning into ionic liquids is frequently a

complex, multi-pathway process. In the transfer of alkali and

alkaline earth cations from nitric acid solution into dialkylimida-

zolium bis[(trifluoromethyl)sulfonyl]imides (abbreviated hereafter

as Cnmim+Tf2N
2, with n = 5–10) in the presence of a crown ether

(CE), for example, exchange of the cationic metal-CE complex for

the cationic component of the IL appears to be the preferred

process for short (n , 8)-chain (and thus, relatively hydrophilic)

ionic liquids.5,7,8 As the alkyl chain-length increases, however,

other pathways emerge. In the extraction of strontium ions by

dicyclohexano-18-crown-6 (DCH186), a gradual shift in the

predominant mode of partitioning from ion-exchange involving

the cationic portion of the IL to conventional neutral nitrato

complex extraction as the hydrophobicity of the IL cation

increases (from n = 5 to n = 10 in Cnmim+Tf2N
2) has been

reported.5 In contrast, sodium ion partitioning in the same systems

involves a shift from ion-exchange involving the IL cation to

‘‘crown ether-mediated’’ ion-exchange, in which exchange of the

sodium ion for a hydronium ion in a DCH18C6-H3O
+ adduct is

observed.7 For practical reasons, in particular the need to minimize

loss of the IL to the aqueous phase during a separation process9

and the desirability of achieving satisfactory metal ion extraction

from aqueous phases containing high acid (or nitrate)

concentrations and facile recovery in aqueous phases containing

little or no acid (or nitrate),10–13 only the extraction of a neutral

nitrato complex is regarded as a satisfactory route for partition-

ing.13 Therefore, effective means for suppressing other pathways

for ion transfer are clearly desirable, indeed essential, if ILs are to

realize their potential as ‘‘green’’ replacements for conventional

organic solvents.5

In the course of ongoing efforts to prepare various stereoisomers

of DCH18C6 and its dialkyl-substituted derivatives and to

characterize their complexation and extraction behavior,14–20 we

have observed a marked difference in the dependence of sodium

ion partitioning into C10mim+Tf2N
2 on the aqueous nitric acid

concentration between the cis21 and trans18–20 forms of DCH18C6

(Fig. 1).{ As will now be shown, this difference is consistent with

the suppression of crown ether-mediated ion-exchange in the case

of the trans isomers.

Fig. 2A depicts the nitric acid dependencies of DNa observed for

the five stereoisomers of DCH18C6 in a conventional organic

solvent, 1-octanol. In interpreting these dependencies, it is

important to keep in mind that electroneutrality must be

maintained during the partitioning process. In conventional

solvent systems, this can be accomplished in only one way. That

is, an extracted cation must be accompanied by sufficient aqueous

phase anions (e.g., nitrate) to yield a neutral complex (here,

NaNO3?DCH18C6). Consistent with this, increasing acidity (i.e.,

nitrate concentration) for the cis isomers is typically accompanied

by an increase in sodium ion partitioning (as reflected in the value

of the sodium distribution ratio, DNa, defined as [Na]org/[Na]aq at

equilibrium). (At sufficiently high acidities (.ca. 3 M HNO3), a

decrease in sodium extraction is observed for the two all-cis

isomers (cis-syn-cis and cis-anti-cis). This is a result of increasing

acid extraction by the crown ether and the decreased effectiveness

of the acid-complexed form (CE?nHNO3, with n = 1 or 2) as a

metal ion extractant.16) Similarly, for the trans isomers, sodium

aArgonne National Laboratory, Chemistry Division, Bldg. 200, 9700 S.
Cass Avenue, Argonne, IL, 60439, USA. E-mail: mdietz@anl.gov;
Fax: +1-630-252-7501; Tel: +1-630-252-3647
bEcole Nationale Superieure de Chimie de Paris, Paris, France
cDepartment of Chemistry and Biochemistry, Texas Tech University,
Lubbock, TX, 79409-1061, USA

Fig. 1 Structures of the cis-syn-cis (csc), cis-anti-cis (cac), trans-syn-

trans (tst), trans-anti-trans (tat), and cis-trans (ct) isomers of DCH18C6.
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extraction initially increases as the aqueous nitric acid concentra-

tion is raised, but in this case, continues to do so even at high acid

concentrations. This behavior is fully consistent with the known

lower affinity of the trans isomers for nitric acid.23

Fig. 2B presents the corresponding dependencies observed when

1-octanol is replaced with C10mim+Tf2N
2 as the organic diluent.

For the cis isomers, rising nitric acid concentration is eventually

accompanied by steeply falling values of the sodium distribution

ratio. As noted previously,7 such a dependency is indicative of

crown ether-mediated exchange of a sodium ion for a hydronium

ion in a DCH18C6-H3O
+ adduct. In contrast, for the trans

isomers, rising aqueous acidity is accompanied by increasing

sodium extraction, consistent with partitioning of a neutral sodium

nitrato-crown ether complex, over much of the range considered

(i.e., at [HNO3] . ca. 0.5 M). Only at high acidities (ca. 3–4 M),

does DNa begin to decline. Infrared spectra of the IL phases

containing the trans isomers exhibit no bands characteristic of a

DCH18C6-H3O
+ adduct, even after contact with 10 M nitric acid.

Therefore, this decrease does not result from crown ether-mediated

ion-exchange, but rather is a possible consequence of either activity

effects or the formation of a neutral acid-extractant adduct,

CE?HNO3, as is the case in 1-octanol. Taken together, the results

demonstrate that a change from a cis to a trans isomer of

DCH18C6 alters the predominant mode of sodium ion partition-

ing into C10mim+Tf2N
2 from ion-exchange to neutral complex

extraction. It is suggested that this is due to the greater ability of

the cis isomers to form hydronium ion-crown ether adducts.

The results described here are significant for both practical and

fundamental reasons. The results are of fundamental importance

because they demonstrate that extractant stereochemistry repre-

sents yet another parameter that determines the ‘‘balance of

pathways’’ in metal ion partitioning in IL-based extraction

systems. From a more practical perspective, the results are of

significance in that they represent one of the few reported examples

of an extractant–IL system (i.e., the trans isomers of DCH18C6–

C10mim+Tf2N
2) for which the preferred mode of ion partitioning

(i.e., neutral complex extraction) into the IL is the same as that

observed in a conventional organic solvent. More importantly,

they demonstrate that an undesirable pathway for metal ion

partitioning (i.e., extractant-mediated ion-exchange) can be

suppressed and a partitioning process rendered ‘‘greener’’ simply

by changing the isomeric form of the extractant. To our

knowledge, such a change in the predominant mode of ion

partitioning with extractant stereochemistry is without precedent.

We expect these results to have significant utility in the design of

improved approaches to metal ion separations employing ionic

liquids. Work addressing such opportunities is now underway in

this laboratory.
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Fig. 2 Nitric acid dependency of the extraction of the sodium ion into (A) 1-octanol or (B) C10mim+Tf2N
2 in the presence of the various isomers of

DCH18C6 (0.05 M; T = 23 uC).

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 174–176 | 175

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
5 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

37
50

H
View Online

http://dx.doi.org/10.1039/B713750H


worldwide license in said article to reproduce, prepare derivative

works, distribute copies to the public, and perform publicly and

display publicly, by or on behalf of the Government.

Notes and references
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Acid in ionic liquid was demonstrated as an efficient system for hydrolysis of lignocellulosic

materials with improved total reducing sugars (TRS) yield under mild conditions. TRS yields were

up to 66%, 74%, 81% and 68% for hydrolysis of corn stalk, rice straw, pine wood and bagasse,

respectively, in C4mimCl in the presence of 7 wt% hydrogen chloride at 100 uC under atmospheric

pressure within 60 min. Different combinations between ionic liquids, such as C6mimCl,

C4mimBr, AmimCl, C4mimHSO4, and SbmimHSO4, and acids, including sulfuric acid, nitric

acid, phosphoric acid, as well as maleic acid, afforded similar results albeit longer reaction time

was generally required comparing with the combination of C4mimCl and hydrochloric acid. FT-

IR spectra and elemental analysis of the recovered residues indicated that modification of lignin

occurred during sulfuric acid catalyzed hydrolysis. In addition, kinetic modeling based on

experimental data suggested that the hydrolysis likely followed a consecutive first-order reaction

sequence, where k1 and k2, the rate constants for TRS formation and TRS degradation, were

determined as 0.068 min21 and 0.007 min21, respectively. This novel system may be valuable to

facilitate cost-efficient conversion of biomass into biofuels and biobased products.

Introduction

Lignocellulosic materials are renewable biomass that assume

the potential to serve as a sustainable feedstock, in lieu of

diminishing crude oil and coal, for future biofuels and

chemicals (e.g. alcohols, organic acids, etc.).1 Extensive

research and development programs have been initiated

worldwide to convert lignocellulosic biomass, such as agricul-

tural residues, forestry wastes and energy crops, into valuable

products, through a sugar platform which includes two

processes: hydrolysis of the lignocellulosic materials to

monosaccharides (Fig. 1) and transforming the sugars into

bio-based products (usually through fermentation).

Unfortunately, nature provides us lignocellulosic materials

with physiochemical, structural and compositional features

that confer a notorious resistance to hydrolysis.2 This

‘‘biomass recalcitrance’’ property holds back a cost effective

technology to convert lignocellulosic materials to sugars. Up

to now, hydrolysis of lignocellulose to monosaccharides is

usually catalyzed either by enzymes or by acid catalysts under

heterogeneous conditions,3 and none of the known methods

are yet cost-effective for large-scale applications. For example,

enzymatic hydrolysis suffers a low rate and enzymes are too

expensive; the traditional diluted acid hydrolysis process

requires harsh conditions, e.g., high pressure, and elevated

temperature (usually at above 200 uC). Furthermore, pretreat-

ment, a rather energy intensive and/or waste-generating

process, is usually required in the above methods.4

Concentrated acids such as sulfuric acid and hydrochloric

acid have also been used to treat lignocellulosic materials.

Although they are powerful agents for cellulose hydrolysis,

concentrated acids are toxic, hazardous and require corrosion-

resistant reactors. In addition, the concentrated acid must be

recovered after hydrolysis to make the process economically

feasible.5 Therefore, hydrolysis of lignocellulose via a green

and energy efficient approach remains a challenge.

Pioneer studies by Rogers et al. showed that ionic liquid (IL)

1-butyl-3-methylimidazolium chloride (C4mimCl) is a power-

ful solvent for cellulose, up to 25 wt% of cellulose can be

dissolved in C4mimCl to form a homogeneous solution.6 It has

since attracted much attention7 and subsequent chemical

derivation,8 hydrolysis9 and hydrogenolysis10 of cellulose in

ILs were reported. In addition, non-degradation dissolution of

ball-milled plant cell walls was also documented.11 We

therefore envisioned that IL might be a superior solvent to

dissolve lignocellulosic materials, which may overcome the

physical and biochemical barriers for the hydrolysis reaction.

In this paper we would like to report our results on acid

catalyzed hydrolysis of lignocellulose in ILs. Ours provides a

simple method for the hydrolysis of the polysaccharides

aDalian Institute of Chemical Physics, CAS, Dalian 116023, P. R.
China. E-mail: zhaozb@dicp.ac.cn; Fax: +86 411-84379211;
Tel: +86 411-84379211
bGraduate School of the Chinese Academy of Sciences, Beijing 100039,
P. R. China

Fig. 1 Schematic illustration of lignocellulosic materials hydrolysis.
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(usually refered to as cellulose and hemicellulose) to mono-

saccharides for further biorefinery.

Results and discussion

Comparison the hydrolysis results between previous studies and

the present work

Table 1 summaries the hydrolysis results catalyzed with

hydrochloric acid using C4mimCl as the reaction medium, as

well as some representative results achieved in conventional

enzymatic or acid hydrolysis processes. In C4mimCl, a TRS

yield of 66% for corn stalk was obtained within 30 min, at

100 uC in the presence of 7 wt% hydrogen chloride (entry 1).

Ion chromatography analysis of the hydrolysate revealed that

the distribution of monosaccharides was as follows, glucose

48%, xylose 32%, arabinose 15%, and galactose 3%. In the

comparative trial (entry 6), hydrolysis carried out in water

under otherwise identical conditions afforded substantially

fewer reducing sugars; even when the reaction time reached

48 h, the TRS yield was only 52% (entry 7). These parallel

experiments demonstrated clearly that hydrochloric acid/

C4mimCl was a superior reaction system for hydrolysis of

corn stalk. In order to understand the catalytic capability of

this system, an experiment with reduced acid loading (2 wt%)

was carried out, which gave a TRS yield of 64% albeit it took

longer reaction time (entry 2). Further trials on other raw

materials also afforded satisfying results under the same

conditions used for entry 1. As illustrated in entries 3–5, a

significantly improved TRS yield (66%–81%) were achieved

within 60 min for rice straw, pine wood and sugarcane bagasse.

Further, the results obtained in hydrochloric acid/C4mimCl

system are compared with those achieved in conventional

enzymatic or acid hydrolysis processes. Vlasenko et al.

reported that a TRS yield of 68% was achieved for hydrolysis

of the pretreated rice straw with Cellulase 100L for 48 h

(entry 8),12 while the yield was significantly lower for the crude

material (11%) (entry 9). Nevertheless, those results were not

as good as what was achieved in our study (entry 3). Von

Sivers and Zacchi5 compared three hydrolysis processes,

namely the enzymatic, dilute acid and concentrated acid

processes for the production of sugars from pine wood. Both

the enzymatic and the dilute acid processes used pine wood

samples that were subjected to extensive pretreatments, yet to

attain a relative higher TRS yield, the enzymatic process

required significantly longer reaction time (48 h) (entry 10),

and the dilute acid process was carried out in a rather harsh

condition, i.e. 230 uC, .20 bar (entry 11). The concentrated

acid process utilized 4.2 ton of concentrated hydrochloric acid

per ton of pine wood, affording a TRS yield of 85% (entry 12).

It was thus clear that an expensive reactor and extensive post-

treatment would have to be incorporated. In sharp compar-

ison, hydrolysis in ILs demonstrated that 81% TRS yield was

obtained in 50 min without any pretreatment in the presence of

a catalytic amount of hydrogen chloride (7 wt%) at 100 uC
under atmospheric pressure (entry 4).

Collectively, hydrochloric acid/C4mimCl was an efficient

system for hydrolysis of lignocellulosic biomass. The excellent

behaviour of this system might be attributed to the following

features. First, lignocellulosic materials dissolved in C4mimCl

promoted the dispersion of most of the cellulose and

hemicellulose molecules; accordingly, the substrates are more

exposed to H+ in the homogeneous solution, which should be

advantageous compared to conventional enzymatic or dilute

acid hydrolysis under heterogeneous conditions. Therefore, the

physical barrier for hydrolysis has been overcome through

formation of a solution. In addition, the dissociated Cl2 and

the electron rich aromatic p system of [C4mim]+ in C4mimCl

may also weaken the glycosidic linkage contained in the

substrates.6

Corn stalk hydrolysis promoted by hydrochloric acid in different

ILs

Excellent results in C4mimCl impelled us to carry out the

hydrolysis reaction of corn stalk in other ILs. As shown in

Table 2, hydrolysis in C4mimBr, AmimCl and C6mimCl also

afforded reasonable good TRS yields, albeit optimal reaction

time was longer compared to that in C4mimCl. Specifically,

reaction in C6mimCl required 1200 min to obtain a TRS yield

of 49%.

We also tried to use strong acidic ILs, namely C4mimHSO4

and SbmimHSO4, as dual catalyst-solvent for the hydrolysis of

corn stalk. It was found that the material dissolved quickly,

and a solution with lower viscosity formed, indicating that

depolymerisation of the polysaccharides occurred readily in a

short time. To our surprise, TRS yields of 23% and 15% were

Table 1 The results of lignocellulosic materials hydrolysis reactions
promoted by conventional catalytic methods and in a hydrochloric
acid/C4mimCl systema

Entry Material Time/min Temperature/uC TRS yield (%)

1 Corn stalk 30 100 66
2 Corn stalkb 330 100 64
3 Rice straw 45 100 74
4 Pine wood 50 100 81
5 Bagasse 60 100 66
6 Corn stalkc 30 100 4
7 Corn stalkc 2880 100 52
8 Rice strawd 2880 50 68
9 Rice strawe 2880 50 11
10 Pine woodf 4320 40 80
11 Pine woodg 1 230 60
12 Pine woodh 60 30 85
a Unless otherwise specified, reaction conditions were: 0.04 g
hydrochloric acid, 4.0 g C4mimCl, 0.03 g H2O, 0.2 g lignocellulosic
material, 100 uC. 0.04 g of hydrochloric acid equals to 0.014 g of
HCl; hence, HCl/corn stalk mass ratio was 7%. b Corn stalk used for
substrate was 0.66 g, HCl/corn stalk mass ratio was 2%. c Water
used for the solvent and substrate was 4.0 g. d Ref. 12. Pretreatment:
rice straw concentration 10%; sulfuric acid concentration 0.80 wt%;
temperature 160 uC; time 10 min. Hydrolysis condition: suspended
pretreated sample at 50 g L21 in 60 mL of 0.05 M sodium acetate
buffer (pH 5.0), with stirring at 50 uC for 48 h, Cellulase 100L
(1 FPU mL21) was used for catalyst. e Ref. 12. Rice straw was
unpretreated sample, other conditions were the same as entry 8.
f Ref. 5. Pretreatment: steam (19 bar, 210 uC) + SO2, 30 min.
Hydrolysis condition: enzymes (produced from 6% of the pretreated
material) and the major part of the pretreated material reacting at
40 uC for 72 h. g Ref. 5. Pretreatment: steam (12 bar, 188 uC) +
SO2, 30 min. Hydrolysis condition: using 0.2% of dilute HCl as
catalyst, reacting at 230 uC, for 1 min, the pressure was higher than
20 bar. h Ref. 5. 4.2 ton hydrochloric acid (41 wt%) per ton raw
material is used, reacting at 30 uC for 60 min.
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obtained in 5 min when C4mimHSO4 and SbmimHSO4,

respectively, were employed (entries 4 and 5); and a longer

reaction time gave even lower TRS yields (data not shown).

We speculated that strong acidic ILs may not only promote the

depolymerisation reaction, but also speed up sugar degrada-

tion substantially. To confirm our speculation, catalytic

amounts of HSO4
2 functionalized ILs were used as catalysts

for the hydrolysis of corn stalk in C4mimCl. As expected, TRS

yields of 58% and 61% were achieved for C4mimHSO4 and

SbmimHSO4, respectively (entries 6 and 7). Hence, acidic ILs

per se could act as good catalysts for the hydrolysis of

lignocellulosic biomass. It should be noted that ILs with a

poor capability of dissolving cellulose, e.g., C4mimPF6 and

C4mimBF4,6 were found infertile in our study.

Comparison of the activity of different acids in C4mimCl

To further explore the generality of lignocellulose hydrolysis in

ILs, other acids, including sulfuric acid, nitric acid and

phosphoric acid, as well as an organic acid (maleic acid) were

tested, and the results are summarized in Table 3. In the

standard reaction setting with 0.04 g hydrochloric acid

loading, H+ concentration was estimated to be 0.10 mol L21,

and the TRS yield was 66% after 0.5 h (entry 1). However,

when sulfuric acid was added to a final H+ concentration of

0.20 mol L21, the yield of TRS was only 37% after 6 h (entry 2).

To improve this reaction, we had a few trials by increasing

sulfuric acid loading. It was not until the corresponding H+

equivalent concentration reached 0.50 mol L21, that a high

TRS yield (62%) was attained in 0.67 h (entry 3). It is also

observed that nitric acid was inferior to hydrochloric acid.

When nitric acid was supplemented to a H+ equivalent

concentration of 0.10 mol L21, the TRS yield was only 31%

in 0.67 h (data not shown), whereas the TRS yield reached 73%

upon the H+ equivalent concentration up to 0.25 mol L21

(entry 4). For phosphoric acid, the hydrolysis reaction went

extremely slow, and the yield of TRS was 44% after 34 h

despite that it was employed to a H+ equivalent concentration

of 0.65 mol L21 (entry 5). Note that acid promoted hydrolysis

of cellulose is predominantly limited to mineral acids, it was

interesting to find out that maleic acid also effectively

accelerated the hydrolysis reaction in C4mimCl. Under an

identical reaction condition, maleic acid was superior to

phosphoric acid, affording a TRS yield of 59% in 23 h

(entry 6). Collectively, the catalytic activity on hydrolysis of

lignocellulose in C4mimCl for these acids roughly followed the

sequence: hydrochloric acid . nitric acid . sulfuric acid .

maleic acid . phosphoric acid.

Although there is no solid data available to predict acid

strength in ILs, we were still puzzling over the fact that more

sulfuric acid than hydrochloric acid was routinely required to

obtain a similar TRS yield. It thus occurred to us that the

lignin may have done the trick, as it is known that lignin can be

sulfonated under various conditions.13,14 To test such a

speculation, the solid residue was recovered, and submitted

for FT-IR and elemental analysis.

Fig. 2 shows the FT-IR spectra of the solid samples

recovered from hydrolysis of corn stalk in C4mimCl catalyzed

by hydrochloric acid (a) and sulfuric acid (b), respectively. The

absorbance at around 3415 cm21 is associated with the

hydroxyl group stretching vibrational bands of lignin; around

2932 cm21 are methyl, methylene or methyne stretching

vibrational bands; the absorbances at 1607 cm21 and

1510 cm21 are the characteristic bands of aromatic rings, they

are typical stretching vibrational bands of the C–C, CLC

conjugate system. These bands indicate clearly that both of the

two solid samples shared the basic framework of lignin.13 It is

also clear that spectrum (b) has additional bands. The bands at

1269 cm21 and 1222 cm21 are assigned to an SLO stretching

vibration; and the absorbance at 621cm21 is associated with an

Table 2 The comparative results of hydrolysis reaction of corn stalk
in different ILsa

Entry Ionic liquid Time/min TRS yield (%)

1 C4mimBr 60 47
2 AmimCl 90 65
3 C6mimCl 1200 49
4 C4mimHSO4

b 5 23
5 SbmimHSO4

b 2 15
6 C4mimClc 45 71
7 C4mimCld 35 68
a Unless otherwise specified, reaction conditions were: 0.04 g
hydrochloric acid, 4.0 g IL, 0.03 g H2O, 0.2 g corn stalk, 100 uC.
b Hydrochloric acid was omitted. c 0.1 g of C4mimHSO4, in lieu of
0.04 g hydrochloric acid, was employed. d 0.1 g of SbmimHSO4,
in lieu of 0.04 g hydrochloric acid, was employed.

Table 3 The results of various acids hydrolysis of corn stalk in ionic
liquid C4mimCla

Entry Catalyst [H+]/mol L21 Time/h TRS yield (%)

1 Hydrochloric acidb 0.10 0.5 66
2 Sulfuric acidb 0.20 6.0 37
3 Sulfuric acid 0.50 0.67 62
4 Nitric acid 0.25 0.67 73
5 Phosphoric acid 0.65 34 44
6 Maleic acid c 0.43 23 59
a Unless otherwise noted, the reaction conditions are: Corn stalk
(40 mesh, 0.2 g) in the presence of acid catalyst (0.1 g) and H2O
(0.03 g) in C4mimCl (4.0 g) at 100 uC, atmospheric pressure. b The
amount of acid catalyst was 0.04 g. c Water (0.04 g) was added.

Fig. 2 The FT-IR spectra of (a) sample catalyzed with hydrochloric

acid, (b) sample catalyzed with sulfuric acid.
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S–O stretching vibration. These distinct bands suggest the

presence of a sulfonic group. Furthermore, elemental analysis

revealed that the residue sample had a sulfur content of

0.274 ¡ 0.006%. Collectively, these data suggest that

modification of lignin (esterification, sulfonation, etc.) occurrs

during the sulfuric acid catalyzed hydrolysis, resulting in more

sulfuric acid requirement. It will be thus interesting to look

into lignin modification in ILs. As mentioned above, more

nitric acid requirement might also be due to modification of

lignin.

Kinetic model

Various kinetic studies on the acid-catalyzed hydrolysis using a

range of cellulosic materials have been reported in the

literature.15 The first systematic kinetic study on biomass

hydrolysis to glucose was performed in 1945 by Saeman,16 who

studied the hydrolysis reaction of Douglas fir in batch

reactors. In this study, the hydrolysis reaction is modeled by

the following two consecutive first-order reactions:

cellulose DCCA
k1

glucose DCCA
k2

decomposition

products of glucose

where k1 is the rate constant for cellulose hydrolysis and k2 is the

rate constant for glucose degradation. This model has been applied

to most of the kinetic studies and found to give reasonable levels of

agreement with experimental data.

We have monitored the time course of TRS formation from

corn stalk in C4mimCl for 95 min. As shown in Fig. 3, in the

beginning, TRS formation increased remarkably with an

increase of reaction time, the yield of TRS reached 86 mg

within 30 min, thereafter, the increased reaction time gave

decreased TRS yield, indicating that TRS decomposed.

Regression analysis of the experimental data by non-linear

least squares curve fitting using software Origin 7.0 indicated

that the kinetics likely followed a consecutive first-order

reaction sequence (R2 = 0.98456), where k1 and k2, the rate

constants for TRS formation and TRS degradation, were

determined as 0.068 min21 and 0.007 min21, respectively.

Obviously, the rate constant for TRS formation is higher than

the rate constant for TRS degradation; therefore, corn

stalk hydrolysis proceeded significantly faster than TRS

degradation.

The kinetic model revealed much information regarding

lignocellulose hydrolysis in ILs. Note that the k2 value is about

10% that of k1; it is very important to find an optimal time

window to maximize the TRS yield. The model also implied

that it is pivotal to control acid loading in this system, as

increased acid concentration could speed up both the

lignocellulose hydrolysis and the TRS degradation process. It

is expected that maximal TRS yield may be reached in a few

minutes with excess acid loading, which would significantly

complicate the sample handling and analysis. Indeed, when

0.10 g hydrochloric acid was employed for the hydrolysis of

corn stalk in C4mimCl, the TRS yield was determined as 52%

at 5 min, and 65% at 10 min. Therefore, it seemed that the

limitation was technically how to effective mix, monitor and

quench the reaction, so that TRS released under the harsher

conditions would be devoid of extensive degradation.

Conclusions

In this paper, we have demonstrated that acid in ionic liquids is

an effective combination for hydrolysis of lignocellulosic

materials. High TRS yields are realized under mild conditions

with reduced acid loading, usually 2–50 wt%. This system

overcomes the intrinsic bottleneck of biomass hydrolysis by

dispersing the cellulose and hemicellulose into selected ILs,

and thus makes glycosidic linkage more H+-accessible. Overall,

the method described herein may be valuable to facilitate cost-

efficient conversion of biomass into biofuels and biobased

products.

Experimental

Materials

Corn stalk, rice straw, pine wood and sugarcane bagasse were

all local materials (Liaoning province, Northeast of China).

These materials were cut into small pieces, milled to pass

40 mesh, and dried under vacuum at 90 uC for 3 days before

use. 1-Methylimidazole (99%) was obtained from J&K

Chemical Ltd. (Beijing, China). 1-Chlorobutane (98%) and

1-chlorohexane (99%) were purchased from ABCR Gmbh &

Co. (Karlsruhe, Germany) and were freshly distilled before

use. Hydrochloric acid (36 wt%), sulfuric acid (98 wt%), nitric

acid (65–68 wt%), maleic acid (99%), phosphoric acid (85 wt%),

allyl chloride (CP) and other chemicals were all supplied by

local suppliers. Unless otherwise specified, acids were direct

used in their corresponding received concentration or purity.

Preparation of the ionic liquids

C4mimCl used for all the studies was prepared according to the

method described in our previous work.17 A mixture of

1-Methylimidazole (41 g, 0.50 mol) and 1-chlorobutane (61 g,

0.65 mol) was refluxed at 80 uC for 96 h. After cooling, the

reaction mixture formed two phases. The lower layer was

separated and was washed with ethyl acetate (3 6 30 mL),

Fig. 3 Experimental data and the simulated curve for corn stalk

hydrolysis. Reaction conditions: corn stalk (0.20 g), H2O (0.03 g) and

0.04 g of hydrochloric acid in C4mimCl (4.0 g), 100 uC.
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dried in vacuum at 70 uC for 5 h to give a yellowish liquid

(80.2 g, 92%).

1-Butyl-3-methylimidazolium bromide (C4mimBr) and

1-hexyl-3-methylimidazolium chloride (C6mimCl) were synthe-

sized following the similar procedures except for the reaction

temperature of C4mimBr was 50 uC. The yields of C4mimBr

and C6mimCl were 93% and 88%, respectively.

1-Allyl-3-methylimidazolium chloride (AmimCl),18 1-butyl-

3-methylimidazolium bisulfate (C4mimHSO4), 1-(4-sulfobu-

tyl)-3-methylimidazolium bisulfate (SbmimHSO4),19 1-butyl-3-

methylimidazolium tetrafluoroborate (C4mimBF4)20 and

1-butyl-3-methyl imidazolium hexafluorophosphate

(C4mimPF6)21 were prepared according to the procedures

described elsewhere.

Typical procedures for lignocellulose hydrolysis in ionic liquids

Lignocellulosic material (0.2 g) was added in one potion to

ionic liquid (4.0 g) that was preheated to 100 uC. The mixture

was stirred under atmospheric pressure, followed by addition

of H2O (0.03 g) and an appropriate amount of acid (usually 2–

7 wt% that of lignocellulosic sample). The reaction was then

vigorously stirred. At different time intervals, samples were

withdrawn, weighed (recorded as M1), and quenched immedi-

ately with cold water. The aqueous solutions were neutralized

with 0.05 mol L21 NaOH, centrifuged at 10 000 rpm for 5 min,

the volume measured (recorded as V1) and subjected to sugar

analysis.

Sugar analysis

A mixture contained 0.5 mL of 3,5-dinitrosalicylic acid (DNS)

regent22 and 0.5 mL of reaction sample was heated for 5 min in

a boiling water bath, then cooled to room temperature, and

mixed with 4 mL of deionized water. The color intensity of the

mixture was measured in a JASCO V-530 Model spectro-

photometer at 540 nm with a slit width of 0.06 mm. The

concentration of TRS was calculated based on a standard

curve obtained with glucose. The mass of TRS and the yield of

TRS were calculated as follows,

MT = TRS concentration (mg mL21) 6 V1 6 (M0/M1)

TRS yield = MT 6 0.9/(200 6 A) 6 100%

in which, MT is the mass of TRS, V1 is the volume of the sample,

M0 is the total mass of the reaction solution, M1 is the mass of

sample, and A is the weight percentage of the polysaccharides

contained in lignocellulosic materials. For corn stalk, rice straw,

pine wood and sugarcane bagasse, A are 58%,23 59%,24 62%5 and

74%,25 respectively.

A representative corn stalk hydrolytic mixture (enrty 1,

Table 1) has also been analyzed on an ICS-2500 IC system

equipped with a analytical column (CarboPac PA10, 250 mm

6 4 mm) and an ED50 pulsed electrochemical detector.

FT-IR and elemental analysis

After the acid catalyzed hydrolysis reaction was completed,

the mixture was diluted with cold water, neutralized with

0.05 mol L21 NaOH, and centrifuged at 10 000 rpm for 10 min.

The pellet was collected, re-suspended in deionized water, and

centrifuged. The purification sequence was repeated 5 times.

The recovered solid material was dried at 108 uC to a constant

weight, and submitted for FT-IR and elemental analysis. All

the FT-IR spectra were collected on an FTIR spectrometer

(Nicolet Nexus 470) with a resolution of 4 cm21 and 64 scans

in the region of 4000–400 cm21. IR spectra of the hydrolysis

residue samples were recorded as KBr pellets. Elemental

analysis was done on a Vario MICRO elemental analyzer.

Acknowledgements

This work was supported by the National Basic Research

Program of China (973 Program) (No. 2004CB719703) and

CAS ‘‘100 Talents’’ program.

References

1 A. J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek,
J. Cairney, C. A. Eckert, W. J. Frederick Jr., J. P. Hallett,
D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. Templer
and T. Tschaplinski, Science, 2006, 311, 484.

2 M. E. Himmel, S.-Y. Ding, D. K. Johnson, W. S. Adney,
M. R. Nimlos, J. W. Brady and T. D. Foust, Science, 2007, 315,
804.

3 G. Stephanopoulos, Science, 2007, 315, 801.
4 N. Mosier, C. Wyman, B. Dale, R. Elander, Y. Y. Lee,

M. Holtzapple and M. Ladisch, Bioresour. Technol., 2005,
96, 673.

5 M. von Sivers and G. Zacchi, Bioresour. Technol., 1995, 51, 43.
6 R. P. Swatloski, S. K. Spear, J. D. Holbrey and R. D. Rogers,

J. Am. Chem. Soc., 2002, 124, 4974; R. C. Remsing, R. P.
Swatloski, R. D. Rogers and G. Moyna, Chem. Commun., 2006,
1271.

7 D. A. Fort, R. C. Remsing, R. P. Swatloski, P. Moyna, G. Moyna
and R. D. Rogers, Green Chem., 2007, 9, 63; V. M. Egorov,
S. V. Smirnova, A. A. Formanovsky, I. V. Pletnev and
Y. A. Zolotov, Anal. Bioanal. Chem., 2007, 387, 2263;
B. Derecskei and A. Derecskei-Kovacs, Mol. Simulat., 2006, 32,
109; S. D. Zhu, Y. Wu, Q. Chen, Z. Yu, C. Wang, S. Jin, Y. Ding
and G. Wu, Green Chem., 2006, 8, 325.

8 See for example:J. Wu, H. Zhang, J. He, Q. He and M. Guo,
Biomacromolecules, 2004, 5, 266; S. Barthel and T. Heinze, Green
Chem., 2006, 8, 301; A. P. Abbott, T. J. Bell, S. Handa and
B. Stoddart, Green Chem., 2005, 7, 705; M. B. Turner, S. K. Spear,
J. D. Holbrey and R. D. Rogers, Biomacromolecules, 2004, 5, 1379;
T. Heinze, K. Schwikal and S. Barthel, Macromol. Biosci., 2005, 5,
520.

9 C. Li and Z. K. Zhao, Adv. Synth. Catal., 2007, 349, 1847.
10 N. Yan, C. Zhao, C. Luo, P. J. Dyson, H. Liu and Y. Kou, J. Am.

Chem. Soc., 2006, 128, 8714.
11 F. Lu and J. Ralph, Plant J., 2003, 35, 535.
12 E. Y. Vlasenko, H. Ding, J. M. Labavitch and S. P. Shoemaker,

Bioresour. Technol., 1997, 59, 109.
13 M. Dawy, A. A. Shabaka and A. M. A. Nada, Polym. Degad.

Stabil., 1998, 62, 455.
14 T. Foyle, L. Jennings and P. Mulcahy, Bioresour. Technol., 2007,

98, 3026.
15 H. E. Grethlein, J. Appl. Chem. Biotechnol., 1978, 28, 296;

R. D. Fagan, H. E. Grethlein, A. O. Converse and A. Porteous,
Environ. Sci. Technol., 1971, 5, 545; D. R. Thompson and
H. E. Grethlein, Ind. Eng. Chem. Prod. Res. Dev., 1979, 18, 166;
J. P. Franzidis, A. Porteous and J. Anderson, Conserv. Recycl.,
1982, 5, 215; M. Green, S. Kimchie, A. I. Malester, B. Rugg and
G. Shelef, Biol. Wastes, 1988, 26, 285; I. A. Malester, M. Green
and G. Shelef, Ind. Eng. Chem. Res., 1992, 31, 1998;
M. M. Bhandari, D. G. Macdonald and N. N. Bakhsi,
Biotechnol. Bioeng., 1984, 26, 320; D. K. Sidiras and
E. G. Koukios, Biomass, 1989, 19, 289.

16 J. F. Saeman, Ind. Eng. Chem., 1945, 37, 43.

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 177–182 | 181

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

15
12

A
View Online

http://dx.doi.org/10.1039/B711512A


17 D. H. Yin, C. Li, B. Li, L. Tao and D. Yin, Adv. Synth. Catal.,
2005, 347, 137.

18 H. Zhang, J. Wu, J. Zhang and J. He, Macromolecules, 2005, 38,
8272.

19 W. Keim, WO Pat., 00/16 902, 2000.
20 P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. F. De Souza and

J. Dupont, Polyhedron, 1996, 15, 1217.

21 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser and
R. D. Rogers, Chem. Commun., 1998, 16, 1765.

22 G. L. Miller, Anal. Chem., 1959, 31, 426.
23 C. Liu and C. E. Wyman, Bioresour. Technol., 2005, 96, 1978.
24 S. Jin and H. Chen, Process Biochem., 2007, 42, 188.
25 C. Matin, H. B. Klinke and A. B. Thomsen, Enzyme Microb.

Technol., 2007, 40, 426.

182 | Green Chem., 2008, 10, 177–182 This journal is � The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

15
12

A
View Online

http://dx.doi.org/10.1039/B711512A


A green route to silica nanoparticles with tunable size and structure{

Yun Yang and Thibaud Coradin*

Received 3rd September 2007, Accepted 29th November 2007

First published as an Advance Article on the web 14th December 2007

DOI: 10.1039/b713438j

A green and simple route to silica nanoparticles with tunable size, structure and stability is

presented. Hybrid nanoparticles containing alginate, a polysaccharide, and silicates are obtained

using the well-established spray drying technology. Subsequent exposure to water leads to the

release of alginate and the particle structural re-organization via Ostwald ripening. Through

adjustment of ripening time, of initial composition and concentration of bio-organic/inorganic

precursors, silica nanoparticles with morphologies varying from plain spheres to hollow shells can

be synthesized. The synthetic procedure is straightforward, inexpensive and environment-friendly,

and may be suitable for large-scale production.

Introduction

Over the past few years, fabrication of hollow silica spheres

has been extensively studied due to their wide applications in

catalysis,1 encapsulation of biologicals,2 drug release systems,3

and magnetic nanomaterials4 benefiting from their large

specific surface area, good biocompatibility and stability.

Template-assisted synthesis is the most popular approach to

obtaining such hollow structures. This approach usually

involves the preparation of the template, its coating using

silica precursors to form an outer shell and its removal to

obtain hollow structures. The templates mainly include soft-

templates such as organic surfactants5 and hard-templates

consisting of polymeric spheres,6 inorganic oxides,7 semicon-

ductor8 and calcium carbonate9 nanoparticles, and droplets in

emulsion systems10. However, the template removal step often

involves the use of organic solvents (droplet and polystyrene

spheres), strong acids (metal and inorganic nanoparticle) or

calcination (micelles) generating toxic gas, all of which are

environmentally unfriendly. It is therefore desirable to develop

alternative procedures to obtain hollow silica spheres follow-

ing Green Chemistry principles.

Recently, two template-free technologies, involving Ostwald

ripening11 and the Kirkendall effect,12 have been used to

prepare spherical particles with hollow structures. Since the

first report of the formation of hollow nanoparticles based on

the Kirkendall effect by Yin et al., hollow nanoparticles,

mainly formed by crystalline materials, such as ZnO, CuS and

CoO, have been generated by this approach.13 Unlike the

Kirkendall effect, Ostwald ripening is a route suitable for both

crystalline and amorphous structures.14 Concerning the use of

Ostwald ripening to create hollow spheres, the key point is to

produce initial spherical particles for which the external

surface layer is less soluble than the interior material. During

the ripening process, interior core species remain

supersaturated and out of equilibrium with the surrounding

solution, in contrast with the external layer, so that shell

thickness increases at the expense of the inner core, resulting in

a hollow structure. Based on this route, numerous hollow

particles have been synthesized.14 However, to the best of our

knowledge, there has been no similar report for hollow silica

nanoparticles.

Herein, we demonstrate a green, facile and versatile

synthesis of hollow silica nanoparticles with tunable size and

structure based on the Ostwald ripening process. In our

procedure, hybrid silica nanospheres containing sodium

alginate and sodium silicate are first prepared using a home-

made spray drier, as described in the Experimental section.

These hybrid nanoparticles are then placed in water and the

structure, size, hollowing time and stability of recovered silica

nanospheres can be controlled by simply adjusting the

precursor solution composition and the water temperature.

Most importantly, the whole synthetic process just involves

two agents which are biocompatible and often used in drug

delivery and bioencapsulation,2,15,16 so that our process is

simple, environmentally friendly and promising for nanoscaled

bio-material design. Furthermore, spray drying, which is a

well-developed technique widely used in industries for the

preparation of particles,17 favours large-scale synthesis, a

major factor for forthcoming applications.

Experimental

Synthesis of hybrid nanoparticles

Alginate/silicate hybrid particles synthesis is derived from our

previous reports.18 Typically, appropriate amount of sodium

silicate (10% NaOH, 27% SiO2 from Riedel-de Haen) and

alginate (from Macrocystis pyrifera, low viscosity, from Sigma)

are independently dissolved in 250 mL of distilled water. 15 mL

of each solution are mixed in a 50 mL flask under stirring.

Resulting solutions are sonicated for 5 min before introduction

in the spray-dryer.

Our home-made spray drying system is illustrated in Fig. 1.

In a typical drying process, a high-pressure inlet gas jet (Fig. 1

(1), air, 10 psi) is injected in an atomizer head. Under pump

Chimie de la Matière Condensée de Paris, Université Pierre et Marie
Curie, CNRS UMR 7574, 4 place Jussieu, F-75252 Paris cedex 05,
France
{ Electronic supplementary information (ESI) available: TEM images
of fragmented silica nanoparticles as well as HR TEM of nanoparticles
obtained after thermal treatment. See DOI: 10.1039/b713438j
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(Fig. 1 (6)) and high-pressure air flow, the solution is inhaled

and broken into droplets. Larger droplets are backscattered

into the initial solution container (Fig. 1 (2)), while the smaller

ones enter the furnace (Fig. 1 (3)) where solvent evaporate

quickly and non-volatile species form spherical particles. After

cooling (Fig. 1 (4)), aerosol is recovered on a filter paper

(Fig. 1 (5)).

Synthesis of hollow silica spheres

10 mg of as-prepared hybrid nanoparticles are added to 10 mL

of distilled water, and the suspension is left at room

temperature or placed into an oven at 95 uC for 2 h–20 days.

After ageing, the resulting products are harvested by

centrifugation (11 000 rpm) and washed several times with

de-ionized water. The samples were characterized using

scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM).

Results and discussion

Nanoparticle size tuning by adjusting silicate content

The size of particles obtained by a spray-drying technology

usually depends on many parameters including concentration,

composition, chemical and physical properties of non-volatile

substances, and also on some technical factors (size of nozzle,

spray flow rate, atomization pressure).17 Herein, the effects of

alginate and silicate content on particle size are studied when

parameters of the spray drying system are kept constant.

Fig. 2 shows the SEM images and the corresponding size

distribution (based on later TEM images) of silica spheres

obtained by mixing 15 mL of alginate solution (0.05 wt%) with

15 mL of silicate solutions at various concentrations and further

exposed to water for 4 days. It clearly shows that the resulting

nanoparticle size increases with the silicate content. In

Fig. 2a1–3, for a 0.02 M silicate concentration, it was difficult

to obtain clear observation of the particles via SEM due to

limited resolution of our microscope. With silicate concentration

increasing to 0.05 M, the mean diameter is 160 nm (Fig. 2b3),

and the sphere-like shape can be demonstrated definitely, as

shown in Fig. 2b1-2. A moderate size increase is then observed

for a 0.1 M silicate concentration but a 0.25 M silicate addition

induces a major change in particle dimension to ca. 250 nm.

Moreover, when a 0.5 M silicate solution was added, a number

of particles with diameters over 1 mm were observed in addition

to the nanoparticle population (Fig. 2e1–3).

When the silicate content is kept constant (0.1 M), SEM

images and histograms of size distribution in Fig. 3 indicate

that the amount of alginate also can lead to size change,

but to a much lesser extent. 0.01 wt% (Fig. 2f1–3), 0.05 wt%

(Fig. 2c1–3) and 0.25 wt% (Fig. 2g1–3) alginate solutions

produce nanoparticles with 176 nm, 180 nm and 186 nm mean

diameter, respectively. This suggests that alginate does not

have the same function as surfactants, which can reduce

surface tension of droplets.19

It is worth noting that dynamic light scattering (DLS)

studies of nanoparticle suspensions in water indicate main

particle diameters in the 150 nm–200 nm range for all samples,

suggesting only limited particle agglomeration (not shown).

Thus, it appears that particle size is mainly determined by

silicate concentration. However, it is worth noting at this stage

that the alginate content seems to play a role in the particle

stability as the hybrid nanospheres prepared with the highest

polymer concentration were rapidly dissociated after only a

few hours in water at room temperature. Therefore, it could be

expected that the polysaccharide/silicate ratio may influence

the nanoparticle internal structure.

Nanoparticle structure control by modifying silicate content

First investigations of nanospheres using TEM reveal that the

silicate content also has a major impact on the structural

evolution of the nanoparticle structure, as shown in Fig. 3. For

the lowest silicate concentration (0.02 M), most particles are

hollow, as indicated by Fig. 3a, in which some basket-like

spheres are also observed. With the concentration of silicate

increasing to 0.05 M, particles present an inner-core structure

partially separated from the outer shell (Fig. 3b). When a 0.1 M

silicate solution is used, fragmented particles are formed,

together with nanospheres with loose cores, as seen in Fig. 3c.

By further increasing silicate concentration, fragmented silica

spheres, shown in Fig. 3d, are also obtained, few of which have

small internal voids. Here, the largest concentration tested is

0.5 M, just generating fragmented silica spheres as revealed in

Fig. 3e. For the last two samples, we hypothesized that the

fragmentation results from the release of alginate from the

hybrid nanoparticles. This could be demonstrated by a control

experiment where as-synthesized particles were dispersed in

ethanol, a poor solvent for alginate. In these conditions, no

fragmented structure could be observed after a 6 day ageing

period. The release of alginate in water was also supported by

EDX measurements, showing a decrease of the C:Si ratio with

time (not shown).

The samples obtained by changing the alginate content were

also studied by TEM and the results are shown in Fig. 3. For

the lowest concentration of alginate (0.01 wt%), samples

exhibit a fragmented structure similar to those obtained for a

0.05 wt% concentration (compare Fig. 3f with Fig. 3c).

However, when the alginate concentration is increased to

0.25 wt%, very poor mechanical stability does not allow a good

preservation of original particles during centrifugation. After

6 days of ageing, many fragments from broken particles

occupy the images, as seen in Fig. 3g. Back to SEM results in

Fig. 2g, after 2 h in water the presence of plain spheres is very

obvious, which means that most of the alginate is still trapped

Fig. 1 Description of the spray-drying process: (1) air injection at

constant pressure and flow rate; (2) starting solution container; (3)

furnace at 200 uC; (4) condenser; (5) particle membrane filter paper; (6)

pump.
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D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
4 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

34
38

J
View Online

http://dx.doi.org/10.1039/B713438J


in the hybrid system after this delay. For a longer ageing

period, alginate is fully removed from hybrid nanoparticles.

Because alginate is initially present in large amounts, silicates

are dispersed in the polymer network. Such a poor connectivity

limits silicate condensation so that the resulting silica network

is easily destroyed by centrifugal force. However, Fig. 3g also

reveals that some of the particles still exhibit intact morphol-

ogies as hollow structures, whereas most fragments are pieces

of shells, suggesting that particles have hollow architectures

before the centrifugation procedure.

Nanoparticle structural evolution with ageing time

In order to get more information about structural evolution of

the nanoparticle, time-dependent experiments were carried out

using samples prepared with a 0.1 M silicate concentration and

Fig. 2 SEM images and size distribution histograms of particles synthesized using alginate concentration = 0.05 wt% with silicate concentration =

(a1–3) 0.02 M, (b1–3) 0.05 M, (c1–3) 0.1 M, (d1–3) 0.25 M, (e1–3) 0.5 M and using silicate concentration = 0.1 M with alginate concentration =

(f1–3) 0.01 wt%, (g1–3) 0.25 wt%. All characterizations are carried out after 4 days of ageing at room temperature. md = mean diameter.

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 183–190 | 185
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a 0.05 wt% alginate solution (Fig. 4). As shown in Fig. 4a, after

1 h in water the particles show a dense structure and no

fragmentation is apparent. After 1 d in water, the release of the

biomolecule is indicated by an obvious fragmented structure

(Fig. 4b). With an increase of ageing time up to 6 days, as

shown in Fig. 4c, some particles have partly separated core and

shell, and for small-size particles hollow structures are

observed. The particles obtained after a 13 d ripening time

are shown in Fig. 4d, where cores and shells separate in most

particles, similarly to the samples described in Fig. 3b

Effect of temperature on nanoparticle structural evolution

Although the process described above allows a structural

control of the nanoparticles, formation of hollow structures

takes very long time for most samples. Heat, which can

generally accelerate molecular motion and shorten reaction

time, is widely used in the preparation of nanoparticles, such as

CdS, TiO2 and CuO.14 In the following section, it is shown

that heat, together with other conditions (modification of

alginate and silicate content) (Table 1), can be used to tailor

particle structure.

When compared with results shown in Fig. 4, obtained for

samples aged at room temperature, Fig. 5a–c clearly demon-

strate the effect of heat on the structural evolution of

nanoparticles obtained with the same silicate (0.1 M) and

alginate (0.05 wt%) concentrations. When the reaction time is

2 h at 95 uC, voids between core and shell can be observed

clearly, as indicated by lighter parts in particles (Fig. 5a). In

contrast, for particles prepared in the same conditions and

aged at room temperature, a 2 h ripening cannot even produce

porous structure, as illustrated in Fig. 4a. A hollowing effect is

observed for particles recovered after longer reaction times. As

reported in Fig. 5b, the voids within the nanospheres are

further enlarged when the ripening time is extended to 2 days.

Samples with a 6 day ripening time, in which only little solid

cores are left, are shown in Fig. 5c. It should be noted that

inner solid cores are not separated completely from the shell

and connections still exist, which may result from silicate

species in a midway migration path to the shell.

Fig. 3 TEM images of particles synthesized using alginate concentration = 0.05 wt% with silicate concentration = (a) 0.02 M, (b) 0.05 M, (c) 0.1 M,

(d) 0.25 M, (e) 0.5 M and using silicate concentration = 0.1 M with alginate concentration = (f) 0.01 wt%, (g) 0.25 wt%. All characterizations are

carried out after 4 days of ageing at room temperature All scale bars in inserted images are 200 nm.

Fig. 4 TEM images for samples aged for (a) 2 h, (b) 1 d, (c) 6 d and (d) 13 d. Original samples were prepared with 0.1 M silicate concentration and

a 0.05 wt% alginate solution. All scale bars in inserted images are 200 nm.
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Lowering the initial concentration to 0.02 M while keeping

the alginate concentration constant, we tried to hollow as-

created products at 95 uC. However, in contrast to the room

temperature procedure (Fig. 3a), these samples were unstable

under heat, and degrade into much smaller nanoparticles (see

Electronic Supplementary Information{). This fragmentation

was confirmed by centrifugation experiments that did not

allow the recovery of any material. Such a degradation can be

attributed to the low silicate content, leading to poor

mechanical stability of the hybrid nanoparticles, and to the

high dispersion state of silica within the polymer network, as

already mentioned. To overcome this problem, the tempera-

ture was set at 37 uC and the ageing time limited to 2 days. In

this case, no obvious dissolution takes place, and the TEM

characterizations reveals that most particles are hollow

(Fig. 5d). In contrast, for particles obtained with 0.5 M

silicate, an ageing period up to 27 days was necessary to get

hollow structures at 95 uC (Fig. 5e).

As previously mentioned, modification of the alginate

concentration can also be used to tailor particle size and

structure. For a 0.01 wt% concentration, samples left in water

for 13 days at 95 uC lead to dense particles where no clear

fragmentation is observed (Fig. 5f), thus differing from

nanoparticles obtained after room temperature treatment

(Fig. 3f). In contrast, when the alginate concentration reaches

0.25 wt%, particles are broken into nano-scaled fragments, as

already observed for a low silicate concentration. Here again,

in order to protect particles against centrifugation and heat-

induced fragmentation, a lower temperature treatment was

used (37 uC). Moreover, intact particles could be recovered by

several sedimentation/water re-dispersion steps. These samples

mainly consist of hollow structures but some fragments of

broken particles are also observed (Fig. 5g).

Overall, these observations confirm the importance of the

silica content on the mechanical and thermal stability of the

nanoparticles and also imply that their degradation rate can be

tailored by adjusting the alginate/silicate ratio.

Structure evolution mechanism

In order to figure out the possible structure evolution

mechanism based on TEM observations, the discussion first

needs to take into account the process of spray drying. In a

typical spray-drying process (Fig. 1), a solution containing

non-volatile species is atomized by high-pressure gas flow, and

subsequently small liquid drops are heated to form solid

spherical nanoparticles after solvent evaporation.17

The size of the recovered particles and the polydispersity of

the samples, are known to depend on the concentration and

solubility of non-volatile species in the initial solution.17 In

particular, high concentrations of poorly soluble species lead

to larger particles with significant polydispersity. In the present

case, it appears that hybrid nanoparticle size is mainly

determined by silicate concentration. This reflects the higher

density of silica when compared with alginate, which leads to

an expected increase of nanoparticle volume with silicate

content. Additionally, comparison of size distributions for all

samples also indicates that polydispersity increases with

silicate concentration but does not depend significantly on

alginate content. This may be attributed to the fact that,

whereas the polymer is expected to be chemically inert during

the spray-drying process, silicate species are undertaking a

Fig. 5 TEM images of particles aged at 37 uC or 95 uC. See Table 1 for preparation conditions.

Table 1 Synthetic parameters for hollow spheres obtained after
thermal treatment

Sample
[Alginate]
(wt%)

[SiO2]/
mol L-1 Temperature/uC

Ageing
time

a 0.05 0.1 95 2 h
b 0.05 0.1 95 2 d
c 0.05 0.1 95 13 d
d 0.05 0.02 37 2 d
e 0.05 0.5 95 27 d
f 0.01 0.1 95 13 d
g 0.25 0.1 37 6 d
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condensation reaction leading to silica formation. As con-

densation proceeds, the water solubility of the formed silicate

species decreases, which may explain the observed increase in

sample polydispersity.

Considering the nanoparticle’s internal structure, it is well-

known that the drying is an external-to-interior process where

the surface layer of liquid drops is first heated so that, in most

cases, the external shell of as-created particles is different from

their interior.17 In the case of spray-dried alginate/silicate

solutions, silicate species in atomized droplets first condense

on their outer layer due to more efficient heating of this area,

so that the silica network constituting the shell is expected to

possess a higher condensation degree and better stability

against dissolution than the core material, opening up the

possibility of using Ostwald ripening for the preparation of

hollow structures.14 In addition, the presence of alginate leads

to a dispersion of silicate species, limiting their condensation

and therefore enhancing their solubility.

When hybrid nanoparticles are exposed to water, the release

of alginate can occur freely, driven by dissolution and

diffusion, because there is no attractive interaction between

the polymer and silicates. This release of alginate also liberates

silica species that now have the possibility to diffuse and

condense further. Then, the ensuing evolution upon ageing is a

typical Ostwald ripening process, in which the thickness of the

less soluble shell increases at the cost of more-soluble inner

core. With prolongation of time, the inner core becomes

smaller until finally a hollow structure is formed.14

In our system, three main mass transfers take place.

Alginate is released from the nanoparticles to the surrounding

water, driven by concentration difference. Silicates, initially

trapped in the alginate network, can also migrate from the

inner core to the shell by Ostwald ripening. Additionally, water

diffuses from the surrounding medium to the particle interior.

Among the three mass transfers, water invasion and subse-

quent alginate release are expected to take place simulta-

neously as the water-soluble biopolymer can dissolve and

diffuse very quickly. In contrast, compared with alginate and

water transfers, the silicate migration requires (i) alginate

dissolution and (ii) silicate transfer that is controlled by

transfer distance and transfer mass and should therefore take a

relatively longer time.

Considering the influence of polymer dissolution, for a high

initial alginate/silica ratio, the silica structure within the

particle core can be visualized as individual blocks dispersed

in the alginate matrix rather than as a continuous network

(Scheme 1(a)). In traditional Ostwald ripening definition, such

small-sized blocks possess high solubility,11 which can also

accelerate the hollowing rate and subsequently reduce the time

to form hollow structure (Fig. 3g). In contrast, a low alginate/

silica ratio leads to large blocks of condensed silica incorpor-

ating small amounts of polymer (Scheme 1(b)). Alginate

dissolution should therefore create voids and induce the

fragmentation of the silica network, as illustrated on Fig. 3f.

As far as silicate transfer is concerned, small particles need

less time to form hollow shells because they correspond to

shorter transfer distances. Furthermore, fewer species within

the inner core can also reduce the time taken to produce a

hollow structure, i.e., looser cores need less time than denser

cores to re-organize. In Fig. 3, those particles that have been

obtained using the lowest concentration of silicates have the

smallest size, which leads to the shortest mass transfer

distance. Therefore, within a short period of time, formation

of hollow particles is achieved. Some basketball-like particles

could be seen, and Zeng et al. suggested they were typical

results of asymmetrical ripening.14 With the concentration of

silicate increasing, mass transfer distance and transferred mass

increases, requiring a longer time to form hollow structures.

Thus, images shown in Fig. 3 represent different stages of the

hollowing process: the final stage for most particles in Fig. 3a

(especially for small particles), midway in Fig. 3b and 3c, and

possibly the starting period in Fig. 3d and 3e. Accordingly,

Fig. 4 illustrates the size-dependence of the structural

evolution process where the smallest particles show a hollow

structure (final stage), whereas a distinct separation between

core and shell materials is observed for the largest ones

(midway stage).

Additional studies performed on the effect of temperature

also confirm our proposed mechanism. It is expected that heat

increases both dissolution and diffusion phenomena. In

parallel, temperature should enhance silicate condensation

kinetics. The first effect is illustrated by the difference between

room temperature and 95 uC experiments, as shown in Figs. 4

and 5. For similar intermediate alginate and silica content,

voids between core and shell materials are already observed

after 2 h at high temperature (Fig. 5a), whereas similar

structures are only obtained after 13 d at room temperature

(Fig. 4d). Interestingly, at a low silica content, the Ostwald

ripening process is slow at room temperature whereas the heat-

induced alginate release kinetics at 95 uC appear too fast to

allow silicate diffusion and shell formation, so that unstable,

fragmented particles are obtained (Scheme 1a). This problem is

overcome by lowering the temperature to 37 uC, indicating

that optimum temperature should be found for each nano-

particle composition. The influence of temperature on silica

condensation can be clearly seen at low alginate concentration.

In this case, particles left at 95 uC over 13 days are almost

unmodified as silicate condensation may proceed upon

alginate removal (Fig. 5f), whereas fragmented structures are

obtained at room temperature (Fig. 3f) (Scheme 1b).

These data deserve to be discussed in the frame of future

applications. Alginate/silica nanoparticles obtained using a

similar spray-drying approach are currently studied as

drug delivery systems.18 It was demonstrated that these

Scheme 1 Schematic illustration of the structural evolution of hybrid

alginate (grey)/silica (dark) nanoparticles with (a) low silica content

and (b) low alginate content at room temperature (RT) and 95 uC.
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nanoparticles could be taken-up by living cells and could

release model fluorphores intra-cellularly. After cellular

incorporation, nanoparticles were found degraded in the cell

cytoplasm, leaving silica fragments that are very similar to

those observed in this study. Since these experiments were

performed at 37 uC, our previous assumption that nanoparticle

degradation was due to a specific cellular activity may need to

be reconsidered. At the same time, in vitro release experiments

indicated a rapid fluorophore delivery that was attributed to

the thin silica shell observed for these nanoparticles. On the

basis of the results obtained here, it should now be possible to

control in a more systematic manner both the in vivo and

in vitro behaviour of these hybrid nanocarriers.

Finally, it is worth comparing the spray-drying approach

described here with some other methods developed to control

nanostructure formation. Owing to its simplicity, the aerosol

technique appears suitable for elaboration of hybrid nano-

particles. If several attempts have been made to control the

internal architecture of spray-dried powders, the precise

control of as-synthesized particle size and poly-dispersity is

difficult to achieve, relying on both initial solution content and

equipment performance.17 This indeed contrasts with the

traditional routes to silica nanopowders, usually involving

the so-called Stöber process.20 However, these methods use

silicon alkoxides, and not soluble silicates, as precursors as

well as organic solvents, which are not compatible with Green

Chemistry requirements. Moreover, it is not possible, via this

method, to introduce large amounts of organics within the

silica network. Another limitation of the spray-drying

approach lies in the fact that, since the spherical shape of

obtained nanoparticles originates from the drying of sprayed

droplets, the control of the particle shape is not straightfor-

ward. Very often, such control involves the combination of a

surface-regulating agent or an anisotropic template and a

precise control of reaction conditions, especially tempera-

ture.21 Alternatively, soft chemistry methods have been

described where the desired shape is obtained by controlling

the chemical transformation occurring upon ageing in solution

which might involve the Ostwald ripening process.22

Noticeably, most of these approaches have been developed

for crystalline nanostructures (metal, metal chacolgenide, ...)

and may be more difficult to achieve for amorphous

materials, such as silica. Nevertheless, the present work

shows that, for lack of size and shape control, it is possible

to tailor the internal architecture of silica nanoparticles by

controlling the ageing conditions of spray-dried hybrid

nanoparticles.

Conclusions

The procedure described here involves two biocompatible

agents (alginate and silicate), uses only aqueous media and

generates no by-products as both precursors are non-volatile

and are fully recovered in the resulting powder. In addition,

this process demonstrates a large flexibility in terms of size,

structure and stability of the final products, which can be

simply controlled by adjusting the composition of the initial

mixture and the ageing temperature. All these arguments,

together with the use of the technically well-established spray

drying technology, make this method highly promising for

further applications.
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The behaviour of cellulose was studied in water at high temperatures and high pressures by in situ

high-resolution optical microscopy. It was found that crystalline cellulose underwent

transformation to an amorphous state in hot and compressed water, which was followed by

complete dissolution. The finding shows that the chemical stability of cellulose in hot and

compressed water is determined by the unique properties of cellulose that arise from extensive

networks of hydrogen bonds among the cellulose chains in the crystal. The implications of the

observation for hydrothermal conversion of cellulose are discussed.

Introduction

Interest in glucose production from biomass has never been

higher due to the escalating demand for bioethanol as an

alternative fuel.1,2 In the production of bioethanol, glucose is

first obtained from chemical or enzymatic hydrolysis of

polysaccharides, after which it is fermented to produce

ethanol. Starch is the major source of glucose at

present,1,2 but the glucose production from cellulose, which

is the most abundant biomass and 1.5 6 1012 tons are

produced annually,3 is indispensable for large-scale use of

bioethanol.1

Starch is a polysaccharide made of glucose connected

mainly via a-1-4 glycosidic linkages. It is semi-crystalline

at room temperature, but undergoes crystalline-to-

amorphous transformation when heated in water to

60–70 uC (known as gelatinisation),4 which accounts for

the various changes of starchy foods when they are cooked.

The starch chains become swollen upon gelatinisation and

can be attacked readily by hydrolytic enzymes, resulting in

better digestibility of cooked starchy foods. Gelatinisation is

an indispensable step for processing starch in the food

industry, and is also the preliminary process necessary

to render starch suitable for enzyme-catalyzed biomass

conversion.5

Cellulose is also a polysaccharide made of glucose, but the

glucose units are connected via b-1-4 glycosidic linkages. The

difference in connectivity results in a profound difference in

properties of the polysaccharides, and cellulose shows various

unique characteristics such as resistance to chemical or

enzymatic hydrolysis, insolubility in common solvents

including water, and structural rigidity. These characteristics

arise from extensive hydrogen bonding networks that are

formed between the cellulose chains in the crystals.6 However,

unlike starch, the crystalline structure of cellulose is so robust

that it cannot be broken up no matter how long it is cooked in

boiling water, and this is the major reason that hampers

efficient conversion of cellulosic biomass.

Interestingly, some sorts of change of the crystalline

structure had been suggested when cellulose was treated in

water at significantly higher temperatures under pressures.

Transformation of a crystalline structure was first reported

after annealing crystalline cellulose by saturated steam above

260 uC for 30 min.7,8 More recently, very high hydrolysis rate

was achieved by processing cellulose in water near and above

its critical point (Tc = 374 uC, Pc = 22.1 MPa).9–14 In

supercritical water, conversion of cellulose was extremely

rapid, achieving 99.0% conversion within 0.01 s even without

using any catalysts,12 and the process attracted considerable

interest as an environmentally benign process for cellulose

conversion.9 A change in crystalline structure was considered

responsible for the anomalous reaction behaviour.12,14

However, behaviour of crystalline cellulose in hot and

compressed water remains unclear because of experimental

difficulties associated with studying cellulose under such

extreme conditions.

We developed an optical microscope equipped with a high-

temperature and high-pressure sample chamber,15,16 and

studied the chemical stability of polystyrene and silica,17 and

the Brownian motion of colloids,16 all in water at high

temperatures and high pressures up to a supercritical state.

By performing in situ polarized microscopic observation,

the first direct experimental evidence was obtained showing

that crystalline cellulose underwent transformation into an

amorphous form when heated in water at 320 uC and

25 MPa.18 This paper reports a detailed study on the

behaviour of cellulose in water at high temperatures and

pressures, which is carried out by using in situ high-resolution

optical microscopy. The results are discussed with respect to

the hydrolysis behaviour of cellulose in hot and compressed

water.

aExtremobiosphere Research Center, Japan Agency for Marine–Earth
Science and Technology (JAMSTEC), 2-15 Natsushima-cho,
Yokosuka, 237-0061, Japan. E-mail: shigeru.deguchi@jamstec.go.jp;
Fax: +81 46-867-9715; Tel: +81 46-867-9679
bNanotechnology Research Center, Research Institute for Electronic
Science, Hokkaido University, N21, W10, Kita-ku, Sapporo, 001-0021,
Japan
{ Electronic supplementary information (ESI) available: Movies
showing behaviour of starch and crystalline cellulose (SF) in water
at high temperatures and high pressures. See DOI: 10.1039/b713655b
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Results

Observation of cellulose in hot and compressed water

Fig. 1 shows a series of optical microscopic images of cellulose

in water at high temperatures and high pressures, which were

taken while heating the sample at 15 uC min21. Crystalline

cellulose (CF) remained unchanged up to 310 uC (Fig. 1A),

above which the fibres became transparent gradually with

temperature (Fig. 1B and C). Twisting and bending of the

fibres were also observed. CF eventually dissolved in water at

around 340 uC (Fig. 1D). No precipitate appeared when the

specimen was cooled to room temperature, suggesting that

cellulose was hydrolyzed rapidly in hot and compressed water

after it was transformed to an amorphous state.12,14

The observation was quantified by a computer-based image

analysis, in which the change of relative brightness of the

images was measured as a function of temperature (Fig. 1E).18

The analysis parallels a turbidity measurement. The relative

brightness was almost constant up to 310 uC, and started to

increase gradually with temperature, mainly due to increasing

transparency of the cellulose fibres. It then increased sharply

within a narrow temperature range between 320 and 330 uC,

which was ascribed to both increasing transparency and

dissolution of the cellulose fibres. It became constant again

above 330–340 uC due to the complete dissolution.

In the previous study, we used polarized optical microscopy

and found that the dissolution was preceded by crystalline-to-

amorphous transformation of cellulose.18 Transformation was

evidenced by the loss of birefringence, and the same image

analysis procedure was used to quantify the observation.18 The

results obtained by polarized microscopy are shown together

in Fig. 1E. The results obtained with or without polarizers

agree well. This means that increase of the transparency of

crystalline cellulose with temperature between 320–330 uC
corresponds to crystalline-to-amorphous transformation. In

other words, constant brightness up to 320 uC demonstrates

the crystalline structure of cellulose is retained up to this high

temperature.

Comparison with starch

Unsurpassed stability of crystalline cellulose in hot and

compressed water was also revealed by comparing the

behaviour of cellulose and starch. Fig. 2 shows a sequence of

microscopic images showing starch granules when heated in

water up to 200 uC at 25 MPa. The starch granules are swollen

dramatically between 80 and 90 uC, which is one of the

characteristic features of a crystalline-to-amorphous transfor-

mation of starch.4 Upon further heating, the texture of the

swollen starch granules became fainter with temperature, and

was lost completely at around 200 uC. Like cellulose, no

precipitate appeared upon cooling the specimen to room

temperature, suggesting that the swollen starch chains were

hydrolyzed in hot and compressed water at around 200 uC.

The observation suggests that the a-1-4-glycosidic linkage,

which connects glucose residues to form the starch chain, is too

labile in water at such high temperature. It is likely that the

b-1-4-glycosidic linkage that makes up the cellulose chain

should have similar susceptibility to hydrolysis in hot and

compressed water. Thus, the fact that cellulose remains

unaffected at significantly higher temperatures is ascribed to

Fig. 1 A series of in situ optical microscopic images showing

crystalline cellulose (CF) in water at a constant pressure of 25 MPa

and different temperatures. (A) 310 uC, (B) 320 uC, (C) 330 uC, and (D)

340 uC. Images were taken while heating the specimen at a heating rate

of 15 uC min21. Scale bar represents 100 mm. The bottom figure shows

change of relative brightness of the images (filled triangles). The letters

in the figure indicate the corresponding micrographs. Shown together

are the results obtained by in situ polarized optical microscopy (open

triangles), which are taken from ref. 18.

Fig. 2 A series of in situ optical microscopic images showing starch

granules in water at a constant pressure of 25 MPa and different

temperatures. Each bar represents 100 mm. A movie showing the

process is available as ESI.{
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a protective role of the crystals, in which extensive networks of

hydrogen bonds among the cellulose chains are formed.6 Upon

transformation to an amorphous state, the network is broken

up and the cellulose chains become accessible to high-

temperature water, leading to rapid hydrolysis.

Observation of cellulose having different structural

characteristics

Considering the crucial role of the crystalline structure for the

stability of cellulose in hot and compressed water, structural

characteristics such as crystallinity should affect the behaviour

of cellulose. We compared the behaviour of three cellulose

samples of different structural characteristics. The character-

istics of the samples are summarized in Table 1. SF shares the

same crystalline form (cellulose-I) with CF, but differs in

crystallinity. SF-II is a highly porous material consisting of

very thin fibres (20–50 nm thick) of crystalline cellulose, while

the granules of SF have smooth surfaces (Fig. 3).19–21

Consequently, the specific surface area of porous cellulose

(y200 m2 g21)20 is one or two orders of magnitude larger than

that for typical crystalline cellulose (y1–10 m2 g21).22 Thus,

comparison of SF-II with the others would help to understand

possible surface effects, such as hydrolysis on the surface or

diffusion of water molecules into the cellulose crystals, on the

behaviour of cellulose in hot and compressed water. The

crystalline form of SF-II (cellulose-II) also differs from others

(cellulose-I). As cellulose-II is thermodynamically more stable

than cellulose-I,3 the difference may have an impact on the

crystalline-to-amorphous transformation of cellulose.

Both SF and SF-II showed similar behaviour to CF in hot

and compressed water (Fig. 4). Above certain temperatures,

SF and SF-II became transparent with temperature, and

eventually dissolved completely, indicating that these samples

also underwent crystalline-to-amorphous transformation in

hot and compressed water and were hydrolyzed. However,

compared with CF, the complete dissolution was observed at

lower temperatures (Fig. 5). Complete dissolution of SF was

observed at around 320 uC, a temperature which was

approximately 20 uC lower than the temperature at which

the complete dissolution of CF was observed (Fig. 1). The

result indicates that the crystallinity is an important factor that

determines crystalline-to-amorphous transformation of cellu-

lose in hot and compressed water.

It was rather unexpected that the nanofibrous form of

cellulose (SF-II) exhibited stability comparable to the others

(SF and CF), despite the huge difference in the specific surface

area. The observation clearly shows that the surface effect does

not affect the behaviour of cellulose in hot and compressed

water, and corroborate the previous conclusion that the

crystalline structure of cellulose is essential in the stability in

hot and compressed water. The difference in the crystalline

form between SF-II and others may also contribute to the

stability of the nanofibres.

Table 1 Characteristics of cellulose samples

MWa DPb
Crystallinityc

(%)
Crystalline
formc Ref.

CF 3.8 6 104 2.3 6 102 73.4 Cellulose-I 18
SF 3.6 6 104 2.2 6 102 58.2 Cellulose-I 21
SF-II 4.2 6 104 2.6 6 102 44.5 Cellulose-II 21
a Measured by viscometry in copper ethylenediamine according to
TAPPI standard T 230 su-66. b Degree of polymerization.
c Measured by X-ray diffraction.

Fig. 3 SEM images comparing morphology of crystalline cellulose

(SF) (A and B) and regenerated porous cellulose (SF-II) (C and D).

Scale bar, (A) 2 mm, (B) and (D) 300 nm, (C) 1 mm.

Fig. 4 Effect of crystallinity, crystalline structure, and morphology

on the dissolution behaviour of cellulose in water at high temperatures

and at a constant pressure of 25 MPa. The top images demonstrate

CF, SF, and SF-II in water at a constant pressure of 25 MPa and at

different temperatures. Each bar represents 100 mm. Images for SF-II

are taken from ref. 21.
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It is interesting to note that the fine crystals of SF moved

around on the surface of the lower optical window of the cell

due to convective flow (ESI{). Random reorientation of the

crystals due to thermal fluctuations was also evident. However,

the movements ceased completely at around 260–270 uC,

which was followed by a crystalline-to-amorphous transforma-

tion. The observation suggests that the transformation is

preceded by a change of surface properties of cellulose crystals,

which makes the crystals stick on the diamond surface.

Discussion

Hydrolysis of cellulose in hot and compressed water

In the first study on the transformation of cellulose crystals

after annealing by saturated steam, the transformation was

observed only when the temperature of the steam was above

260 uC.7 In another study in which crystalline cellulose was

hydrolyzed in a batch reactor, it was reported that cellulose

was decomposed quickly between 240 and 270 uC, but not at

lower temperatures.23 However, the significance of such

temperature dependence was not realized at all.

This study provides the first experimental clue to explain

such temperature dependent change of the reaction behaviour

of cellulose. It is now clear that cellulose is transformed from a

crystalline state to an amorphous state under such conditions,

and this is the underlying process that is responsible for

anomalous temperature dependent changes of properties.

Crystalline-to-amorphous transformation of starch has been

studied extensively, and it is well known that dramatic swelling

of starch granules, as is seen in Fig. 2, follows the

transformation.4 Similar swelling was also observed for

cellulose when its dissolution process in iron–sodium tartrate

(FeTNa) and LiCl/dimethylacetamide was studied by phase

contrast optical microscopy.24 However, such swelling was not

observed at all in this work. The lack of swelling could be

ascribed to rapid hydrolysis of amorphous cellulose formed

after the transformation, because decomposition of cellulose is

very rapid in water at 320 uC and 25 MPa (99.3% conversion in

9.9 s).12

The same authors also showed that cellulose oligomers were

indeed produced and solubilised in hot and compressed water

during hydrolysis of cellulose. When cellulose was heated in

water at 320 uC and 25 MPa for 1.6 or 2.5 s, cellulose

precipitated in the solution that was clear and transparent just

after the reaction.12 However, no such precipitation was

observed at longer heating times (above 3.8 s). The results

indicate that such cellulose oligomers are hydrolyzed promptly

in hot and compressed water. In our observation, cellulose was

kept at temperatures above 300 uC for significantly longer time

(no less than 10 min). Thus, no precipitate appeared when the

specimen was cooled to room temperature.

Cellulose conversion in subcritical and supercritical water

The hydrolysis behaviour of cellulose was studied extensively

in water at even higher temperatures and higher pressures up

to a supercritical state.9–14 Detailed kinetic analysis revealed an

abrupt increase of the hydrolysis rate in subcritical water, and

break-up of the crystalline structure was inferred to be

responsible for the increase.12,14 However, the change of

the crystalline structure was expected at 350 uC12 or 370 uC,14

the temperature of which was significantly higher than the

temperatures where crystalline-to-amorphous transformation

was observed in this study. Such discrepancy was also reported

when hydrolysis of cellulose was performed in a diamond anvil

cell (DAC) while observing the reaction mixture.12

The apparent discrepancy could be ascribed to dissolution

kinetics. The end products of hydrolysis of cellulose in

subcritical and supercritical water are not glucose and water

soluble oligomers alone, but various decomposition products

are also obtained.12 Indeed, after hydrolysis of cellulose in

water at 320 uC and 25 MPa for 9.9 s, more than half of

cellulose was converted to organic acids.12 Thus, in order to

suppress overdecomposition and maximize the glucose yield,

the hydrolysis experiments were done by using a very short

reaction time, typically less than a second.13 It seems highly

unlikely that crystalline-to-amorphous transformation of

cellulose is completed within such a short period of time. To

complete the transformation under such conditions, and thus

accelerate the hydrolysis, a significantly higher temperature

has to be employed for the reaction. The influence of the

structural characteristics on the reaction behaviour is not

evident either under such conditions.11

Thermal properties of cellulose

Crystalline-to-amorphous transformation is not simple ther-

mal melting of cellulose crystals, but water plays an important

role because no such transformation is observed in ethanol.18

However, at temperatures where the transformation is

observed, high thermal energy prevents clustering of the water

molecules, leading to properties that are remarkably different

from those of ambient water.25 For example, the dielectric

constant, which is 78 at 25 uC and 0.1 MPa, decreases to 21 at

300 uC and 25 MPa. The value is comparable to that of

1-propanol, and it seems unlikely that such nonpolar water

interacts favourably with cellulose.

Fig. 5 Effect of crystallinity, crystalline structure, and morphology

on temperature dependent change of relative brightness.
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On the other hand, changes in solid properties of crystalline

cellulose are known at temperatures above 200 uC. For

example, a glass transition temperature (Tg) of cellulose is

estimated to be 250 uC.26 The drastic change in the hydrogen-

bond structure of crystalline cellulose was reported recently at

around 220 uC.27 Considering the similarity between these

changes and crystalline-to-amorphous transformation in terms

of the temperature range, it seems safe to conclude that

transformation of crystalline cellulose to an amorphous state

in hot and compressed water should be a consequence of

synergetic effect between the unique properties of hot and

compressed water and thermal properties of crystalline

cellulose.

Native cellulose-I consists of two allomorphs, triclinic

cellulose-Ia and monoclinic cellulose-Ib, and the proportion

of Ia/Ib depends very much on the source. Celluloses from

primitive organisms such as bacterial cellulose are cellulose-Ia

dominant, while celluloses from the higher plants are rich in

cellulose-Ib.28 It was recently reported that cellulose-Ia is more

unstable than cellulose-Ib at high temperatures.29 This

suggests that thermal properties of cellulose depend on its

native source. The native source also affects the crystallite

widths.28 Crystallites of cotton cellulose (5.0–7.0 nm) are larger

than those of wood cellulose (3.5–4.0 nm). These source

dependent structural differences might also have affected the

difference in the stability between CF (derived from cotton)

and SF (derived from wood) in hot and compressed water.

Conclusion

In situ optical microscopy revealed that crystalline cellulose

underwent transformation to an amorphous state in hot and

compressed water, and the transformation was affected by the

structural characteristics. The surface effect was found

negligible. The finding suggests that studying the behaviour

of cellulose is essential in understanding hydrothermal

conversion of cellulose, and has immediate implications for

designing the hydrothermal treatment of cellulose, in which an

efficient conversion is hampered by the robust crystalline

structure.30

The benefits of visual information are often overlooked in

chemistry, but our results demonstrate clearly that optical

microscopy is a powerful tool for investigating a system of

which little is known.16,31 It is also clear that the observations

have to be supplemented by other analytical techniques. In this

case, differential scanning calorimetry (DSC), differential

thermal analysis (DTA), or X-ray diffraction (XRD) would

certainly allow a quantitative and thus much more rigorous

assessment of crystalline-to-amorphous transformation of

cellulose. The present study would be of help in preparing

such experiments.

Experimental

Materials

Celluloses used in this work were CF1 fibrous cellulose powder

(derived from cotton, Whatman, Brentford, UK) and Funacel

SF for thin-layer chromatography (derived from wood,

Funakoshi, Tokyo, Japan). Regenerated porous crystalline

cellulose19 was prepared by using SF. The preparation and

physicochemical characteristics of the porous crystalline

cellulose are described elsewhere.21 The three different

cellulose samples are denoted as CF, SF and SF-II, respec-

tively. Potato starch was purchased from Wako Pure Chemical

Industries, Ltd. (Osaka, Japan).

In situ high-resolution optical microscopy

Observation was made on an optical microscope equipped

with a high-temperature and high-pressure cell.15 The small

cell can be set up on a conventional inverted optical

microscope, and the system allows in situ microscopic

observation of specimens in water at temperatures and

pressures up to 400 uC and 35 MPa with an optical resolution

of 2 mm.15

Polysaccharides were dispersed in pure water, and intro-

duced into the cell. The specimen in the cell was pressurized to

25 MPa at room temperature, and heated to 400 uC while

keeping the pressure constant at 25 MPa. A typical tempera-

ture profile during heating is shown in Fig. 6. The instrument

is able to heat the sample to 350 uC within 25 min. At

temperatures above 50 uC, the heating rate was nearly constant

at around 15 uC min21. Imaging was done by using a colour

chilled CCD camera (C5810, Hamamatsu Photonics K. K.,

Hamamatsu, Japan) onto a VCR (GV-D300, SONY, Tokyo,

Japan) while heating the specimen. The VCR is interfaced to a

personal computer, and the recorded images can be transferred

digitally via IEEE 1394a to the computer for image analysis or

video editing.

Due to the flow type design of the cell, it is not possible to

recover the specimen after observation, and end products of

the specimen after observation were not analyzed in this study.

Image analysis

The observation was quantified by calculating the brightness

of the images.18 The analysis parallels turbidity measurements.

The values were normalized so that the brightness at the lowest

Fig. 6 Typical temperature profile during observation.
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measurement temperature became 0 and the brightness at the

highest measurement temperature became 1. The image

analysis was performed using ImageJ.32

Scanning electron microscopy

The morphology of SF and SF-II was examined by scanning

electron microscopy (SEM). The lyophilized samples were

coated with osmium,33 and examined on a JSM-6700F (JEOL,

Tokyo, Japan).
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We report an investigation of the continuous oxidative dehydrogenation of 4-vinylcyclohexene

(VCH) in high pressure steam. Oxidative dehydrogenation reactions such as this are often limited

by unselective or total oxidation. We find that these side-reactions not only occur in this case, but

can also have a major influence on the selectivity; a small increase in flow rate results in a

complete switch in selectivity of the reaction. Our results suggest that styrene (ST) is formed as the

initial product but that unless the H2 is sequestered, ST may then be hydrogenated to yield

ethylbenzene (EB).

The observation of periodic temperature spikes near the surface of the catalyst bed indicate cycles

of propagating flames occur in a relatively small volume of the reactor, leading to total oxidation

of some VCH and removal of O2, which would otherwise sequester the H2. These flames give rise

to the large variations in the observed product selectivity. We suggest that these observations may

not be restricted to this reaction system and reactor configuration, and may occur in other

situations where small-scale continuous flow oxidation reactors are used.

1. Introduction

The current interest in near-critical and supercritical fluids as

reaction media is leading to an increasing use of continuous

flow reactors.1 Such reactors have safety advantages over

sealed autoclaves,2 even on a laboratory scale. Furthermore,

continuous reactors have a relatively straightforward path for

scale up, which at least in principle, should be less expensive

than for high pressure batch processes. However, the use of

high pressure continuous reactors on the small scale can lead

to a whole series of uncertainties, for example, in residence

time or reaction temperature, which do not occur in a well-

stirred autoclave. These uncertainties are exacerbated in

supercritical fluids, where the large pressure and temperature

dependence of fluid density and phase equilibria can have

major effects.3 Particularly dramatic effects can be observed

when fixed catalyst beds are used for highly exothermic

reactions in continuous mode; for example, we recently

reported how the catalytic dehydrogenation of 4-vinylcyclo-

hexene (VCH) can ‘‘light off’’ in supercritical CO2 with a

temperature rise of only 2 uC (i.e. going from zero to nearly

100% conversion of VCH).4

In this paper, we report an effect in the oxidative

dehydrogenation of VCH in high pressure steam, in which a

modest increase in flow rate results in a complete switch in

selectivity of the reaction. Our observation has twin

implications for green chemistry. It underlines that consider-

able care is needed in interpreting the results of experiments in

continuous reactors and re-emphasises the role that reactor

design can play in determining the observed chemistry.

The oxidative dehydrogenation of VCH is of importance as

one step in an alternative route for the manufacture of styrene

(ST). Currently, ST is manufactured largely from benzene via

ethylbenzene (EB), Scheme 1. VCH is involved in a route

which starts with the dimerisation of butadiene.5–7 This route

is potentially attractive because it eliminates the need for an

aromatic feedstock.

The selective dehydrogenation of VCH with heterogeneous

catalysts has been investigated by several authors.

Alimardanov and Abdullayev reported5 the formation of ST

via EB using Cu–Mg–O and zeolite catalysts in the vapour

phase, route a–b–c in Scheme 2. However, other reports

suggest a mechanism involving direct dehydrogenation i.e. the

aSchool of Chemistry, University Park, Nottingham, UK NG7 2RD.
E-mail: martyn.poliakoff@nottingham.ac.uk; Fax: +44 (0)115 951 3058;
Tel: +44 (0)115 951 3520
bINVISTA Performance Technologies, Wilton, Cleveland, UK
TS10 4XX
{ Present address: INVISTA Performance Technologies, Wilton,
Cleveland, UK TS10 4XX

Scheme 1 Current route to styrene (ST) from benzene via ethyl-

benzene (EB) and the proposed route from butadiene via 4-vinyl-

cyclohexene (VCH).
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exocyclic double bond is retained, route d–e in Scheme 2.

Notably, Neumann et al. reported the reaction in the presence

of a polyoxometalate,6 and Choi et al. have studied this

transformation using a promoted ZrO2 catalyst.7 In earlier

work, Castellan and Tausznik reported dehydrogenation and

isomerisation as parallel pathways in their work using Pd

catalysts supported on alumina.8 To our knowledge, there has

been no suggestion that the ST formed in these reactions can

be hydrogenated to EB as a further reaction step, i.e. step f in

Scheme 2. Previous work conducted in our group concerning

the dehydrogenation of VCH in supercritical CO2 investigated

the mechanistic pathway of the isomerisation and dehydro-

genation (a–b) in the absence of oxygen. ST was not observed

in any of these experiments.4

Recently, we have been investigating the homogeneously

catalysed aerobic oxidation of methyl aromatics in super-

critical H2O (scH2O) as a route to terephthalic acid and other

aromatic acids.9–11 This route has potential advantages in

terms of energy recovery compared to existing processes, and

in replacement of the traditional solvent, acetic acid, and its

associated waste and by-products.10 Thus, the oxidative

dehydrogenation of VCH offers an interesting opportunity to

extend our scH2O approach to another organic transformation

of industrial relevance, and in particular, to investigate the use

of heterogeneous catalysts under these conditions.

2. Results and discussion

All of our reactions were carried out continuously in the

reactor shown in Fig. 1. The concentration of VCH, ST and

EB in the product stream were analysed quantitatively by GC

(see Experimental). Qualitative off-line micro-GC analysis was

also performed to identify the gaseous products.

Our first experiments indicated that the reaction was

unsuccessful, with negligible dehydrogenation detected, in the

reactor system under scH2O conditions (Tc = 374 uC, pc =

221 bar, rc = 0.32 g cm23). However, significant catalytic

activity was observed when the reaction was performed in the

vapour phase at 90 bar, Table 1.

Although there was no clear trend in the conversion of

VCH, the selectivity for ST was greatest at lower temperatures.

This selectivity compares well with other results in the

literature.7,12 Aside from the main products, ST and EB, we

also observed small amounts of toluene and benzene, with

yields of ca. 1%. These by-products have been reported

previously for the reactions of VCH at high temperature.13

The conversion of VCH was much greater than the yield of

ST and EB, presumably because of the production of carbon

oxides as a result of unselective oxidation. CO2 was detected in

the effluent gases using gas chromatography. Such uncon-

trolled oxidation is undesirable, but is common in many high

temperature oxidation processes. In this case, oxidation would

be a major barrier to industrial implementation.

By contrast, the reaction showed a remarkable dependence

on flow rate, Table 2 and Fig. 2. The ratio of the feeds was

kept constant, whilst the total flow rate was increased. There is

a complete switch in selectivity with only a modest change in

flow rate. At 3 ml min21 EB is the major product, while at

Scheme 2 Possible reaction pathways for the dehydrogenation of

VCH.

Fig. 1 Schematic view of the fixed bed reactor used in this work; a

full diagram of the equipment is given in Fig. 5 in the Experimental

section. The position of the thermocouple in the reactor and the point

of temperature detection are marked. Details of the exact dimensions

of the reactor are provided in the Experimental section.

Table 1 Variation in product selectivity with temperature for the continuous catalytic dehydrogenation of VCH in high pressure steama

Temperature/uC VCH conversion (%) EB yieldb (%) ST yieldb (%) EB selectivityb (%) ST selectivityb (%)

360 67 1 43 3 95
410 73 3 25 11 84
460 51 4 24 12 78
a Flow rate 6 ml min21, pressure 90 bar, 2% (vol.) VCH feed, 2.5 mol O2 : 1.0 mol VCH, catalyst 2.8 g of 1% Pd/Al2O3, VCH =
4-vinylcyclohexene, EB = ethylbenzene, ST = styrene. b Yields and selectivities based on products observed by gas chromatography, COx not
included.
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5 ml min21, it is ST. The implication is that EB is formed at

longer residence time, suggesting that H2 present in the

reaction mixture can react with ST.

The amount of unaccounted material in these experiments

was generally quite high, especially at the lowest flow rates, ca.

40%. In the absence of O2, there was no reaction of the VCH,

and close to 100% mass accountability. Similarly the amount

of unaccounted material became progressively worse as the

proportion of O2 was increased, Table 3.

A strong clue as to why the selectivity switches so

dramatically, was found when a thermocouple was placed in

the top layer of the catalyst bed, see Fig. 1. The temperature

recorded (305 uC) was more than 100 uC lower than half way

down the catalyst bed, 420 uC. At a flow rate of 5 ml min21,

there were small, apparently random fluctuations in the

temperature recorded by the thermocouple, Fig. 3(i).

However, at 3 ml min21, there were very strong and regularly

spaced temperature excursions up to 100 uC, Fig. 3(ii).

It is important to stress that the temperature oscillations

were only noticed when a thermocouple was placed right at the

top of the catalyst bed. Monitoring the temperature lower

down or at the reactor outlet did not indicate any significant

differences between the different flow rates. There were no

temperature oscillations in the absence of O2. It seems

reasonable to assume that these temperature excursions are

the result of exothermic reactions involving O2 and VCH,

namely unselective oxidation. The period of the oscillations (at

3 ml min21 total flow, ca. 20 s) was not associated with any

obvious periodic event originating within the reactor equip-

ment, for example the pump stroke rate.

Similar oscillations in temperature, dependent on space

velocity and the ratio of O2 to substrate, have been reported in

the oxidative dehydrogenation of ethane,14 and periodic blue

flames have also been observed in such reactions.15 Other

examples include periodic temperature spiking in the reaction

of isobutene with O2.16,17

Based on these previous reports, we suggest that the

temperature oscillations observed in the upper region of our

catalyst bed can be attributed to the presence of a series of

flames, as shown in Fig. 4. We envisage these flames igniting at

the catalyst bed surface, propagating upwards (counter-flow)

towards the fuel source (the organic feed pipe), and extinguish-

ing when all of the available oxygen has been consumed. When

the O2 is replenished, ignition can occur again, resulting in the

periodic oscillations in temperature that we observe.

Table 2 Variation in product selectivity with flow rate for the continuous catalytic dehydrogenation of VCH in high pressure steama

Total flow/ml min21 VCH conversion (%) EB yieldb (%) ST yieldb (%) EB selectivityb (%) ST selectivityb (%) Unaccounted materialc (%)

3 93 46 3 86 6 40
4 62 8 33 18 76 18
5 60 2 41 3 93 15
a Temperature 420 uC, see Table 1 for further notes. b See Table 1. c Unaccounted material based on difference between conversion and yields
of EB, ST, toluene (1–2%) and benzene (1–2%).

Fig. 2 Chromatograms showing the complete switch in product

selectivity with flow rate, see Table 2 for quantitative details.

Table 3 Effect of increasing the O2 : organic ratio on the continuous catalytic dehydrogenation of VCH in high pressure steama

mol O2 : mol VCH VCH conversion (%) EB yieldb (%) ST yieldb (%) EB selectivityb (%) ST selectivityb (%) Unaccounted materialc (%)

1.25 : 1.00 69 46 10 76 16 12
2.50 : 1.00 93 46 3 86 6 40
3.00 : 1.00 99 27 1 87 3 68
a Temperature 420 uC, see Table 1 for further notes. b See Table 1. c See Table 2.

Fig. 3 Temperature recording in upper region of catalyst bed at (i)

lower flow rate (3 ml min21, large variations in temperature) and (ii)

higher flow rate (5 ml min21, small variations in temperature). Data

were recorded after 40 min at reaction conditions in both cases.

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 197–201 | 199
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It seems clear that these temperature oscillations must have

a substantial effect on the dehydrogenation of VCH. At a total

flow rate of 3 ml min21, EB is the major product, while ST is

formed at the higher flow, 5 ml min21. We suggest that, at the

higher flow rate, the flame cannot propagate in the counter-

flow direction at a sufficient rate, and hence, the ignition is

suppressed.

The molar ratio of O2 : VCH in our experiments is

considerably lower than the stoichiometric requirement for

total oxidation of all of the VCH. With 2.5 moles of O2 per

mole VCH, total oxidation would consume only ca. 23 mol%

of the VCH, an amount somewhat lower than that of the

unaccounted material at lower flow rates, Table 2. The

remainder of the lost VCH may be attributable to pyrolysis

of VCH and/or the retro-Diels Alder reaction.

Thus, the temperature oscillations suggest that total oxida-

tion occurs at the lower flow rate, where large temperature

spikes are observed, and where EB is the major product. The

removal of O2 from the system by total oxidation would

prevent the reaction of H2 and O2, so that the H2 could then

react with ST to yield EB, Scheme 3. At the higher flow rate,

where ST is observed as the major product, the temperature

oscillations are only a few degrees Celsius in magnitude,

suggesting that total oxidation does not occur. In that case, O2

is available as the VCH passes through the catalyst bed and the

H2 produced by the dehydrogenation of VCH can be

consumed, with ST being isolated as the final product.

This explanation is supported by the experiments sum-

marised in Table 4, which show (a) that ST reacts with H2 to

form EB over the same catalyst bed as used to dehydrogenate

VCH; the dependence of the yield of ST on flow rate is

presumably the effect of residence time and (b) that EB cannot

be dehydrogenated in the presence of O2 over this catalyst to

give significant quantities of ST. The unaccounted material in

the EB oxidation reactions is in the range 30–35%, and can be

attributed to total oxidation.

3. Experimental

We have previously described a typical experimental set-up for

small scale continuous flow high temperature water reactions;9

a schematic is shown in Fig. 5. The reactor was constructed

from a 19 cm length of J0 o.d. Hastelloy C276 with an inner

diameter of 0.1800 (0.457 cm). The reactor thermocouple was

positioned 5 mm vertically below the exit of the organic

substrate feed pipe. The catalyst was retained in the reactor

using a 5 micron filter disk. Gilson 306 HPLC pumps were

Fig. 5 Schematic diagram of the experimental set-up for the

investigation of heterogeneously catalysed oxidative dehydrogenation

in high temperature water, primarily comprising HPLC pumps, a

preheater and reactor heaters, a heat exchanger (cooler) and a back

pressure regulator (BPR).

Fig. 4 Steps in the production of periodic flames in our reactor: (A)

– the initial state; (B) – the flammable mixture of VCH and oxygen

ignites at the surface of the catalyst, with a subsequent counter-flow

flame propagation towards the fuel source; (C) – extinction of the

flame at the point of mixing of VCH and O2; (D) – the continuing

streams of H2O, O2 and VCH replenish the supply of fuel and oxidant

to restart the ignition cycle.

Scheme 3 Proposed pathways for VCH dehydrogenation in the

presence and absence of O2.

Table 4 Investigation of the further reactions of EB and ST during the continuous catalytic dehydrogenation of VCH in high pressure steama

Reaction Temperature/uC Total flow/ml min21 Product Product yield (%)

ST + H2 410 3 EB 53
ST + H2 410 5 EB 4
EB + O2 360 5 ST 3
EB + O2 460 5 ST 5
a Pressure 90 bar, 2% (vol.) organic feed, 2.5 mol O2 (or H2): mol substrate, 2.8 g 1% Pd/Al2O3VCH = 4-vinylcyclohexene, EB = ethylbenzene,
ST = styrene.

200 | Green Chem., 2008, 10, 197–201 This journal is � The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
1 

N
ov

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
70

67
11

A
View Online

http://dx.doi.org/10.1039/B706711A


used for all feeds; all flow rates refer to the pumping rates of

the appropriate pump at room temperature. The system was

brought to reaction temperature using a flow of pure water,

and the pressure was maintained with a TESCOM back

pressure regulator (BPR).

O2 was generated in situ by decomposition of a dilute aqueous

solution of 100 vol. H2O2 (Fisher) in the preheater, as described

previously.11,18 For the hydrogenation experiments, an analo-

gous method with a dilute solution of formic acid (Aldrich) was

used as reported previously.19 1% Pd/Al2O3 (Aldrich), 4-vinyl-

cyclohexene (99%, Aldrich), ethylbenzene (99% Lancaster) and

styrene (99%, Merck) were used as supplied. De-ionised water

was obtained from an Elga PURELAB unit.

Samples were collected periodically over the course of a

reaction, and were extracted into ether prior to quantitative

analysis with a Perkin–Elmer Autosystem GC, with a flame

ionisation detector (FID) and a 30 m Alltech column (non-

polar EC-1, 0.32 mm inner diameter, 1.00 mm film). The

isomers resulting from isomerisation, dehydrogenation and

hydrogenation of VCH have similar boiling points; separation

of chromatographic peaks was achieved using an isothermal

method (oven temperature held at 100 uC for 5 min).

Confirmation of chromatographic data was obtained using
1H NMR spectroscopy (Bruker DPX300, CDCl3, 300 MHz).

Qualitative gas analysis was performed using a Varian CP-

4900 gas chromatograph with a 20 m MolSieve 5A column

(O2, H2) and a 25 cm HayeSep column (CO2).

4. Conclusions

Although chemically interesting, this reaction is unlikely to

provide a competitive commercial route to styrene. Whilst high

selectivities to styrene were observed (95% of liquid products), a

large degree of total oxidation to CO2 was observed. Its

significance in the context of green chemistry is as a demonstra-

tion of the sensitivity of the outcome of the reaction to a small

change in reaction conditions. With greater interest in scaling up

supercritical and high pressure reactions, larger numbers of

laboratories are using continuous reactors. Our experiments

suggest that (a) any reaction carried out on such a reactor should

be investigated under a wide range of conditions, (b) complete

diagrams of the continuous reactor should be given and (c) care

should be taken in extrapolating the results of a particular

experiment to other reaction conditions. This work also

demonstrates the importance of careful selection of equipment,

concentrations and flow rates for continuous reactions.
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A new electrochemical procedure for electrosynthesis of organic carbonates from CO2 and

alcohols has been established in CO2-saturated room temperature ionic liquid BMIMBF4

solution, followed by addition of an alkylating agent. The synthesis was carried out under mild

(PCO2
=1.0 atm, T = 55 uC) and safe conditions. The use of volatile and toxic solvents and

catalysts as well as of any additional supporting electrolytes has been avoided. The influence of

temperature, cathode material, working potential, alcohol concentration and the charge passed on

the reaction using methanol (1a) as the model compound was examined. The ionic liquid used for

the reaction was recyclable. The obtained results showed that the primary and secondary alcohols

were converted in good yields, whereas tertiary alcohol and phenol were unreactive.

Introduction

Dialkyl carbonates are an important class of compounds

whose versatility allows their application in several fields of the

chemical and pharmaceutical industry.1–5 Recently, the utiliza-

tion of organic carbonates and the methods for their synthesis

have been extensively reviewed.6 The most important routes to

these esters involve the direct and indirect use of phosgene, a

very toxic and corrosive reagent.7 Other available methods

use carbon monoxide, drastic conditions and/or metal

catalysts, whose potential environmental impact should not

be underestimated.8–10

Compared with other methods, the synthesis of organic

carbonates starting from CO2 and alcohols is one of the

promising projects in the development of an environmentally

benign process based on the utilization of a naturally abundant

carbon resource. CO2 is an attractive C1 building block in

organic synthesis because it is abundant, cheap, nontoxic and

nonflammable. The direct synthesis of organic carbonates

from CO2 and alcohols has always been performed under high

pressure11 or in the presence of catalysts such as organome-

tallic complexes,12,13 inorganic bases,14 modified ZrO2
15–17 or

electrogenerated base.1 However, its conversion is very low

because of thermodynamic limitations.18

Room temperature ionic liquid (RTILs) are salts that are

liquids at or near room temperature. They exhibit many

desirable properties such as negligible volatility, thermal and

chemical stability, ability to dissolve a wide range of organic or

inorganic compounds.19 Many reactions have been reported to

occur in ionic liquids with good to excellent performance.20

Recently, chemical fixation of CO2 with epoxides in RTILs to

form cyclic carbonates has been described.21 In addition,

5-methylene-1,3-oxazolidin-2-ones were isolated via reaction

of propargyl alcohols, aliphatic primary amines, and CO2 in

ionic liquids under relatively mild conditions.22

In addition to the above reported properties, RTILs, which

show a high ionic conductivity and a wide electrochemical

potential window, have been frequently used as electrolytes for

studies related to organic electrosynthesis and to the evalua-

tion of the redox behavior of electroactive substrates,23 as well

as metal deposition, batteries, photovoltaic devices, fuel cells,

and solar cells.24,25 Concerning electrochemically promoted

CO2 fixation, the synthesis of cyclic carbonates from epoxides

in ionic liquids has been reported by Deng et al.26 The

synthesis of organic carbamates from amines and CO2 in ionic

liquid have been reported by Feroci et al.27 In our previous

work, we reported the electrocarboxylation of activated olefins

with CO2 in ionic liquid and achieved good results.28

With our continuous research on the fixation of CO2 in ionic

liquid, here, we report an efficient and environmentally benign

method for synthesis of organic carbonate from CO2 and

alcohols in a RTIL solution (Scheme 1). The aim of this

investigation was to set up an alternative methodology for the

synthesis of organic carbonates via electrochemical reduction

of CO2. The synthesis was carried out in an ionic liquid,

1-butyl-3-methylimidazolium tetrafluroborate (BMIMBF4) by

cathodic activation of CO2, under mild conditions (PCO2
=

1.0 atm, T = 55 uC). The use of volatile and toxic solvents and

catalysts as well as of any additional supporting electrolytes

has been avoided. The influence of temperature, cathode

material, working potential, alcohol concentration and the

charge passed on the reaction using methanol (1a) as the model
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compound was investigated. Results for some representative

alcohols have been subjected to the process, to establish the

generality and limits of this new procedure.

Results and discussion

Cyclic voltammetry of CO2 in BMIMBF4

The reduction of CO2 in BMIMBF4 was examined by cyclic

voltammetry. Fig. 1 shows cyclic voltammograms (CVs)

recorded on Ti, Cu, Ni and Ag electrodes for the reduction

of CO2 at 25 uC under atmospheric pressure. In cyclic

voltammetry, no redox peaks appeared in the sweeping region

in the absence of CO2 using Ti electrode as the model electrode

(Fig. 1, curve a). After BMIMBF4 was saturated with CO2,

single irreversible peaks were all observed on four electrodes

(Fig. 1, curves b–e). The inset chart is the reduction of CO2 on

Ag electrode because its peak current is low enough not to be

observed clearly.

The data obtained on Ti, Cu, Ni and Ag electrodes are listed

in Table 1. The peak potentials (Ep) and peak currents (Ip) of

CO2 reduction are different from one another regarding the

material used. The nature of the electrode material may

strongly influence the reduction of CO2.29 The CVs observed

on four electrodes in BMIMBF4 have been ascribed to one-

electron irreversible reduction of CO2, which generated an

anion radical of CO2 (CO2
?2).30,31 It is noteworthy that the Ep

of CO2 reduction in BMIMBF4 is more positive than that in

organic solvents. Direct electrochemical reduction of CO2

required a very negative potential in aprotic medium (beyond

22.2 V vs. SCE).32 And in our previous research, the peak

potential on Cu electrode in acetonitrile (MeCN), dimethyl

formamide (DMF) and dimethyl sulfoxide (DMSO) contain-

ing 0.1 mol L21 tetraethylammonium bromide (TEABr) as

supporting electrolyte was 22.19, 22.30 and 22.28 V vs. Ag/

AgI, respectively.33 This positive shift of potential can be

considered to be due to a strong ion-pairing between CO2
?2

and BMIM+ cation in the solution.34 It also shows that CO2

reduction is comparatively easier than that in organic solvents.

The results of cyclic voltammetry provided the basis for

electrosynthesis in CO2 saturated-BMIMBF4 solution. Further

electrosynthesis experiments were examined in CO2 saturated-

BMIMBF4 solution.

Influence of reaction conditions

The reactivity of alcohols versus electrochemically activated

CO2 in BMIMBF4 was analyzed according to the following

procedure. A solution of BMIMBF4 with continuous bubbling

of CO2, was electrolyzed under potentiostatic control in an

undivided cell until 1.0 F mol21 of the charge of alcohol was

passed. At the end of electrolysis, alcohols 1a–h were added,

which were stirred for 1.0 h. Last, a 3-fold molar excess CH3I

or C2H5I as the alkylating agent was added and the reaction

mixture was stirred at 55 uC for 5 h. Workup of the cathodic

solution (see Experimental Section) provided the correspond-

ing carbonates 2a–h. The yields of 2a–h are based on the

starting alcohols. The results using methanol (1a) as the model

compound obtained in several experiments are reported in

Table 2. The selectivity of the products was 100% in all our

experiments. No other byproducts were detected by GC and

GC-MS for all the experiments. Accordingly, the influence of

temperature, cathode material, working potential, alcohol

concentration and the charge passed on the yield was

investigated.

(a) Influence of temperature

The influence of temperature on the formation of dimethyl

carbonate 2a (DMC) was investigated in the range 25 uC to

Fig. 1 Cyclic voltammograms of CO2 in BMIMBF4 recorded at v =

0.1 V s21 on four electrodes (W = 2 mm). (a) Under N2 on Ti, (b)–(e)

BMIMBF4 saturated with CO2 (b) Ti, (c) Cu, (d) Ni, (e) Ag; T = 25 uC.

Table 1 Peak potentials and currents for CO2 reduction in
BMIMBF4 on four electrodesa

Electrodes Ti Cu Ni Ag

Ep/V vs. Ag/AgI y22.50 21.71 21.58 21.61
Ip/mA y0.4873 0.1902 0.1587 0.0376
a In the presence of saturated CO2 at 25 uC under atmosphere
pressure.

Table 2 Electrosynthesis of dimethyl carbonate (2a) from 1a and CO2

in BMIMBF4 under various conditionsa

Entry T/uC Cathode E/V vs. Ag/AgI c/mol L21 2a Yield (%)

1 25 Cu 21.8 0.124 33
2 35 Cu 21.8 0.124 35
3 45 Cu 21.8 0.124 60
4 55 Cu 21.8 0.124 73
5 65 Cu 21.8 0.124 70
6 75 Cu 21.8 0.124 52
7 55 Ag 21.8 0.124 74
8 55 Stainless steel 21.8 0.124 67
9 55 Ti 22.5 0.124 58
10 55 Ni 21.8 0.124 18
11 55 Cu 21.6 0.124 57
12 55 Cu 22.0 0.124 67
13 55 Cu 22.2 0.124 38
14 55 Cu 22.3 0.124 17
15 55 Cu 21.8 0.049 57
16 55 Cu 21.8 0.161 59
17 55 Cu 21.8 0.198 41
18 55 Cu 21.8 0.124 —
19b 55 Cu — 0.124 —
a In the presence of saturated CO2 in BMIMBF4 under atmosphere
pressure; charge passed, 1.0 F mol21; CH3I as the alkylating agent.
b Reacted without current.
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75 uC. The results are reported in Table 2 (entries 1–6). It is

worth noting that BMIMBF4 ionic liquid is suitable for the

reaction even at room temperature. A temperature of 55 uC is

optimum for the electrolysis and the highest yield (73%) was

achieved (Table 2, entry 4).

The temperature can influence the viscosity of the ionic

liquid and the solubility of CO2 in the ionic liquid. Lower

temperature is favorable to increase the solubility of CO2;

simultaneously to increase the viscosity.35 The higher viscosity

decreases the transport and diffusion ability of CO2 in the

solution, which also causes voltammetric and preparative

electrolysis currents to be low, requiring long electrolysis time.

At higher temperature, the viscosity of ionic liquid decreases,

and CO2 diffuses faster towards the electrode surface, leading

to the increase of peak currents, while the solubility of CO2

decreases. Combining the two factors, a temperature of 55 uC
is the most favorable for the reaction.

(b) Influence of cathode material

The use of magnesium (Mg) as anode, and copper (Cu), silver

(Ag), stainless steel, titanium (Ti) and nickel (Ni) electrodes as

cathode material was tested for electrosynthesis. The electro-

lysis was carried out at a potential ca. 20.2 V beyond the CO2

reduction peaks on different cathodes as obtained by cyclic

voltammograms. This means that the applied potentials are

21.8 V for Cu, Ag, Ni or stainless steel electrodes and 22.5 V

for Ti electrode. These values are enough to ensure electro-

reduction of CO2. The influence of cathode material was found

to be greater under the same conditions. The yield of DMC

decreased in the order Cu # Ag . Stainless steel . Ti . Ni

(Table 2, entries 4, 7–10). It showed Cu and Ag cathodes were

better than the others and 73 and 74% of DMC were obtained,

respectively. In the case of stainless steel and Ti cathode the

yield of DMC was 67 and 58%. The employment of Ni

decreased the yield to 18%. The nature of the cathode material

may influence the reduction of CO2 which is consistent with

the results of cyclic voltammetry. Because the Cu material

compared with Ag material is cheaper and easily obtained, Cu

electrode is chosen as the cathode material for further

investigation.

(c) Influence of working potential

As shown in Table 2 (entries 4, 11–14), appreciable differences

in the yield of DMC were found at the end of the

electrosynthesis at different working potentials. As shown in

Table 1 and Fig. 1, the potential of CO2 reduction peak was

21.71 V vs. Ag/AgI on Cu electrode. Around 21.71 V, the

values of 21.6, 21.8, 22.0, 22.2 and 22.3 V were chosen as

potentials for the electrosynthesis. The best yield was achieved

at 21.8 V. A more positive potential will not be effective for

CO2 reduction. At more negative potential, the BMIMBF4

itself will polarize and is a disadvantage for CO2 reduction.

(d) Influence of alcohol concentration

The concentration of alcohol (1a) was evaluated from

0.049 mol L21 to 0.198 mol L21. As shown in Table 2

(entries 4, 15–17), the alcohol concentration influenced

dramatically the yield of DMC. It had a peak value at

0.124 mol L21. At lower concentration the contact opportu-

nity of 1a and CO2 decreased, which resulted in lower yield.

Too much 1a may retard the interaction between CO2
?2 and

BMIMBF4, which resulted in a decrease of the yield.

(e) Influence of the charge passed

The yield of DMC strongly depended on the charge passed (Q)

supplied to the electrodes during the reduction of CO2 to

CO2
?2. As shown in Fig. 2, it had a peak value at 1.0 F mol21,

namely, the best yield was achieved when the amount of

electrogenerated CO2
?2 was equal to that of alcohol (1a).

Before that point, the yield of 2a increased rapidly because the

concentration of CO2
?2 in BMIMBF4 increased with increas-

ing the charge consumption. After that point, superabundant

CO2
?2 will favour the reaction where CO2

?2 reacted itself,31

resulting in a decrease of the yield.

Therefore, the optimized condition for the electrosynthesis

of 2a from CO2 and 1a in BMIMBF4 required 0.124 mol L21

of 1a using Cu as cathode electrode with a potential of

21.8 V vs. Ag/AgI at 55 uC under 1 atm with a charge

consumption of 1.0 F mol21.

Recycle of ionic liquid

In order to investigate the possibility of recycling the

BMIMBF4 ionic liquid, the recycle experiments were con-

ducted. In this study, the ionic liquid can be easily separated

from DMC 2a and 1a by simple distillation after the first run

and then used directly in the next run. This procedure was

repeated for 5 cycles. The yield results are shown in Fig. 3.

After the ionic liquid had been used 5 times, the yield of 2a was

decreased after the second time, then maintained at a level of

about 50%. This indicates that the ionic liquid for electro-

synthesis is recyclable.

Other alcohols

To test the effectiveness and generality of this methodology,

we extended the investigation to alcohols 1b–h, carrying out

the reactions under optimized conditions. The results of

analyses are reported in Table 3 and some conclusions can

be drawn. Carbonates (2a–d, f–g) were obtained in good yields

(33–73%) from the primary alcohol and secondary alphatic

Fig. 2 Influence of the charge passed on the yield of 2a. Reaction

conditions: 1a, 0.124 mol L21; E = 21.8 V vs. Ag/AgI; PCO2
= 1 atm; T =

55 uC; Cu as cathode and Mg as anode; CH3I as the alkylating agent.

204 | Green Chem., 2008, 10, 202–206 This journal is � The Royal Society of Chemistry 2008
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alcohol (Table 2, entry 4 and Table 3, entries 1–3, 5–6). The

yield decreased according to the increase of chain. Tertiary

alcohol and phenol (1e, h) can not convert to the correspond-

ing carbonates (Table 3, entries 4, 7).

Mechanism of electrosynthesis of organic carbonates in

BMIMBF4

Though the reaction mechanism for the electrosynthesis is not

clear at this stage, it can be conjectured primarily, based on the

experimental results. According the procedure of electrosynth-

esis, the alcohol is added into the solution after electrolysis.

CO2
?2 (which is formed by CO2 reduction and stable through

the formation of CO2
?2–BMIM+ ion-pairing) reacted with

alcohol to form the carbonates after addition of the alkylating

agent.

To ascertain the role of CO2
?2and of neutral CO2, an

alternative procedure was set up, the electrolysis was carried

out under N2 at the optimal conditions. At the end of the

electrolysis, 1a was added to the solution, which was stirred

under CO2 for 1 h. Last, CH3I was added. As shown in Table 2

(entry 18 vs. entry 4), no 2a was formed. And, it can be seen

that no reaction could be observed if a voltage was not applied

(Table 2, entry 19). Consequently, the reaction of CO2
?2 in

BMIMBF4 versus alcohol is unrelated to the presence of

neutral CO2.

Conclusion

In conclusion, a novel electrochemical procedure for electro-

synthesis of organic carbonates from CO2 and alcohols

without additional supporting electrolytes and catalysts has

been established in CO2-saturated BMIMBF4 solution, fol-

lowed by addition of an alkylating agent. The synthesis was

carried out under mild (PCO2
= 1.0 atm, T = 55 uC) and safe

conditions and carbonates were isolated in good yield. Cyclic

voltammetry of CO2 in BMIMBF4 on Ti, Cu, Ni and Ag

electrodes show that ionic liquid, BMIMBF4, can act as a

medium for CO2 reduction and CO2 reduction is compara-

tively easier than that in organic solvents. The influence of

temperature, cathode material, working potential, alcohol

concentration and the charge passed on the product yield using

methanol (1a) as the model compound was investigated and

the optimized condition for electrosynthesis was obtained. The

ionic liquid used for the reaction was recyclable. The obtained

results showed that primary and secondary alcohols were

converted in good yields, whereas tertiary alcohol and phenol

were unreactive. The mechanism was discussed primarily on

the results. Further investigations using different classes of

RTILs to establish the scope and the generality of this

procedure are in progress.

Experimental

The ionic liquid, 1-butyl-3-methylimidazolium tetraflurobo-

rate (BMIMBF4) was synthesized according to the procedures

in the literature.36 The ionic liquid was dried under vacuum at

80 uC for 24 h prior to use. Voltammetric measurements were

carried out using CHI650C electrochemical station (Shanghai

Chenhua Instruments Company). Silver (Ag), copper (Cu),

titanium (Ti), and nickel (Ni) were used as working electrodes.

The counter electrode was Pt wire. The reference electrode was

Ag/AgI electrode. The experimental medium was BMIMBF4

(10 ml) solution. All experiments were performed under

atmospheric pressure.

The potentiostatic electrolyses were performed in

BMIMBF4 (10 ml) under a slow stream of CO2 in an

undivided glass cell equipped with a Cu cathode (8.0 cm2), a

magnesium sacrificial anode and Ag/AgI reference electrode,

until 1.0 F mol21 of charge was passed under atmospheric

pressure. At the end of the electrolyses, alcohols 1a–h were

added, which were stirred for 1.0 h. Lastly, a 3-fold molar

excess of CH3I or C2H5I as the alkylating agent was added and

the reaction mixture was stirred at 55 uC for 5 h. The workup

of the solutions provided the corresponding carbonates. The

reaction mixture was distilled to obtain product 2a–b. For

product 2c–h, the reaction mixture was extracted with diethyl

ether (3 6 20 ml) after the solvent was removed under reduced

pressure, and combined organic layers were dried over

anhydrous MgSO4 for 12 h. Products 2a–e were determined

by GC-MS, 2f–g were purified by column chromatography

affording pure carbonates and determined by GC-MS, IR and

NMR. The yields of 2a–h were based on the starting alcohols.

Dimethyl carbonate (2a): MS (m/z,%): 90 (M+, 8), 75 (1), 60

(9), 59 (77), 45 (100), 33 (8), 31 (47), 29 (36), 28 (8), 15 (37).

Diethyl carbonate (2b): MS (m/z,%): 91 (M+, 59), 75 (3), 63

(18), 59 (3), 45 (67), 30 (2), 31 (29), 29 (46), 28 (100), 27 (11).

n-Butylethyl carbonate (2c): MS (m/z,%): 119 (M+,5), 91

(71), 73 (37), 63 (100), 57 (64), 56 (88), 41 (59), 29 (72), 28 (59),

31 (35).

Table 3 Synthesis of carbonates (2b–h) via reaction of alcohol (1b–h)
with electrochemically activated CO2 in BMIMBF4

a

Entry Alcohols Products Yield (%)

1 1b 2b 67
2 1c 2c 52
3 1d 2d 57
4 1e 2e —
5 1f 2f 37
6 1g 2g 33
7 1h 2h —
a Reaction condition: 1b–h, 0.124 mol L21; E = 21.8 V vs. Ag/AgI;
Q = 1.0 F mol21; T = 55 uC; PCO2

= 1 atm; Cu as cathode and Mg
as anode; C2H5I as the alkylating agent.

Fig. 3 Reuse of BMIMBF4 in electrosynthesis. Reaction conditions

as in Table 1, entry 4.
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sec-Butylethyl carbonate (2d): MS (m/z,%): 131 (M+, 1), 91

(12), 73 (25), 59 (32), 57 (43), 56 (18), 45 (100), 41 (23), 29 (32),

28 (44).

Benzylethyl carbonate (2f): 1HNMR (CDCl3): d (ppm) 7.39–

7.25 (m, 5H), 5.16 (s, 2H), 4.24–4.20 (q, 2H, J = 7.0 Hz), 1.32–

1.27 (q, 3H, J = 7.0 HZ). IR (KBr): 1743 cm21 (nCLO); MS

(m/z,%): 180 (M+, 44), 135 (13), 107 (53), 91 (100), 79 (63), 77

(24), 65 (16), 51 (9), 39 (6), 29 (8).

Phenethylethyl carbonate (2g): 1HNMR (CDCl3): d (ppm)

7.35–7.25 (m, 5H), 4.38–4.34 (t, 2H, J = 8.0 Hz), 4.22–4.18 (q,

2H, J = 7.0 Hz), 3.02–2.99 (t, 2H, J = 7.0 Hz), 1.33–1.30 (t, 3H,

J = 8.0 Hz); IR (KBr): 1744 cm21 (nCLO); MS (m/z,%): 194

(M+, 1), 106 (33), 105 (100), 92 (21), 91 (6), 79 (10), 78 (13), 65

(14), 64 (8), 51 (13).
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A medium surface area b-SiC supported Cu–Y zeolite composite catalyst was prepared by

performing the zeolite synthesis in the presence of the b-SiC grains. The composite material was

used as a catalyst for the vapour phase oxidative carbonylation of methanol to dimethyl

carbonate, with improved space time yields of dimethyl carbonate and limited influence of the

temperature. The composite catalyst combined the interest of using a thermoconductive material

as support for an exothermic reaction and of using a Cu–Y zeolite catalyst for getting stable

performances in the dimethyl carbonate synthesis.

1. Introduction

Over the last few decades, an environmental consideration, the

impact of chemicals over humans, has been pointed out as a

major public concern. The increasing public health and

environmental protection pressure resulted in ever stricter

legislation requirements related to both use and production of

chemicals, carried out as bills or regulations by national or

supranational executives. This led industrials to be involved in

developing clean and eco-friendly synthesis processes meeting

such environmental restrictions within a sustainable chemistry

approach.

The production and chemical use of dimethyl carbonate

(DMC) are directly affected by this policy frame. The 2500

recent reference citations listed by the Chemical Abstracts

database highlight the growing interest in this area over a few

years:1 the search for better performing catalysts and processes

in order to meet the ever increasing standards in the eco-

technology field has created an incentive and is driving

research in this area. This increasing focus is mainly due to

the biodegradability and the low toxicity of DMC, it being

about 1000 times less toxic than phosgene.2 The DMC

applications cover wide fields,1–3 including uses as a fuel

additive due to a high oxygen content which significantly

improves the fuel oxygenation, as a phosgene alternative in

phosgene-free aromatic polycarbonate and isocyanate synth-

eses due to a great reactivity towards phenol or primary amine

nucleophilic molecules, as a methylation agent in substitution

of dimethyl sulfate and methyl iodide, and as a solvent in the

lithium ion battery and in replacement of ketones and ester

acetates due to a strong solvation force.

The old phosgenation process, consisting in reacting

methanol and phosgene,4 has been totally banned for years,

and world production remains mainly achieved by the

Enichem and UBE processes, based on liquid phase methanol

oxycarbonylation in the presence of a copper(I) chloride

catalyst5 and gas phase methyl nitrite carbonylation,6 respec-

tively. In 1997, the world production of DMC amounted to

170 t d21, and achieving an oxygen content of 1 wt.% in fuel

would require from each major supplier a DMC production of

at least 1360 t d21, which greatly exceeds the world

production.2 The liquid phase Enichem process suffers from

the highly corrosive nature of the copper chloride active phase

in a liquid slurry reactor, rapid deactivation and recurrent

catalysts/products separation problems. This example put

forward the need for better DMC production processes and

suggested that transfer to vapour phase processes should be

preferred. Amongst different routes, including direct synthesis

from CO2 and the transesterification of ethylene carbonate and

urea, performing the methanol oxycarbonylation in the vapour

phase rather than in the liquid phase is a promising alternative

(eqn. 1):7–14

2 CH3OH(g) + CO(g)+ 1/2 O2 (g) A
(CH3O)2CO(g) + H2O(g) DH = 2318 kJ mol21 (1)

High surface area activated charcoal is nowadays the most

used support material for dispersing active CuII chloride-based

catalysts, such as CuCl2, CuCl2–PdCl2 or CuCl2 promoted by

acetates or hydroxides. Although a high methanol conversion

rate can be obtained, such systems suffer from a strong

deactivation due to loss of chloride involved in the reaction

mechanism for forming DMC. Works by King15 and Root

et al.16 proved that chloride was not necessary to catalyse the

reaction. By replacing chloride by a negatively charged zeolite

framework, King first showed that Cu-exchanged Y zeolite

catalysts, prepared by a solid-state ion exchange method,

displayed good productivity and selectivity for DMC synthesis

with a strongly enhanced stability compared with the usual

activated charcoal supported chloride-based catalysts. This

opened a route for preparing stable catalysts for the DMC

synthesis. Interesting works on Cu-impregnated Y zeolite

catalysts at elevated pressure in a microreactor, and at normal

pressure in a parallel 16 channel flow microreactor, were

recently published by Richter et al.17
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European Laboratory for Catalysis and Surface Sciences (ELCASS),
CNRS, Louis Pasteur University, 25 rue Becquerel, 67087 Strasbourg,
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However, the use of Cu–Y zeolite remains limited by a low

conversion level, which requires us to increase the reaction

temperature for reaching competitive conversions, leading

unfortunately to side-reactions and to a decrease in the DMC

selectivity by favouring dimethyl ether (DME) and CO2

production notably. In addition to that, the macroscopic

shaping of zeolites, necessary to avoid detrimental pressure

drops and moving-bed phenomena in fixed-bed reactors,

suffers from diffusion limitations and requires the use of

unwanted binders, which limits the reactant access.18

Thermoconductive silicon carbide (SiC) under its b form

has been reported to be an interesting alternative to conven-

tional support materials such as activated charcoal, silica or

alumina, for endo- and exothermic reactions especially, for

which its high thermal conductivity is of high interest,19,20

as detailed in a recent review.21 Recently b-SiC was success-

fully used as support for ZSM-5 and BEA zeolites in

methanol-to-olefins processes and Friedel–Crafts reactions,

respectively.22,23

This article reports on the use of thermoconductive b-SiC

for supporting a Cu–Y zeolite, in order to combine the

advantage of using a thermoconductive support for an

exothermic reaction, in the interests of using a Cu–Y zeolite

for producing DMC.

2. Experimental

2.1. Catalyst preparation

b-SiC in a granular form (0.4–1 mm) was prepared by the

Shape Memory Synthesis (SMS) method developed by Pham-

Huu and Ledoux,24 consisting of a gas–solid reaction between

a pre-shaped carbon source and SiO vapours. It had a specific

surface area of 8.6 m2 g21 free of any microporosity. Details

on the synthesis and the material characterization can be

found elsewhere.21 One could put forward the view that the

surface of the b-SiC obtained by the SMS method was partly

composed of an SiOxCy–SiO2 mixed phase.20,21

The b-SiC supported Y zeolite was prepared by extending

the hydrothermal synthesis method described by Ginter for

synthesizing the Linde Y type zeolite.25 The preparation of the

gel used for synthesizing the Y zeolite consisted of three steps,

using sodium aluminate (50–56 wt.% Al2O3, 40–45 wt.%

Na2O) as the aluminium source and a sodium silicate solution

(27 wt.% SiO2, 14 wt.% NaOH) as the silicon source. 1.02 g of

sodium hydroxide was first dissolved with 0.53 g of sodium

aluminate in 5 g of distilled water, before adding 5.68 g of

sodium silicate after complete dissolution. The seed gel

obtained was placed under stirring during 10 min, and

subsequently aged for 24 h to get sub-micronic growth germs

of NaY zeolite. In parallel, a second gel was prepared by

dissolving 0.035 g of sodium hydroxide with 3.37 g of sodium

aluminate into 32.74 g of distilled water, before 35.61 g of

sodium silicate was added after complete dissolution. The

resulting mixture was placed under strong stirring till the

appearance of a smooth dense gel. The final gel was obtained

by adding the second gel to 4.13 g of the seed gel, under strong

stirring for 20 min, for homogenizing the growth germs within

the final gel. Finally, 5 g of b-SiC, previously calcined at 900 uC
for 2 h to increase its surface content of silica by use of

this superficial oxidation,20,26 was incorporated. The molar

composition of the gel was as follows: 4.62 Na2O, 10 SiO2,

180 H2O, Al2O3. The zeolite crystallization was performed in a

Teflon-lined stainless steel autoclave under pressure at 90 uC
for 22 h. Afterwards, the solid obtained consisted of a

mixture of bulk NaY crystals and the NaY/SiC composite.

Following separation by size exclusion filtration, both

materials were washed with distilled water until the

washing water reached pH ,9. The bulk zeolite was dried at

110 uC for 24 h, whereas the NaY/SiC composite was first

ultra-sonicated to remove the zeolite crystals that could be

trapped within the support porous network, and further dried

at 110 uC for 24 h. The whole synthesis was performed twice

for increasing the amount of zeolite anchored on the b-SiC

support, by replacing the bare b-SiC grains by NaY/SiC

grains.

The NH4 form of synthesized materials was obtained by

cationic exchange for 12 h using a 1 M ammonium chloride

aqueous solution under reflux at 90 uC, before final calcination

at 550 uC for 12 h to get their corresponding acidic forms,

denoted HY and HY/SiC. The Cu exchange was performed by

vapour phase exchange, based on the reaction at 650 uC for

16 h between the solid and gaseous CuCl fed with He,

previously obtained by vaporizing solid CuCl as the CuI solid

source at the same temperature. This exchange mode was the

direct transposition to the vapour phase of the high

temperature anhydrous reaction exchange escribed by

King.15 It displayed advantages such as the absence of

any direct contact between the host zeolite and the Cu solid

source, the passing through the whole solid of the gaseous Cu

source after vaporization, a progressive and controllable

vaporization inside the reactor resulting from a low vaporiza-

tion temperature compared with the theoretical one, and the

low fusion temperature of CuCl compared with those of

impurities such as Cu2O or CuO, resulting in a pure CuClg/He

flow.

2.2. Vapour phase methanol oxidative carbonylation

The gas phase oxycarbonylation of methanol was performed at

a total pressure of 12 bar in a fixed bed reactor (10 mm id).

CO, O2 and He were fed into the reactor by mass flow

controllers, whereas gaseous methanol was injected through a

liquid flow mass controller coupled to a controlled evaporator

mixer. 1.5 g (2.5 mL) of material was used as the catalyst. The

reactor temperature was regulated by an external thermo-

couple, whereas that of the catalytic bed was measured by a

thermocouple located inside the catalytic bed. The reactional

feed was composed of gaseous methanol (17.5 mL min21,

20%vol.), CO (52.5 mL min21, 60%vol.), O2 (3.5 mL min21,

4%vol.) and balanced helium (16%vol.), with a methanol mass

flow of 1.41 g h21, corresponding to O2/CO/methanol molar

ratios of 1:5:15 and a gas hourly space velocity of 1800 h21.

The products were analysed on-line by a Varian 3300 gas

chromatograph with a CP-PoraPlot U column for DMC,

DME, methyl formate (MF), dimethoxymethane (DMM) and

methyl acetate (MA) hydrocarbons and a Carbosieve SII

packed column for the CO, O2 and CO2 gases, coupled to FID

and TCD detectors respectively.
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The methanol conversion was derived from Peng et al.:27

CCH3OH~

2DMEz2MFz3DMMz3MAz2DMC

2DMEz2MFz3DMMz3MAz2DMCzCH3OH

Selectivities to DMC, calculated on the basis of the products

issued from CO and methanol, have been defined as follows:14,27

SDMC=CO~
DMC

CO2zDMC

SDMC=MeOH~
2DMC

2DMEz2MFz3DMMz3MAz2DMC

Selectivities to other products (relative to methanol, e.g.

SDME/MeOH) were defined following a similar calculation way.

The DMC yield was set as: YDMC = CMeOH 6 SDMC/MeOH 6
100%.

The hourly weight yield to DMC (STY, space time yield)

was set as the weight amount of DMC formed per catalyst litre

per hour, i.e., the catalyst productivity towards DMC.28

3. Results and discussion

3.1. b-SiC supported Y zeolite composite synthesis

The XRD pattern of the Y/SiC composite under the sodium

form is reported in Fig. 1 and compared with those of the bare

b-SiC support and of its NaY analogue obtained without

b-SiC. The diffraction lines could be assigned to three different

phases. Beside peaks corresponding to the b-SiC support,

comparing the diagram with that of the pure NaY zeolite

evidenced the presence of diffraction peaks attributed to the

zeolite with a faujasite structure.25 An additional and broad

peak at around 7.5u could be assigned, without any exclusivity,

to a sub-stoichiometric highly defective silicon oxide (SixOy)

phase. This badly-crystallized phase could correspond to a

transition phase between the b-SiC (and its mixed SiOxCy–

SiO2 surface) and the zeolite crystals. The particular stoichio-

metry of this transition intermediate phase could allow the

anchorage of two phases with totally different structures to be

effective, by acting as a glue or allowing a progressive

structural change to take place from the support to the

supported crystals. The broadness of the peak could derive

from a continuous change of both stoichiometry and structure

from the support surface to the crystals with the faujasite

structure.

Fig. 2 displays scanning electron microscopy images of the

bare b-SiC support, the NaY zeolite and the b-SiC supported

HY composite. The inset shows that the gross morphology of

the b-SiC grains remained unchanged, confirming the shape-

memory nature of the coating process. The zeolite crystals in

the composite material displayed both similar morphology and

size to those of the bulk NaY zeolite, with no specific shapes

such as flat particles. The support was assumed not to play any

significant role in the morphological aspect of the zeolite

crystals, but it should play an active role in the anchorage

process. The role of the support was already reported by

Candamano et al. during the growth of a Y zeolite on a

cordierite support.29 The authors explained that the cordierite

ceramic played an active role in the crystallisation process

during the partial dissolution of the cordierite, thus allowing a

real chemical anchorage of the zeolite at the surface of the

cordierite surface. A similar mechanism was proposed by Winé

on the b-SiC supported BEA zeolite material, with the partial

dissolution of the oxide layer located at the surface of the

b-SiC after the high temperature air treatment, and further

reorganisation to form (SiO4)SiC–(SiO4)zeolite bindings, allow-

ing the anchorage of the zeolite on the support to be efficient.26

This chemical anchorage allowed a real composite material to

be prepared, since a post-synthesis ultra-sound treatment only

resulted in the removal of bulk zeolite crystals trapped within

the porosity of the b-SiC material. A similar explanation has

been put forward by Ivanova et al., the nanoscopic layer of

SiO2 at the support surface ensuring a strong interaction

between the support and the gel during the preparation of

ZSM-5 coatings on b-SiC monoliths through a superficial

dissolution–precipitation sequence.23

The nitrogen adsorption–desorption isotherms showed the

modifications in term of specific surface area resulting from

the zeolite coverage of the b-SiC support (Fig. 3). The BET

specific surface area of the HY/b-SiC composite increased

from 8.6 m2 g21 for the micropore-free bare b-SiC support up

to 20 m2 g21 with a 17.4 m2 g21 micropore contribution,

derived from the t-plot measurement. By comparison, the bulk

HY zeolite had a BET surface area of 400 m2 g21 with a total

microporous content of 380 m2 g21. This strong increase in

Fig. 1 (A) XRD diagrams of the bulk NaY zeolite, the bare b-SiC

support and the NaY/b-SiC composite material. (1) Y zeolite, (2)

b-SiC, (3) undetermined phase. (B) Zoom in the 5–30u range for the

NaY/b-SiC composite material.
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surface area, and especially the appearance of an important

microporosity while b-SiC was free of micropores, was in close

agreement with the anchorage of zeolite crystals on the SiC

support surface. The initial mesoporous nature of the SiC

material gave place to a mainly microporous HY/b-SiC

material.

The amount of zeolite deposited on b-SiC was determined

by dissolving the b-SiC support in a hydrofluoric acid solution

and by subsequently measuring the resulting weight loss.

Taking into account that the zeolite amounted to 8 wt.% of the

Y/b-SiC composite material, the surface area of the composite

should thus increase to a level close to 40 m2 g21. The surface

area of 20 m2 g21 exhibited by the composite could thus

confirm that during the synthesis of the supported zeolite the

gel was penetrating inside the mesopores of the b-SiC, leading

to formation of the zeolite crystals within the mesoporous

network of the support, thus blocking a fraction of the

mesopores. This led to a strong increase in the microporosity

of the material, whereas part of the SiC surface in the

mesopores was blocked by zeolite crystals, and thus was not

available for gaseous molecules (nitrogen during BET analysis

and also reactants during catalysis) any more.

3.2. Catalytic results

It has been found that, under the given reaction conditions, the

two main parameters to control were the temperature and the

exchange rate of copper within the zeolite. The exchange rate

of the Y zeolite was calculated from the theoretical number of

exchangeable cationic sites and from the elemental analysis

performed by atomic absorption spectroscopy (CNRS,

Vernaison, France). For a total exchange rate, each acidic site

of the zeolite would be exchanged by one copper(I) ion. On

both bulk Y zeolite and SiC supported Y zeolite materials, a

similar exchange rate of 84% was obtained for the zeolite,

corresponding to a 13.5 wt.% and a 1 wt.% copper content in

the bulk and composite materials, respectively. The incomplete

exchange could be explained by a selective exchange resulting

from the acidic site strength, as reported by Zechina et al.,

which showed that the copper exchange directly increased with

increasing acidity.30 This led Spoto et al. to surmise that only

the most acidic sites of the Y zeolite, such as Al–OH–Si and

Al–OH, could be exchanged with copper, while by contrast no

exchange occurred at this temperature on the weakly acidic Si–

OH silanol groups.25,31 The vapour phase exchange led to a

decrease in the specific surface area of the Y zeolite from

400 m2 g21 down to 320 m2 g21, mainly with a microporosity

loss as reported by Hernandez-Maldonado et al.32 This loss of

surface area could be assigned to a loss of microporosity,

attributed by Trigueiro et al. to the presence of extra-

framework aluminium inside the pores and the channels of

the zeolite, and to the blockade of micropores by hydrated

species of the exchange cation.33

The copper exchange rate of the Y zeolite was of high

importance, since the DMC formation was first directly related

to the copper content, and therefore to the exchange efficiency,

as evidenced by means of the STY level obtained on a Cu–Y

catalyst (Fig. 4). Furthermore, the DME formation occurred

on the acidic sites of the HY zeolite, and therefore on the

residual non-exchanged sites of the Cu–Y zeolite, pointing out

the importance of the acid site exchange. However, being

thermally activated, the DME production remained negligable

at a temperature of 130 uC, but drastically increased for higher

Fig. 2 SEM images of (A) the bulk NaY zeolite, (B) the NaY/b-SiC

composite material, and (C) the bare b-SiC support. Inset: low

magnification images of 0.4–1 mm diameter b-SiC and NaY/b-SiC

grains.

Fig. 3 Nitrogen adsorption–desorption isotherms of pure bulk HY

zeolite, b-SiC and b-SiC supported HY zeolite materials.
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temperatures, as highlighted in Fig. 4 over a non-exchanged

HY zeolite. The use of bulk Cu–Y zeolite as catalysts for the

DMC synthesis thus remains limited by low methanol

conversions, resulting from low reaction temperatures, which

cannot be increased for DMC selectivity studies. It should

be noted that no carbon residue deposition could be

observed, either by microscopy or by temperature-pro-

grammed oxidation.

The amount of DMC produced at 130 uC over the

supported zeolite reached a stable gDMC h21 lcat level, with a

stable methanol conversion close to 3% and a selectivity to

DME lower than 3% (Fig. 5). By comparison, the inset of Fig. 5

shows the stable performances obtained on the bulk Cu–Y

zeolite catalyst, with a methanol conversion around 17% and a

STY to DMC of 95 gDMC h21 lcat. However, considering the

low zeolite content of the SiC supported Y zeolite composite,

i.e. 8 wt.%, the yield of DMC amounted to 137.5 gDMC per h

and per litre of zeolite. It should be noted that the bare b-SiC

material was totally inactive for synthesizing dimethyl

carbonate. This value was higher than that observed on the

Cu–Y catalyst, i.e., 95 gDMC h21 lcat. This interesting space

time yield to DMC was obtained with no DT temperature

Fig. 4 Influence of the copper exchange rate of the Y zeolite on the STY and on both DMC and DME selectivities. (&) STY to DMC in gDMC h21

lcat and ( ) copper content in wt.%. The inset shows the influence of the temperature on the DME formation occurring on the non-exchanged

acidic sites of a HY zeolite.

Fig. 5 Catalytic on-stream behaviour of the b-SiC supported Cu–Y zeolite composite catalyst (Cu exchange rate of 84%) for DMC production at

130 uC, in terms of methanol conversion, selectivities and STY to DMC. (%) Methanol conversion, (&) SDMC/MeOH, ($) SDME/MeOH, (#)

SDMC/CO and ( ) STY to DMC in gDMC h21 lcat. Inset: stable performances obtained on the bulk Cu–Y zeolite at a similar exchange rate of

84%.
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overshoot compared with the temperature overshoot of +8 uC
occurring at 130 uC over the bulk Cu–Y zeolite, and thus the

reaction was performed on the Cu–Y/b-SiC catalyst at a lower

temperature than on its bulk analogue due to a considerably

better temperature control with no temperature overshoot

resulting from the thermoconductive nature of the b-SiC

support. The beneficial high thermal conductivity of b-SiC has

already been put forward in several applications.19–21,34

Amongst them, one could note the recent preparation of an

active and stable Ni/b-SiC catalyst for the exothermic partial

oxidation of methane to obtain a synthesis gas, leading to the

required and theoretical H2/CO molar ratio of 2, while its

usual Ni/c-Al2O3 analogue suffered at the beginning of the

process from hot spot formation and from a consequent

uncontrolled temperature overshoot, resulting in a H2/CO

molar ratio close to 3, i.e., an excess hydrogen production by

methane decomposition.34

The positive contribution of the thermoconductive b-SiC

support was also demonstrated by performing the DMC

synthesis as a function of the temperature (Fig. 6). No

temperature overshoot was observed at the temperatures of

130 uC and 140 uC, whereas performing the reaction at 150 uC
and 160 uC resulted in a very weak temperature overshoot of

+2 uC and +5 uC, respectively. Simultaneously, the methanol

conversion increased from 2.7% at 130 uC to 8.9% at 160 uC,

corresponding to a STY of 11 gDMC h21 lcat and 41 gDMC h21

lcat, respectively, i.e. 137.5 and 512.5 gDMC per h and per litre

of zeolite. It was worth noting that, together with the increase

in the methanol conversion, the selectivities calculated from

methanol were not too drastically affected by the temperature

increase, and especially the selectivity to DME, which

remained lower than 3% whatever the testing temperature.

In addition, the selectivity to DMC calculated from CO,

SDMC/CO, decreased from 70% down to 40% when increasing

the temperature from 130 uC to 160 uC, the use of b-SiC

diminishing the importance of the unwanted exothermic

oxidation of CO to CO2. This overall behaviour contrasted

with the temperature dependence of the bulk Y zeolite-based

catalyst (not reported), which showed a strong increase of the

SDME/MeOH selectivity with temperatures greater than 135 uC,

together with a drastic increase of the CO2 formation by CO

oxidation resulting in a strong decrease of the SDMC/CO

selectivity.

This confirmed the interest in using b-SiC for supporting

Cu–Y zeolite, by allowing the reactor temperature to be

increased in order to overcome the limitation resulting from

the low methanol conversion over zeolites, without affecting

irremediably the different selectivities of the reaction, as was

the case for bulk Cu–Y zeolite catalysts.

4. Conclusion

A b-SiC supported Cu-exchanged Y zeolite composite catalyst

was successfully prepared and used for the gas phase oxidative

carbonylation of methanol to dimethyl carbonate. The use of

b-SiC probably allowed a real chemical binding between the

zeolite and the support surface to occur, by simultaneous

anchorage and crystallization of the zeolite, thus resulting in

the absence of any detrimental zeolite loss compared with a

post-synthesis deposition of zeolite crystals.

The use of a thermoconductive material as support allowed

a better control of the catalytic bed temperature, and resulted

in limited production of DME and CO2 by-products even at

high temperatures, whereas interesting yields of DMC with

time were obtained relative to the real amount of supported

active phase.

Further work is being undertaken in order to increase the

amount of Y zeolite supported on the b-SiC material by

Fig. 6 Influence of the temperature on the performances shown by the b-SiC supported Cu–Y zeolite composite catalyst in terms of methanol

conversion, selectivities and STY to DMC.
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further coatings, which should allow the STY to be greatly

increased, and also to investigate the nature of the badly-

crystallized Y–SiC interfacial glue phase and the working state

of copper within the Y zeolite framework.
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Received 28th August 2007, Accepted 30th October 2007

First published as an Advance Article on the web 27th November 2007

DOI: 10.1039/b713095c

We investigated the primary biodegradation of different N-imidazoles, imidazolium, pyridinium

and 4-(dimethylamino)pyridinium compounds substituted with various alkyl side chains and their

analogues containing functional groups principally based on OECD guideline 301 D. For the

experiments we used two different types of inocula, a freeze-dried mix of bacteria and activated

sludge microorganisms from a wastewater treatment plant. The aim of this study was to improve

the knowledge base for the structural design of ionic liquids with respect to an increased

biodegradability combined with a reduced (eco)toxicological hazard potential. We found a

significant primary biodegradation for (eco)toxicologically unfavourable compounds carrying

long alkyl side chains (C6 and C8). In contrast for (eco)toxicologically more recommendable

imidazolium ionic liquids with short alkyl ((C6) and short functionalised side chains, no

biological degradation could be found. The introduction of different functional groups into the

side chain moiety thus offering a higher chemical reactivity did not lead to the expected

improvement of the biological degradation. After an incubation period of 24 days for the

1-methyl-3-octylimidazolium cation we identified different biological transformation products

carrying hydroxyl, carbonyl and carboxyl groups. Furthermore, shortened side chain moieties

were identified indicating the degradation of the octyl side chain via b-oxidation. Moreover, we

propose an electrochemical wastewater treatment as part of an alternative disposal strategy for

non-biodegradable ionic liquids. We show for the first time that the 1-butyl-3-methylimidazolium

cation was completely destroyed within four hours using an electrolysis double-cell (volume =

1.2 L) equipped with electrodes made of iridium oxide (anode), stainless steel (cathode), and a

boron-doped diamond-coated bipolar electrode. The products formed electrochemically were

easily accessible to biological degradation.

Introduction

In recent years ionic liquids (ILs) have gained a broad interest

because of their applicability as solvents in different fields, e.g.

in organic synthesis,1 catalysis,2 biocatalysis,3 and electro-

chemistry.4 This wide applicability of ionic liquids is mainly

based on the beneficial physico-chemical properties (e.g. high

thermal and electrochemical stability, high conductivity,

extraction behaviour, etc.) of certain compounds out of this

diverse substance class. Furthermore, the negligible vapour

pressure of ionic liquids causes reduced air emission and non-

flammability. In this respect, the operational safety of ionic

liquids is improved as compared to conventional solvents. In

general, the high structural variability of the head group

(positively charged core structure), the substituent(s) and the

corresponding anion leads to an enormous number of

accessible ionic liquids. The combination of these different

structural elements allows – at best – for an optimisation of

physico-chemical properties of ionic liquids necessary for a

defined technical application.

However, regarding the hazard assessment of ionic liquids this

structural variability represents an almost insurmountable

problem as it is impossible to generate a profound knowledge

of the effects on man and the environment for every single

compound. Different studies were conducted to evaluate the

(eco)toxicity of certain ionic liquids in in vitro assays5–10 and in

some selected organism studies comprising, for example,

bacteria,11–14 algae,15–18 earthworms,19 waterfleas,18,20–22 and

zebrafish.23 A complete overview of the (eco)toxicological data

of ionic liquids has been given by Ranke et al.24 and Zhao et al.25

These studies indicate that ionic liquids can cause adverse

effects on organisms. Especially for cations substituted with

long (C > 8) alkyl side chains16–18 or for anions showing

lipophilicity or a susceptibility to hydrolysis9,16 partially

drastic effects have been observed.
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Straße, D-28359 Bremen, Germany.
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Nevertheless, by an appropriate choice of (eco)toxi-

cologically favourable structural elements as short and

functionalised side chains, avoiding the quinolinium and the

4-(dimethylamino)pyridinium head group and by using, for

example, chloride, tetrafluoroborate or octylsulfate as the

anion,8,16,17,26 the (eco)toxicity of an ionic liquid can be

reduced remarkably in the test systems investigated so far. This

is an important result for the design of inherently safer and

thus more sustainable substances. Additionally, according to

principles of green chemistry (Paul Anastas and John Warner),

chemicals should also be designed to break down to innocuous

substances after their use so that they do not accumulate in the

environment.27 In contrast, the tendency of certain ionic liquid

cations to be thermally and chemically very stable is mirrored

in their stability to biological degradation processes. So far,

only a few fundamental studies have investigated the

biodegradability of ionic liquids.

In a theoretical study, Jastorff et al.28 proposed biodegrada-

tion pathways for imidazolium cations and presented cyto-

toxicity data for some of the presumed and subsequently

synthesised metabolites.29 Stepnowski and Storoniak30 calcu-

lated the energetic stability of radicals formed during the

reaction with the cytochrome P450 enzyme system and

identified preferred positions of biological transformation

reactions for the 1-butyl-3-methylimidazolium cation.

Scammells and co-workers22,31,32 examined the degradation

potential of different 1-butyl-3-methylimidazolium cations

combined with Br2, BF4
2, PF6

2, N(CN)2, (CF3SO2)2N2

and octylsulfate as the counterion according to the Sturm and

Closed-Bottle test protocols. No compound exhibited signifi-

cant levels of biodegradation, and only for the octylsulfate-

containing ionic liquid was an increased biodegradability

observable. A series of imidazolium compounds substituted

with amide side chains were analysed and showed poor levels of

biodegradation, whereas for different ester group-containing

side chains an enhanced biodegradability could be found.31–33

However, no compound could be classified as readily

biodegradable. In a later study the combination of the

imidazolium moiety substituted with ester side chains and

octylsulfate as the counterion resulted in readily biodegradable

ionic liquids.33

Wells and Coombe18 investigated the biodegradability of

ammonium, imidazolium, phosphonium and pyridinium com-

pounds by measuring the biological oxygen demand (BOD).

No biodegradability of cations with short chains (C ( 4) was

observable within this test series. For phosphonium and

imidazolium cations with longer chains (C12, C16 and C18)

a strong inhibitory potential to the inoculum used was found,

indicating the toxicity of these ionic liquids towards the

microorganisms used.

Recently, Kulpa and co-workers34 examined the biodegrad-

ability of N-methylimidazolium and 3-methylpyridinium

compounds substituted with butyl, hexyl and octyl side chains

and bromide as the anion. In dissolved organic carbon (DOC)

die-away tests and in tests monitoring the changes in the total

dissolved nitrogen (TDN) concentration a dependency

between biodegradability and the side chain length was

found. 1-Octylpyridinium bromide meets the OECD

criterion for being classified as readily biodegradable, whereas

1-hexylpyridinium bromide exhibited a decreased degradation

rate. Compared to the pyridinium ILs the mineralisation of the

imidazolium ILs was lower. The 1-methyl-3-octylimidazolium

cation showed significant degradation rates, but those were

not high enough for a classification as readily biodegradable.

For the pyridinium and imidazolium head groups carrying a

butyl side chain no significant biodegradation was observable.

The fact that only the long octyl side chain in ionic liquids

brings about an improved biodegradability creates a conflict of

aims between minimizing the toxicity and maximizing the

biodegradability. Thus, the biodegradability seems to be a

bottle-neck in the development of inherently safer ionic

liquids.

Following our strategy of designing safer ionic liquids28,29

we aimed to overcome this inherent problem and to enlarge the

restricted knowledge in the field of biodegradation of ionic

liquids, and we analysed systematically the influence of the

structural elements ‘head group’ and ‘side chain’ (also

containing functional groups) on the biodegradability of

27 compounds. Regarding this issue we follow a T-SAR

(thinking in terms of structure–activity relationships) guided

strategy to:

(i) systematically select test compounds and structural

elements according to the ‘test kit concept’;29,35

(ii) apply a theoretical T-SAR algorithm to propose

biological transformation products (metabolites);28,36

(iii) test the selected substances in biodegradation tests

using inocula from a wastewater treatment plant according to

a modified OECD test protocol;

(iv) ascertain the primary biodegradation of compounds

and identify transformation products via HPLC–UV and

HPLC–MS analysis;

(v) identify substructures in chemicals responsible for an

improved or declined biodegradability;

(vi) incorporate the transformation products formed into

the hazard assessment of ionic liquids and investigate the

(eco)toxicity of the transformation products using test systems

at different levels of biological complexity (e.g. enzymes, cells,

micro-organisms and organisms);

(vii) use this knowledge in the prospective design of

inherently safer chemical products.

For non-biodegradable ionic liquid cations (tested as

halides) we propose an electrochemical wastewater treatment

using boron-doped diamond (BDD)-coated electrodes to

facilitate their breakdown. This electrochemical process is

often applied to eliminate biologically persistent com-

pounds.37,38 In general, the BDD coating exhibits a high

oxygen overpotential which promotes the electro-oxidation of

organics via electrogenerated hydroxyl radicals due to their

high standard redox potential of 2.8 V and reduces the side

reaction of oxygen evolution.39 The formed radicals can

effectively transform non-biodegradable organic species to

biodegradable organic compounds or final inorganic ones like

CO2 and H2O.37,40,41

Selection of test kit compounds

The test kit comprises different cations combined with a halide

(chloride, bromide or iodide) the as counterion. Three

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 214–224 | 215

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

30
95

C
View Online

http://dx.doi.org/10.1039/B713095C


aromatic head groups [4-(dimethylamino)pyridinium, pyridi-

nium and 1-methylimidazolium] substituted with different

alkyl side chains (C2, C4, C6, C8) and some mono-

N-substituted imidazole compounds are included in the

test kit. The pyridinium and imidazolium substances are

selected to confirm the results from literature and for a

validation of the primary degradation tests used. Furthermore,

the HPLC–MS analysis allows for an identification of

degradation products of these compounds and expands the

currently available data.

The 4-(dimethylamino)pyridinium head group, which is not

recommendable from an (eco)toxicological point of view,8,17,42

was analysed because of its high lipophilicity. This head group

being substituted with a hexyl side chain exhibits the same

lipophilicity (corresponding to a HPLC-determined para-

meter) as an octyl-substituted imidazolium compound.8 This

fact allows for differentiation whether the side chain length or

the lipophilicity of a compound is responsible for an increased

biodegradability.

Additionally, the imidazolium core is substituted with short

side chains containing ether (in different positions), terminal

hydroxyl, carboxyl and nitrile functions. These compounds

were selected because of their (eco)toxicological beneficial

properties and for investigating if the increased chemical

reactivity of these functionalised cations concomitantly

increases the biodegradability.

Experimental

Chemicals

All tested ionic liquids were received from Merck KGaA

(Darmstadt, Germany). Na2SO4, KH2PO4, K2HPO4,

Na2HPO4?2H2O, CaCl2?2H2O, MgSO4?7H2O, FeCl3?7H2O

and H2SO4 were purchased from the Sigma-Aldrich

Cooperation (Deisenhofen, Germany). Acetonitrile (HPLC

grade), methanol, HgCl2, NH4Cl and sodium benzoate were

obtained from Fluka (Buchs, Switzerland).

HPLC systems

The HPLC system used for the determination of

primary biodegradation and the electrochemical degradation

studies was a VWR Hitachi system containing the L-2130

HTA-pump, L-2130 degasser, L-2200 autosampler, L-2300

column oven, L-2450 diode array-detector and the EZChrom

Elite software. The HPLC system utilised for analysing

degradation products was a Hewlett Packard system Series

1100, with a gradient pump, online degasser, autosampler and

a Bruker esquire ESI-MS ion trap detector.

For both systems a hydrophilic interaction liquid

chromatography (HILIC) column (Atlantis HILIC Silica

5 mm, 4.6 6 150 mm) with guard column purchased from

Waters (Eschborn, Germany) was used. The mobile phase

consisted of 80% acetonitrile (HPLC grade) and 20%

aqueous 5 mM HK2PO4/H2SO4 buffer. The system was

operated at a flow rate of 1 mL min21 and 10 mL

portions of the samples were injected. A detection wavelength

of 212 nm was used for quantification of the original

compounds.

Primary biodegradation

The primary biodegradation test was conducted according to a

modified version of OECD guideline 301 D.43 Primary

biodegradation of the test compounds was monitored via

HPLC–UV for 31 days. The inoculum used was derived from

the wastewater treatment plant Bremen-Seehausen (Germany).

Five gram sludge flocs were suspended in 1 L mineral medium

and pre-conditioned for 5 days under aerobic conditions. The

mineral medium was composed of 8.5 mg L21 KH2PO4,

21.75 mg L21 K2HPO4, 22.13 mg L21 Na2HPO4?2H2O,

1.7 mg L21 NH4Cl, 36.4 mg L21 CaCl2?2H2O, 22.5 mg L21,

MgSO4?7H2O and 0.25 mg L21 FeCl3 (pH 7.2). Solutions of

the test substances were prepared at a concentration of 200 mM

(corresponding to 14–61 mg L21 depending on the molecular

weight of the test substances) in inoculated test media (100 mL

total volume). Blank samples (inoculated media without test

the substance), abiotic controls (200 mM test substance in

inoculated media poisoned with 50 mg L21 HgCl2) and

positive controls (inoculated media with 200 mM imidazole)

were also prepared. Replicates of test samples, blinds, abiotic

and positive controls were kept in the dark at 20 ¡ 1 uC. The

100 mL test vessels were closed but not gas-tight. Losses due to

evaporation were determined by weighing and were adjusted

by the addition of test media. For every testing day 500 mL of

all samples were taken, centrifuged (5000 rpm, 15 min) and

subsequently analysed via HPLC. The percentage of degrada-

tion of each sample was calculated referring to the initial

concentration.

Oxygen consumption biodegradation experiment

The biodegradation experiments using the sum parameter

oxygen depletion was performed due to the DIN EN 1899-2

guideline.44 The test solutions were added to the same test media

used for the primary degradation test and were inoculated with a

commercially available freeze-dried micro-organism mixture

(Dr. Lange BioKIT LZC 555).45 All experiments were

performed in Karlsruhe-bottles, which are adapted to the

oxygen electrode used (StirrOx G). Triplicates of each test

solution, blanks and controls (using sodium benzoate) were

analysed for each sampling day and were discarded after

determination of the oxygen content. The oxygen depletion for

the test solutions at a given time was corrected by the oxygen

demand of the blank after the same time period.

For the determination of the chemical oxygen demand

(COD) the cuvette high-speed tests LCK 314, 414, 514, 614

and 014 (Hach Lange GmbH, Düsseldorf, Germany) were

used and measured with a photometer Cadas 200 (Hach Lange

GmbH, Düsseldorf, Germany).

Electrochemical treatment

The electrochemical degradation investigations have been

carried out with aqueous solutions of 1-butyl-3-methylimida-

zolium chloride (IM14 Cl) at a concentration of 230 mM

(40 mg L21) which was supplemented with 0.06 M Na2SO4 and

0.15 M KOH. The conductivity of the mixture was measured

to be 20 mS using a WTW inoLab station with a TetraCon

conductivity electrode.
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The electrochemical degradation experiments were carried

out in an electrolysis cell (volume = 1.2 L) equipped with two

electrodes made of iridium oxide (anode) and stainless steel

(cathode). Additionally, a bipolar mid-electrode – purchased

from ‘pro aqua Diamantelektroden Produktion GmbH’

(Niklasdorf, Germany) – made of polyvinylidenefluoride

(PVDF) fitted with boron-doped diamonds was used. This

electrode arrangement divided the reactor into two chambers

(Fig. 1). The distances between the electrodes were 2 cm. The

experiments were performed with a constant potential of 2.5 V

at the steel cathode adjusted with a reference electrode placed

next to the cathode. As the potentiostat an IMP83 PC-10-

device of the company ‘Jaissle Elektronik GmbH’

(Waiblingen, Germany) and a power supply unit of the

company ‘Statron’ (Zschopau, Germany) were employed.

Results

For biodegradation tests two different types of inocula were

used. A commercially available freeze-dried micro-organism

mixture (Dr. Lange BioKIT LZC 555) composed for the

determination of sewage water qualities45 and, secondly,

activated sludge from a wastewater treatment plant (Bremen-

Seehausen, Germany) was applied.

The freeze-dried bacteria mixture was chosen because this is

a standardised product and should allow for a high

reproducibility between different test runs. Furthermore, this

mixture showed an acceptable biological matrix compared to

the activated sludge and therefore caused less interference in

the HPLC–UV and HPLC–MS analysis. However, no test

substance was metabolised in the primary degradation tests

using these freeze-dried bacteria. Thus, all results presented in

the following section are related to tests using the activated

sludge.

Toxicity and adsorption

None of the test substances inhibited the biodegradability of

the reference compound imidazole in the concentration range

tested, indicating that the ionic liquids used are not toxic

towards the micro-organisms.

The adsorption of the test substances to the activated sludge

was checked with an abiotic control (sludge inactivated with

HgCl2). No test compound showed significant sorption to the

inoculum. Consequently, an observed concentration decrease

of a test substance in biotic samples can be exclusively

attributed to biological degradation.

Primary biodegradation

Mono-N-substituted imidazole compounds. No decrease in

the concentration within the test duration of 31 days could be

found for N-methylimidazole (IM01), N-butylimidazole

(IM04), and N-octylimidazole (IM08) (Table 1), whereas

Fig. 1 Electrolysis reactor (A = anode, C = cathode, BE = bipolar

BDD- mid-electrode, which divides the reactor into two chambers,

RE = reference electrode, WE = working electrode, CE = counter

electrode.

Table 1 Structures, acronyms and primary biodegradation rates of alkylimidazoles

Structure Acronym

Primary biodegradation (%)

Day 4 Day 9 Day 17 Day 24 Day 31

IM00 100 100 100 100 100

IM01 0 0 0 0 0

IM01-2Me 0 0 9 93 100

IM04 0 0 0 0 0

IM08 0 0 0 0 0
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N-methyl-2-methylimidazole (IM01-2Me) was completely

degraded after 31 days (Table 1). The positive

control, imidazole (IM00), was completely degraded after

four days.

Imidazolium ionic liquids. Most of the imidazolium

ionic liquids were not metabolised by the activated sludge

microbial community (Table 2). In particular, imidazolium

cores substituted with short alkyl side chains or short

Table 2 Structures, acronyms and primary biodegradation rates of 1-alkyl-3-methylimidazolium halides

Structure Acronym

Primary biodegradation (%)

Day 4 Day 9 Day 17 Day 24 Day 31

IM12 Cl 0 0 0 0 0

IM14 Cl 0 0 0 0 0

IM16 Cl 0 0 5 8 11

IM18 Cl 31 40 81 100 100

IM18OH Br 25 58 100 100 100

IM17COOH Br 10 18 100 100 100

IM1-1Ph Cl 0 0 0 0 0

IM12OH I 0 0 0 0 0

IM11CN Cl 0 0 0 0 0

IM13OH Cl 0 0 0 0 0

IM11O2 Cl 0 0 0 0 0

IM12O1 Cl 0 0 0 0 0

IM2O2 Br 0 0 0 0 0

IM13O1 Br 0 0 0 0 0
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side chains containing ether, hydroxyl and nitrile

functions were highly resistant to biological degradation

during the incubation period (Table 2). That also applies

to the phenyl-linked imidazolium compound (IM1-1Ph Cl).

Small losses (211%) of 1-hexyl-3-methylimidazolium (IM16)

were measured after 31 days compared to the initial

concentration (Table 2). A complete primary degradation

could be detected for 1-methyl-3-octylimidazolium (IM18)

after 24 days, and after 17 days for the hydroxylated

(IM18OH) and for the carboxylated (IM17COOH) derivative

(Table 2).

Pyridinium ionic liquids. The N-ethylpyridinium (Py2)

and the N-butylpyridinium compounds (Py4 and Py4-3Me-

5Me) did not undergo significant biodegradation, whereas

for the N-octylpyridinium cations (Py8 and Py8-3Me)

a total elimination was observed within 31 days (Table 3).

Dimethylaminopyridinium ionic liquids. In contrast to the

N-hexyl-substituted 4-(dimethylamino)pyridinium head group

(Py6-4NMe2) which was completely degraded within 31 days

(Table 4), no biological breakdown could be observed for the

N-ethyl- and N-butyl-derivatives (Py2-4NMe2 and Py4-

4NMe2).

Identified transformation products of 1-octyl-3-

methylimidazolium

The 24 day sample of the 1-octyl-3-methylimidazolium cation

(IM18) was investigated for biodegradation products via

Table 3 Structures, acronyms and primary biodegradation rates of N-alkylpyridinium chlorides

Structure Acronym

Primary biodegradation (%)

Day 4 Day 9 Day 17 Day 24 Day 31

Py2 Cl 0 0 0 0 0

Py4 Cl 0 0 0 0 0

Py4-3Me-5Me Cl 0 0 0 0 0

Py8 Cl 0 25 58 100 100

Py8-3Me Cl 0 25 33 97 100

Table 4 Structures, acronyms and primary biodegradation rates of N-alkyl-4-(dimethylamino)pyridinium halides

Structure Acronym

Primary biodegradation (%)

Day 4 Day 9 Day 17 Day 24 Day 31

Py2-4NMe2 Br 0 0 0 0 0

Py4-4NMe2 Cl 0 0 0 0 0

Py6-4NMe2 Cl 6 12 55 93 100

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 214–224 | 219
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HPLC–MS analysis. For this sample, no clear UV peaks were

seen but different signals within the mass spectrometer were

detectable. To ensure that the signals found within this sample

correspond to transformation products a blank sample

(inoculated test buffer after 24 days) and a sample from the

beginning of the test were measured. None of the identified

masses in the 24 day sample of IM18 were found in these

reference analyses.

The identified transformation products and the concluded

pathway for biodegradation of the IM18 compound are shown

in Fig. 2. At different retention times the mass-to-charge ratio

(m/z+) 211 was detected, probably belonging to hydroxyl

groups at different positions at the side chain of IM18. The

observed retention time is similar to the investigated test

compound IM18OH (14 min). Furthermore, different signals

with m/z+ = 209 could be determined, presumably pertaining

to ketones or aldehydes after the oxidation of different

hydroxylated compounds. The mass-to-charge ratio of

225 potentially corresponds to a carboxylated product of

IM18 (like the test compound IM17COOH; retention time

12.3 min) or to substances containing two functional

groups (ketone and hydroxyl). In accordance with this,

m/z+ = 225 occurred in a relatively wide retention time range

of 2.5 min, indicating clear structural differences as occur

between different carboxylic acids or compounds substituted

with both ketone and hydroxyl functions.

Moreover, hydroxylated and/or carboxylated compounds

with a reduced number (22, 24 or 26) of carbon atoms in the

side chain were found (Fig. 2). For these compounds the

identified masses occurred as well-defined single peaks

suggesting that no isomers with the same mass were formed.

The chemical transformations identified were in accordance

with the recently predicted ones.28

Adaptation and accumulation of degradation products

After the test period of 31 days the IM18 test bottles were used

for a subsequent experiment. To these samples additional

IM18 was given (final concentration of 200 mM). For these

experiments with pre-adapted inocula an increased biodegra-

dation rate was observed. Within four days a complete

primary degradation of IM18 had taken place. This procedure

was repeated for two other supplementations of the test

compound (all at 600 mM). For all test runs an exhaustive

primary degradation was observable after four days. In

Fig. 2 Retention times, mass-to-charge ratios (positive mode), intensity of signals within the mass spectra and proposed chemical structures.
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general, no UV signal within the chromatogram of the spiked

samples could be detected except for a peak at approximately

14 min (probably belonging to a hydroxylated product) with a

concentration of 220 mM (if calculated as IM18OH). After an

additional period of 31 days a remaining concentration of

10 mM was determined.

Electrochemical treatment of 1-butyl-3-methylimidazolium

chloride

A nearly complete electrochemical dismantling of the

1-butyl-3-methylimidazolium cation (IM14) within the test

duration of 240 min could be observed via HPLC–UV

measurements (Fig. 3). For chamber 1 (iridium oxide anode/

bipolar boron-doped cathode) a linear breakdown of

IM14 was observable with a remaining ionic liquid

concentration of 14 mM (substance loss 96%). The degradation

course in the second chamber (bipolar-doped anode/steel

cathode) was sigmoidal and led to a final IM14 concentration

of 3 mM (substance loss 99%). The HPLC analysis of the

different sampling points revealed various signals for

both chambers – mainly with longer retention times on the

HILIC column as found for the IM14 cation, indicating

more polar chemical entities. After 240 min these signals of

breakdown products were not or only marginally detectable.

During electrochemical treatment an increasing electrical

current (from 1.1 to 5.7 A) and temperature (19 to 58 uC)

was observed. Furthermore, the chemical oxygen consumption

(COD) – used to for indirectly measuring the amount of

organic carbon in water – was reduced by around two-thirds

for both chambers (chamber 1: t0 = 69 mg L21, t240 =

23 mg L21; chamber 2: t0 = 69 mg L21, t240 = 24 mg L21). The

biodegradability of the solutions remaining after the

electrochemical treatment (pH adjusted at 7 and inoculated

with freeze-dried bacteria) was measured by the oxygen

depletion assay. The biological oxygen demand (BOD)

after 3, 6, and 8 days was determined for both chambers

(Fig. 4). An oxygen consumption for both samples was

detectable (chamber 1: 4.7 mg L21 # 260%, chamber

2: 4.1 mg L21 # 255%) associated with a decreased

COD (chamber 1: 14 mg L21 # 241%, chamber

2: 14 mg L21 # 242%).

Discussion

Relevance of the primary biodegradation test

The test conditions employed for the primary biodegradation

investigations are very similar compared to the ready

biodegradability test according to OECD guideline 301 D.

This allows for classifying structures as not readily

biodegradable, when no clear decrease in the concentration

of the test substance was observed.

In contrast, it is not possible within this primary degrada-

tion test to term compounds as readily biodegradable, even

if a 100% degradation of the test substance is observed,

because this 100% degradation is related only to the parent

compound (primary degradation) and not to all possibly

formed metabolites which might be resistant to further

biodegradation.

In general, it is known from biodegradation experiments

that after an adaptation period at the beginning of the tests a

rapid biodegradation can occur within a few days. In our setup

the timeframe between successive sampling points was too long

to follow the degradation kinetics in detail.

Primary biodegradation of test compounds

The freeze-dried bacteria mixture was proven not to be

suitable for evaluation of the general biodegradability of

compounds according to OECD guidelines. This is related to

the limited diversity of micro-organisms within this arranged

mixture compared to the heterogeneous micro-organism

community of the activated sludge.

The results obtained for the wastewater micro-organisms

showed that the mono-N-substituted imidazole derivatives,

which are considered to be poorly biodegradable,46,47 could be

confirmed for the N-alkylated imidazoles investigated here. An

exception is N-methyl-2-methylimidazole (IM01-2Me), the

observed primary degradation of which is unexpected. Either

the microbial community used contained a specific micro-

organism which could catabolise this substrate or the

degradation was just related to the mother compound and

not to the transformation products.

Fig. 4 Biological oxygen consumption of the remaining solutions

after electrochemical treatment.

Fig. 3 HPLC-determined degradation of the 1-butyl-3-methylimida-

zolium cation during the electrolysis experiment.

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 214–224 | 221

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

30
95

C
View Online

http://dx.doi.org/10.1039/B713095C


For imidazolium ionic liquids with short alkyl ((C6) and

short functionalised side chains no biological degradation

could be found. The introduction of functional groups linked

to a higher chemical reactivity did not lead to the expected

improvement of the biological degradation.

Our study confirmed the results found by Docherty et al.,34

that imidazolium and pyridinium compounds with octyl chains

are biodegradable. A complete primary degradation was

observed within 24 days for IM18 and Py8. On the basis of

the identified transformation products of IM18 we propose the

breakdown pathway shown in Fig. 2. Here the transformation

of the alkyl chain starts with the oxidation of the terminal

methyl group (v-oxidation) catalysed probably by mono-

oxygenases, e.g. the cytochrome P450 system. The alcohol

formed is subsequently oxidised by dehydrogenases via

aldehydes to carboxylic acids (Fig. 2). The resulting carboxylic

acids then can undergo b-oxidation and the two released

carbon fragments can enter the tricarboxylic acid cycle as

acetylCo-A.

The HPLC–MS results also indicate the formation of

different non-terminal hydroxyl groups referring to identical

masses but showing varying retention times. These secondary

alcohol isomers could not be further degraded via b-oxidation.

Their transformation process ended either with the formation

of ketones or by additional hydroxylation steps. In contrast,

for the shortened chain metabolites formed by the b-oxidation

steps all identified compounds produced single peak signals,

which means that no isomers were formed.

Additionally, we have found that the microbial community

was able to adapt to the degradation of IM18. This could be

observed by a clear reduction in the degradation time from

24 days down to four days after three additional supplementa-

tions of IM18. Potentially, this observation can also be

addressed to an increased bacterial concentration within the

sample. A total of 800 mM of IM18 was degraded and no

transformation products were detected via HPLC–UV, indi-

cating a complete biodegradation including the imidazolium

core (responsible for UV absorption). Even if IM18 cannot be

classified as readily biodegradable it is at least inherently

biodegradable. Those results agree with results found by

Docherty’s group.34

The introduction of –OH and –COOH into the octyl chain

resulted in an improved primary degradation with a shortened

test duration of 17 days. For those compounds an v-oxidation

is not necessary, so the b-oxidation can occur immediately.

Therefore, we assume that the v-oxidation is the rate-limiting

step within the biodegradation process of IM18.

Whereas no biodegradation of IM16 occurred, Py6-4NMe2

was totally biodegradable within 31 days. Recently, we

investigated the lipophilicity of different compounds using an

HPLC-derived parameter (k0). We found similar lipophilicity

values for IM18 (k0 = 1.85)26 and Py6-4NMe2 (k0 = 1.80).26

Therefore, it can be concluded that the chain length (C = 8)

is not a mandatory criterion for biodegradation, but

more important is a certain overall lipophilicity of the

compound.

This observation can be explained in at least two ways. First,

ionic liquids with longer alkyl chains (higher lipophilicity)

have been proven to be more toxic. Therefore, they are able

to produce selective pressure on the microbial community

– micro-organisms being capable of degrading ionic liquids

with longer alkyl chains are privileged whereas the others that

are not able to metabolise ionic liquids are eliminated. This

assumption has been proven by Docherty et al. who analysed

the structure of the microbial community by DNA-PCR

DGGE and found an enrichment of few bacteria species in the

samples treated with IM18.34

A second explanation is based on an uptake or even an

increased uptake into the organisms, which is also related to

the lipophilicity of the compounds. Owing to this (higher)

uptake the substances can be metabolised by appropriate

enzyme systems.

In contrast, IM08 was not degraded even though it is mainly

protonated under test conditions (pH = 7) and therefore

should posses a similar lipophilicity compared to IM18. Also,

the cytotoxicity of IM18 (100 mM) and IM08 (150 mM) is

comparable. According to our above-mentioned hypotheses

this result was not expected and IM08 should have been

biodegradable.

In general, the identified transformation products of IM18

are compounds with shorter side chains and functionalised

groups. Previous studies from our group showed that

compounds with short and functionalised side chains exhibit

lower toxicities towards mammalian cells,8 marine bacteria,

limnic green algae17 and duckweed.17 Therefore, we propose

for most of the transformation products lower hazard

potentials compared to IM18, which has a high aquatic

toxicity (especially to algae)16. Nevertheless, some restrictions

have to be made because the aldehydes, which are inter-

mediates in the oxidation pathway from the –CH2OH group to

the –COOH group, have not been analysed regarding their

(eco)toxicity so far and in principle the formation of highly

reactive epoxides is thinkable.

Further investigations in this field are desirable to examine

the detailed biodegradation pathways, detailed kinetics and the

metabolites of ionic liquids showing primary biodegradation.

With respect to the design of inherently safer ionic liquids it is

necessary to find structural modifications which improve

biodegradability without increasing lipophilicity, which corre-

spondingly would increase the toxicity.

Both IM18OH and IM17COOH are biodegradable and

they exhibit a reduced cytotoxicitiy (EC50 IM18OH Br =

230 mM; EC50 IM17COOH Br = 3000 mM) as compared

to IM18 Cl (EC50 IM18 Cl = 60 mM). However, it still

has to be investigated if the physico-chemical properties of

these ionic liquids (mp ,100 uC) are useful for technical

applications and if their toxicities to algae are also in an

acceptable range.

The biodegradability of, for example, morpholinium and

piperidinium moieties have not been investigated so far, but

their N-alkylation probably will lead to poorly biodegradable

compounds.

Based on the experiences gathered so far, the introduction of

oxo-groups into the ring N-heterocycles (Fig. 5) should

increase biodegradability, because this substructure represents

a target site for the cleavage of the C–N bond by an

amidohydrolase.47 But again, the changes in the physico-

chemical properties have to be investigated.
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Electrochemical treatment

An electrochemical treatment – as an alternative disposal

strategy for non-biodegradable compounds – was applied

exemplarily for an aqueous solution of 1-butyl-3-methylimi-

dazolium chloride. An almost complete primary degradation

of the IM14 cation was determined via HPLC–UV measure-

ments within 4 h. The degradation rate of IM14 in the second

chamber was higher compared to the first chamber. This

observation is probably caused by an increased formation of

hydroxyl radicals at the surface of the anodic side (toward

chamber 2) of the bipolar boron electrode. In general, no UV

signals after the electrochemical reaction could be found in the

chromatogram leading to the conclusion that the positively

charged imidazolium core structure (considered mainly to be

responsible for the non-biodegradability) has been destroyed.

The chemical oxygen demand was decreased in both chambers

indicating an electrochemical burning of the test compounds

and of the transformation products formed. The remaining

solution after the electrolysis process has been analysed in a

biodegradation test. For both chambers a clear oxygen

consumption through the test micro-organisms used was

found after eight days, suggesting an improved biodegrad-

ability of the transformation products in comparison to IM14.

These investigations represent a first feasibility study that an

electrochemical treatment could be an appropriate technique

to remove ionic liquids from wastewater. Detailed examina-

tions evaluating the applicability of this technique – including

an optimisation of the performance, the identification of

transformation products and a toxicity assessment for the

generated solution – are in preparation.

Conclusion

We used a primary biodegradation test to analyse the

biodegradability of 27 different compounds with different

head groups and side chains. Our results strongly indicate that

a certain lipophilicity of the test compounds is an essential

criterion for biodegradable ionic liquid cations. However, a

high lipophilicity corresponds to an increased (eco)toxicity in

different test systems. Thus, a conflict of goals between

(eco)toxicologically favourable compounds (short and func-

tionalised side chains) on the one hand and inherently

biodegradable substances on the other hand needs to be

solved for the development of more sustainable ionic liquids.

The electrochemical wastewater treatment is proposed as an

alternative disposal strategy for non-biodegradable ionic liquid

cations. Nevertheless, the design of inherently biodegradable

ionic liquids should be preferred due to a reduced hazard for

man and the environment. Furthermore, here the energy

consumption and the need for further chemicals and apparatus

is reduced compared to an electrochemical wastewater

treatment.
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A rationale of reaction metrics for green chemistry is presented, along with relationships between

them. Starting from the definition of mass intensity, it is easy to find the mathematical formula

giving the reaction metrics, such as the E-factor, versus the parameters of a reaction sequence:

yields of each step, atom economy, excess of reactants, mass of auxiliaries and possibly their

retrieval. For a complex mixed linear and convergent sequence, such a rationale could be

expressed with a mathematical formula as simple as eqn (24). Based on experimental data, the

application of such a methodology was proved to be useful to quantify the influence of each

parameter of a chemical process on the environmental impact.

Introduction

Chemical processes are currently evaluated under the light of

their environmental impact and eco-conception is now inte-

grated in any strategy of synthesis. The twelve principles of green

chemistry constitute a basis for such a conception. Quantitative

and qualitative assessments of input and output for a particular

process were defined by Sheldon with the introduction of the

E-factor and the environmental quotient (EQ).1 Other metrics,

such as mass intensity (MI) or reaction mass efficiency (RME)

were also proposed for a quantitative evaluation of chemical

processes based on the relative mass of raw materials compared

to the mass of the product.2 In spite of interesting progresses in a

formalism associated with these reaction metrics,3 there is a need

for a unique and simple mathematical formula which could

express such metrics for any single reaction or any reaction

sequence.4 We are delighted to propose such a formula for a

linear and a convergent sequence; the mathematical expression

of MI, E-factor or RME clearly shows the influence of

parameters, such as yield, global atom economy, excesses of

reagents, solvents and additives, which permits a rapid

comparison of sustainability of different chemical processes

and which actually underlines their specific corner-stone.

Reaction metrics based on mass

Before any determination of reaction metrics based on masses,

it is important to define very precisely their meaning.

E� factor: E~
total mass of waste

mass of product

Mass intensity:

MI~
total mass used in a process or process step

mass of product

Reaction mass efficiency: RME~
mass of product

total mass of reactants

Generalized reaction mass efficiency:

gRME~
mass of product

total mass used in a process or process step

The first 3 definitions have all been used in the past.2 Some

authors prefer the mass index term instead of mass intensity, but

both have the same meaning.5 The definition of a generalized

reaction mass efficiency (gRME) was recently introduced in

order to propose a unification of reaction metrics.3

Total mass used in a process includes all the chemicals used

in this process; it concerns reactants, catalysts or any additives

such as acids, bases, salts..., solvents of the reaction or solvents

required in the work-up (extraction, washing, separation,

recrystallization...), chromatographic support if not recycled,

etc… If we suppose that: total mass used in a process or

process step = total mass of reactants + S, then the mass S

corresponds to all the chemicals used in a process, with the

exception of reactants; in the following, S will be considered as

the total mass of auxiliaries of the process. This is a parameter

which has a great importance on the reaction metrics. As a

matter of fact this is often the major part of the total waste,

which includes by-products, excess of reagents, and reactants

not having reacted.

It is easy to see that there are simple relationships between

these reaction metrics, so that the determination of MI, E or

gRME is in fact a unique problem. RME is of course a less

pertinent factor since it does not include S.

MI~Ez1~
1

gRME
~

1

RME
z

S

mass of product

For simplification we have decided to express the mass

intensity MI directly from its definition; a mathematical

treatment is then easy and the other metrics, such as the

well-known E-factor, are then deduced from the expression of

MI.

Single reactions

Consider a reaction affording the target product P and a by-

product Q, in which ni are the stoichiometric coefficients

Department of Chemistry, UMR CNRS-ESCOM-University of Cergy-
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(Scheme 1); x is the scale of the reaction. The reagent B could

be eventually used in excess.

By definition:

MI~
xMAzyMBzS

ex
nP

nA
MP

(1)

where e is the yield of the reaction, where MA, MB and MP are

the molar masses of A, B and P. S is the mass of all the

auxiliaries used in a reaction, as mentioned. If a part of these

auxiliaries is retrieved or recycled, then the corresponding

mass must not be taken into consideration, but the products

required for such a regeneration will be included in the overall

mass S.

In order to have a general expression of MI, it is useful to

introduce the stoichiometric ratio Q.

Q~
y

nb

�
x

na

. If the reagent B is used in excess, it means that

Q . 1. Eqn (1) becomes:

MI~

x

na

naMAzQnbMBð ÞzS

ex
nP

nA
MP

(2)

By dividing each term by
x

na

naMAznbMBð Þ, eqn (2) becomes:

MI~
1zbzs

eAE
(3)

where AE~
npMP

naMAznbMB
is the atom economy of the reaction.

b~
Q{1ð ÞnbMB

naMAznbMB
~

mass of the excess of B

mass of the reactants in a stoichiometric amount

s~
S

x

na

naMAznbMBð Þ
~

mass of the auxiliaries

mass of the reactants in a stoichiometric amount

From the eqn (3), it is easy to determine the generalized

reaction mass efficiency gRME and the environmental

factor E.

gRME~
eAE

1zbzs
(4)

E~
1{eAE

eAE
z

b

eAE
z

S

e
x

na

npMP

(5)

The Sheldon environmental impact factor (E-factor) is the

sum of three terms. The first one is directly correlated to

the atom economy AE and to the yield e of the reaction. The

second one is related to the excess of reactants with respect

to the stoichiometric ratio. The third one includes the

contributions of all the chemicals besides the reactants and

the products. This concerns all the auxiliaries of the reaction if

not recycled.

The reaction mass efficiency, s is omitted from eqn (4), so that:

RME~
eAE

1zb
(6)

At this stage, it is important to wonder what happens if the

reactants (either A or B) or the by-products are retrieved. We

have to substract the corresponding amount in the numerator

of eqn (3), so that

MI~
1zbzs{r{q

eAE
(7)

where

r~
R

x

na

naMAznbMBð Þ
~

mass of the retrieved reactants

mass of the reactants in a stoichiometric amount

and

q~
Q

x

na

naMAznbMBð Þ
~

mass of the retrieved by-products

mass of the reactants in a stoichiometric amount

However, it must be emphasized that the retrieval of the

excess of reactants and/or the by-products is normally

accompanied by a supplementary use of auxiliaries, which

may notably increase s. Of course, this parameter does not

affect the reaction mass efficiency, so that

RME~
eAE

1zb{r{q
(8)

If all the reactants which don’t give products are retrieved,

then r = 1 + b 2 e. If the by-products are totally retrieved, then

q = e (1 2 AE). Thus, if both the excess of reactants and the

by-products are retrieved, RME = 1

Taking into account the mass of the auxiliaries, eqn (8) becomes

gRME~
eAE

eAEzs
and E~

s

eAE
(9)

This equation clearly shows that, even if the excesses of

reactants and by-products are totally retrieved, the E-factor is

affected by the yield and the atom economy of the reaction. Of

course, the major part of the environment impact, characterized

by the E-factor, arises from the auxiliaries, such as solvents.

Linear sequences

We consider a linear sequence, composed of n reactions

(Scheme 2).

Starting from the definition of MI, this becomes

MI~

xMAzQ1
x
na

nb1MB1z:::Qi e1e2:::ei{1ð Þ x
na

nbiMBiz:::Qn e1e2:::en{1ð Þ x
na

nbnMBnzS

e1e2:::en
x
na

nPMP

(10)

Scheme 1

(10)
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By dividing each term of eqn (10) by x/na, we obtain eqn (11):

MI~

naMAz
P

i

Qi e1e2:::ei{1ð Þ nbiMBið Þz S

x=na

npMPP
i

ei

(11)

where Pei is the product of the yields of each step of the linear

sequence.

We now introduce the overall atom economy of the linear

sequence, defined as

AE~
nPMP

naMAznb1MB1znb2MB2z::::nbiMBiz:::nbnMBn

We divide each term of eqn (11) by gM = naMA + nb1MB1 +

nb2MB2 + …nbiMBi + …nbnMBn. Therefore

MI~

1z
P

i

bizs

AEP
i

ei

(12)

where

bi~ Qi e1e2:::ei{1ð Þ{1½ � nbiMBiP
M

~

mass of the excess of the reactants

mass of the reactants in stoichiometric amounts

s~
S

x

na

X
M

~

mass of the auxiliaries

mass of the reactants in stoichiometric amounts

S is the total mass of auxiliaries (solvents…) when

performing the linear sequence with x moles of the starting

material A. This mass must be divided by
x

na

X
M to obtain s,

a dimensionless term which appears in the numerator of the mass

intensity.

If a part of the reactants and by-products is retrieved, we

must take into account such a retrieval as previously

mentioned in eqn (7).

The generalized reaction mass efficiency (gRME) and the

E-factor are equal to:

gRME~
AEP

i
ei

1z
P

i

bizs
(13)

E~
1{AEP

i
ei

AEP
i

ei

z

P
i

bi

AEP
i

ei

z
S

x

na

npMPP
i

ei

(14)

As mentioned previously, the Sheldon environmental impact

factor (E-factor) is the sum of three terms. The first one is

directly correlated to the overall atom economy AE and to the

yields of the steps of the linear sequence. The second one is

related to the excess of reactants with respect to their partner

in the sequence. The third one includes the contributions of all

the chemicals besides the reactants.

In order to decrease the environmental impact, it is

important to optimize all the yields, to avoid the use of heavy

protecting groups contributing to the decrease of the atom

economy, to avoid the use of a large excess of reactants to

minimize bi, and to avoid the use of large quantities of solvents

or auxiliaries.

In a reaction sequence in which the global yield is given,

it is more advantageous that the last steps are the most

efficient ones in terms of yield. Solvents and auxiliaries are

then used in smaller quantities, compared to the reverse

situation in which the first steps would be the most efficient

ones.

The expression of bi shows that all the yields of the previous

steps (steps from 1 to i 2 1) are involved, which means that

the last step is the step for which a large excess of reactant is

the less problematic (notice than bi decreases with the yields of

the steps preceding step i).

By omitting s in eqn (13), we obtain the expression of the

reaction mass efficiency RME:

RME~
AEP

i
ei

1z
P

i

bi

(15)

Convergent reactions

In convergent reactions, the target product P arises from two

intermediates Pm and P9m, which are independently prepared

(Scheme 3).

Two cases must be considered according to the relative

performance of the pathways leading to Pm and P9m.

In the first case, we consider that the first sequence is more

efficient in terms of yields than the second one, so that the

overall yield of the product P is calculated from A.

First, consider that P9m can be possibly used in excess, so

that
x0=na0

x=na

~s0w1

The excess of the reactants is defined as previously:

Qi~
number of moles of Bi=nbi

number of moles of Pi{1

�
npi{1

Q0j~
number of moles of B0j

.
nb0j

number of moles of P0j{1

.
np0j{1

Starting from the definition of MI, this becomes

MI~

xMAz
P

i

Qi e1e2:::ei{1ð Þ x
na

nbiMBizx0MA0z
P

j

Q0j e01e02:::e
0
j{1

� �
x0

va0
nb0 jMB0 jzS

e1e2:::emen
x
na

npMP

(16)

Scheme 2

(16)
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By dividing each term by x/na, we obtain eqn (17):

MI~

naMAz
P

i

Qi e1e2:::ei{1ð Þ nbiMBizs0 na0MA0z
P

j

Q0j e01:::e
0
j{1

� �
nb0 jMB0 j

" #
z

S

x=na

e1e2:::emen npMP

(17)

In this expression of MI, we divide each term by

gM = naMA + na9MA9 + nb1MB1 + nb2MB2 + …nbmMBm +
nb91MB91 + …nb9mMB9m

Therefore

MI~

1za0z
P

i

biz
P

j

b0jzs

e1e2:::emenAE
(18)

where AE~
npMPP

M
is the overall atom economy of the reaction

sequence

a0~ s0{1ð Þ na0 MA0P
M

~

mass of the excess of A0 compared to A

mass of all the reactants in stoichiometric amounts

bi~ Qi e1 e2:::ei{1ð Þ{1½ � nbiMBiP
M

~

mass of the excess of the reactants Bi

mass of all the reactants in stoichiometric amounts

b0j~ s0Q0j e01:::e
0
j{1

� �
{1

h i nb0jMB0jP
M

~

mass of the excess of the reactants B0j
mass of all the reactants in stoichiometric amounts

s~
S

x

na

X
M

~

mass of the auxiliaries

mass of all the reactants in stoichiometric amounts

What happens if Pm has to be used in excess for the

formation of the product P? This will affect the overall yield,

so that

MI~

1za0z
P

i

biz
P

j

b0jzs

e1e2:::emenrAE
(19)

where r~
number of moles of P0m

�
np0m

number of moles of Pm

�
npm

v1

However it may occur that s9 , 1; in that second case, the

overall yield must be calculated from the second sequence; x9 is

then the scale of the overall reaction. We can then introduce a

new ratio s~
1

s0
so that

MI~

1zaz
P

i

biz
P

j

b0jzs

e01e02:::e
0
menAE

a~ s{1ð Þ naMAP
M

~

mass of the excess of A compared to A0

mass of all the reactants in stoichiometric amounts

bi~ sQi e1 e2:::ei{1ð Þ{1½ � nbiMBiP
M

~

mass of the excess of the reactants Bi

mass of all the reactants in stoichiometric amounts

b0j~ Q0j e01e02:::e
0
j{1

� �
{1

h i nb0jMB0jP
M

~

mass of the excess of the reactants B0j
mass of all the reactants in stoichiometric amounts

s~
S

x0

na0

X
M

~

mass of the auxiliaries

mass of all the reactants in stoichiometric amounts

(20)

The cases leading to eqn (18) are more frequent than those

leading to eqn (20). From the more general eqn (18), we can

deduce the reaction mass efficiency, the generalized reaction

mass efficiency and the E-factor

RME~
e1e2:::emenAE

1za0z
P

i

biz
P

j

b0j
(21)

gRME~
e1e2:::emenAE

1za0z
P

i

biz
P

j

b0jzs
(22)

E~
1{e1e2:::emenAE

e1e2:::emenAE
z

a0z
P

i

biz
P

j

b0j

e1e2:::emen AE
z

S

e1e2:::emen
x

na

nPMP

(23)

It is crucial to evaluate which sequence leads to the overall

yield; as previously observed, the E-factor is the sum of three

terms.

The first term is correlated to the overall yield and to the

overall atom economy; the second one corresponds to

the excess of all the reactants and the third term is related to

the auxiliaries used.

Scheme 3

(17)
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In this example, the second sequence is less efficient than the

first one. The yields of the second sequence do not directly

appear in the formula, but it is noteworthy to be reminded that

there is a correlation between those yields and the excess of A9

with respect to A, which is represented by the parameter a9;

moreover S is of course affected.

Mixed linear and convergent sequence

In Scheme 4 the target product P is derived from Pn, arising

from two independent pathways, which is usual in chemical

processes.

The overall atom economy becomes: AE~
npMPP

M
where

gM = naMA + na9MA9 + nb1MB1 + …nbmMBm + nb91MB91 +
…nb9mMB9m + nb01MB01 + …nb0nMB0n

We suppose that the sequence leading to Pm is more efficient

than the sequence leading to P9m, with x9 . x. Then

MI~

1za0z
P

i

biz
P

j

b0jz
P
k

b00kzs

e1e2:::emene00 1e00 2:::e
00

nAE
(24)

s~
S

x

na

X
M

~

mass of the auxiliaries

mass of all the reactants in stoichiometric amounts

bi~ Qi e1 e2:::ei{1ð Þ{1½ � nbiMBiP
M

~

mass of the excess of the reactants Bi

mass of all the reactants in stoichiometric amounts

b0 j~ s0Q0 j e0 1e0 2:::e
0

j{1

� �
{1

h i nb0jMB0jP
M

~

mass of the excess of the reactants B0j
mass of all the reactants in stoichiometric amounts

b00 k~ Q00 k e1e2:::ene00 1:::e
00

k{1

� �
{1

� � nb00kMB00kP
M

~

mass of the excess of the reactants B00k
mass of all the reactants in stoichiometric amounts

Q00 k~
number of moles of B00 k

�
nb00k

number of moles of P00 k{1

�
np00k{1

From eqn (24), we can then deduce gRME and E.

gRME~
e1e2:::emene00 1:::e

00
nAE

1za0z
P

i

biz
P

j

b0 jz
P
k

b00 kzs
(25)

E~
1{e1:::emene00 1:::e

00
nAE

e1e2:::emene00 1:::e
00

nAE
z

a0z
P

i

biz
P

j

b0 jz
P
k

b00 k

e1e2:::emen e00 1:::e
00

nAE

z
S

e1:::emene00 1:::e
00

n

x

na

npMP

(26)

If we exclude the mass S from the calculation, then we may

express RME.

RME~
e1e2:::emene00 1:::e

00
nAE

1za0z
P

i

biz
P

j

b0 jz
P
k

b00 k
(27)

Application of this methodology to the synthesis of

sildenafil

The development of an environmentally attractive synthesis of

sildenafil and its assessment by reaction metrics was recently

discussed,6 so that it is interesting to test our method with this

particular example (Scheme 5). Experimental data for the 1997

process were published,7 which allows us to determine the

reaction mass efficiency of the process. The other metrics were

also calculated after discussion of the used auxiliaries.

If we exclude the mass S of the auxiliaries, then we can

express the reaction efficiency RME for the process by using

eqn (27).

RME~

e1e2e3e4e00 1AE

1za0zb1zb2zb2�zb3zb0 1zb0 1�zb0 2zb0 3zb00 1

(28)

The overall atom economy is:

AE~
MPP

M
~

MP

MAzMB1zMB2z2MB2�z3MB3zMA0zMB01zMB01�z2MB02zMB03

where gM = 1154.43; therefore AE = 0.411

a0~ s0{1ð Þ MA0P
M

The benzoic acid P92 (1.24 mol)7 was produced from x9

moles of A9, such as

e91e92x9 = 1.24

Scheme 4
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The aminopyrazole P3 (1.12 mol) was obtained from x

moles of A, such as

e1e2e3x = 1.12

Thus s0~
x0

x
~1:259 and a9 = 0.03728

Excess of HNO3 nitrationð Þ

Q1~
11:705

9:45
~1:238 b1~ Q1{1ð Þ MB1P

M
~0:0130

Excess of SOCl2 amidationð Þ

Q2~
7:5

4:69
~1:599 b2~ e1Q2{1ð Þ MB2P

M
~0:0551

Excess of NH3 (amidation): the concentration of ammonia

solution is supposed to be equal to 4 M

Q2�~
24

2|4:69
~2:5586 b2�~ e1Q2�{1ð Þ 2MB2�P

M
~0:0430

Excess of dihydrogen: if we suppose that a stoichiometric

amount of dihydrogen is used in the hydrogenation step, then

Q3 = 1; however b3 which is calculated with respect to the

stoichiometry of the starting material A is negative.

b3~ e1e2Q3{1ð Þ 3MB3P
M

~{0:0006

Excess of SOCl2 (chlorosulfonation): there is no excess of

SOCl2 with respect to A9

Q0 1~1 b0 1~ s0Q0 1{1
� � MB01P

M
~0:0267

Excess of chlorosulfonic acid:

Q0 1�~
0:6213

0:1504
~4:131 b0 1�~ s0Q1�{1ð ÞMB1�P

M
~0:4240

Excess of N-methylpiperazine (sulfoamidation)

Q0 2~
0:303

2|0:13
~1:166 b0 2~ s0Q0 2e0 1{1

� � 2MB02P
M

~0:0573

Excess of N,N9-carbonyldiimidazole (activation of the

benzoic acid P92)

Q0 3~
1:3

1:24
b0 3~ s0Q0 3e0 1e0 2{1

� � MB03P
M

~0:0040

Cyclization: there is no reactant except P4 in the reaction

equation. Thus b01 = 0. In eqn (28), the denominator is equal

to 1.66; the overall yield is equal to 0.72 and the overall atom

economy is equal to 0.411. Thus RME = 0.178.

In a perfect synthesis, the value of RME is 1. What are the

steps which decrease the most strongly the value of RME?

Three factors must be considered.

First, the yields have a great influence as indicated by eqn

(26), but in that particular case they range from 86 to 96%,

which can be considered as very good.

Second, concerning the atom economy, there are two steps

which are less performant, the sulfoamidation and the

Scheme 5
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condensation, since N-methylpiperazinium chloride (Q92) and

imidazole (part of Q4) are respectively formed. In order to

measure more precisely their influence, we can express 1/AE

1

AE
~

P
M

MP
~

MPz
P

nqiMQi

MP

gnqiMQi = 679.85

MQ92 = 136.63; Q92 constitutes 20% of the total by-products

MQ4 = 180.17; Q4 constitutes 26% of the total by-products

Third, we must consider the excess of reactants. The unique

parameter b which surpasses 0.1 is b91* with the high value of

0.424. This is due to the strong excess of chlorosulfonic acid

(Q1* = 4.131) in the chlorosulfonation step. If b91* could be

equal to zero, then RME would be increased up to 0.24, which

would correspond to an enhancement of 35% of the reaction

mass efficiency!

To determine the mass intensity MI or the E-factor, we need

to known the mass S, which is the sum of the masses of the

auxiliaries for each step.

MI~Ez1~
1

RME
z

S

mass of product

where S = S1 + S2 + S3 + S91 + S92+ S4 + S01

mass of product = e1e2e3e4e01xMp

The scale x is arbitrary chosen. We took x = 9.45 mol

because it is the effective scale of the first step of the process

which was described in detail.7 The masses Si are evidently

proportional to this scale. For each step the waste is calculated

from the corresponding amount of starting material with

respect to the chosen scale.

Step 1: S1=14.842 kg (H2SO4)

Step 2: starting from e1x mol of P1, S2 = 8.0 kg (7.940 kg of

toluene and 0.060 kg of DMF)

Step 3: starting from e1e2x mol of P2, S3 = 13.976 kg

(13.622 kg of ethyl acetate and 0.254 kg of palladium if not

recycled); the unknown amount of ethyl acetate used in the

washings is not included in S3

Step 19: the amount of hexane and toluene used for

crystallisation is not mentioned

Step 29: the amount of acetone for crystallization is not

mentioned

Step 4: starting from e1e2e3x mol of P3, S4 = 17.420 kg (ethyl

acetate); the unknown amount of methanol for recrystalliza-

tion is not included in this term.

Step 10: starting from e1e2e3e4x mol of P4, S01 = 16.099 kg

(14.251 kg of tBuOH, 1.016 kg of tBuOK + 0.832 kg of HCl).

If we exclude the solvents of recrystallization, the total mass

of auxiliaries when proceeding with 9.45 mol of starting

material, is equal to 70.277 kg, whereas the mass of the final

product is equal to 3.226 kg. Thus the third term of eqn (26),

which is the contribution of the auxiliaries in the E-factor is

equal to 21.52. This value is superior to the value indicated in

the literature, which means that a part of the solvents are

recycled; besides the catalyst used in the hydrogenation is

probably recycled.

We can then deduce the E-factor from the following

equation

E~
1

RME
{1z

S

mass of product
~26:14

It is interesting to note what is the relative weight of

each term in the E-factor. The weight of the auxiliaries

reaches 82%. The first and the second terms of eqn (26)

constitute for each of them 9% of the total E-factor. In other

terms, the intra-waste, constituted by the excess of reactants

and by the by-products represents 18% of the E-factor, that is

4.62, which is correct compared to other processes.6 If b91*

could be equal to zero, then this factor would be reduced

to 3.17.

This application allows us to understand that an excess of

reactant may be crucial. The importance of the auxiliaries must

also be emphasized and there is room for manoeuvre to

improve a process by recycling solvents.

Conclusion

We propose in this article a very simple mathematical

expression of the mass intensity (MI), and therefore of the

E-factor, for a single reaction and for a linear and convergent

reaction sequence. In the general case of a mixed sequence, MI

is expressed by eqn (24), clearly showing the influence of all the

parameters of a process: atom economy, yields, excess of

reactants for each individual step and mass of auxiliaries. This

should eventually lead one to identify and to quantify the weak

link of a process. The application of this methodology to a

particular chemical process shows the usefulness of such an

approach.

References

1 R. A. Sheldon, Chem. Ind. (London), 1992, 903–906; R. A. Sheldon,
Chem. Ind. (London), 1997, 12–15; R. A. Sheldon, CHEMTECH,
1994, 38–46.

2 D. J. C. Constable, A. D. Curzons and V. L. Cunningham, Green
Chem., 2002, 4, 521–527.

3 J. Andraos, Org. Process Res. Dev., 2005, 9, 149–163.
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Mixtures of NaBr and NaBrO3 in two different ratios have been used for highly stereoselective

bromination of alkenes and alkynes, and regioselective bromine substitution at the a-carbon of

ketones and at the benzylic position of toluene derivatives. The reactions were conducted in an

aqueous acidic medium under ambient conditions. The solid reagents were prepared from the

intermediate obtained in the ‘‘cold process’’ of bromine manufacture and are stable, non-

hazardous and inexpensive to prepare. This procedure provides an efficient and practical

alternative to conventional procedures using liquid bromine directly or indirectly.

1 Introduction

Bromination is a very important process in organic synthesis

as bromo derivatives serve as useful intermediates in the

manufacture of pharmaceuticals, agrochemicals and other

speciality chemicals.1 Moreover, many pesticides, insecticides,

herbicides and fire retardants contain a bromine function-

ality.2 The use of liquid bromine for bromination is still very

common in industry as well as in academia, in spite of its

hazardous effects, probably due to lack of a suitable

alternative. Although, besides liquid bromine, several

other safer and user-friendly brominating agents, such as

pyridiniumbromide–perbromide,3 quaternary ammonium

tribromide,4 Amberlyst-A-26 tribromide,5 pentylpyridinium

tribromide,6 1,2-dipyridiniumbis(tribromide)-ethane

(DPTBE),7 and N-bromosuccinimide (NBS)8 have been

developed, preparation of all these reagents involves liquid

bromine at some stage. As a part of our broad program to

explore the desired bromination reaction with minimum by-

products or waste generation, as well as elimination of the use

of hazardous liquid bromine, we have developed a solid green

reagent utilizing the liquid bromine precursor of bromine

manufacture.9 This precursor comprises a 5:1 molar ratio of

NaBr–NaBrO3 (designated as BR-A) which releases bromine

on demand following (in-situ) acidification (eqn. 1).10

5NaBr + NaBrO3 + 6HCl A 3Br2 + 3H2O + 6NaCl (1)

On the other hand this reagent (BR-A), when treated with

NaOCl [this was generated from the reaction of NaOH and Cl2
(eqn. 2)], furnished another solid (BR-S) with a composition of

2:1 mole ratio of NaBr–NaBrO3 (eqn. 3) and was used as

such.9

2NaOH + Cl2 A NaOCl + NaCl + H2O (2)

5NaBr + NaBrO3 + 3NaOCl + 3NaCl A
4NaBr + 2NaBrO3 + 6NaCl (3)

This reagent (BR-S) releases BrOH on acidification (eqn. 4).

2Br2 + BrO3
2 + 3H+ A 3BrOH (4)

We report here a simple and efficient bromine addition to

alkenes and alkynes using BR-A and bromine substitution to

ketones and toluene derivatives by BR-S in aqueous acidic

medium (Scheme 1). The rationale for using BR-A for addition

and BR-S for substitution reactions is to maintain high atom

efficiency as two bromine atoms (Br2) released from the BR-A

(eqn. 1) are consumed in addition to alkenes and alkynes,

whereas BrOH generated from BR-S (eqn. 4) is consumed in a

substitution reaction of toluenes and ketones.

2 Results and discussion

2.1 Bromination of alkenes and alkynes

The experimental procedure was very simple. The alkene or

alkyne was stirred with the bromide–bromate couple, BR-A, in

acetic acid at room temperature for a certain period of time

(TLC). Simple work up and purification by column chroma-

tography provided the product.

Several structurally diverse alkenes underwent facile bromi-

nations by this procedure to produce the corresponding

dibromides. The results are summarized in Table 1. The

addition of bromine is completely stereoselective: the cis open

chain alkenes producing threo (or d,l) isomers and trans

aCentral Salt and Marine Chemicals Research Institute, Gijubhai
Badheka Marg, Bhavnagar–364 002, Gujarat, India.
E-mail: sadimurthy@yahoo.com; grama@csmcri.org;
pkghosh@csmcri.org; Fax: +91-278-2567562
bDepartment of Organic Chemistry, Indian Association for the
Cultivation of Science, Jadavpur, Kolkata–700 032, India.
E-mail: ocbcr@iacs.res.in
{ Electronic supplementary information (ESI) available: spectra (1H
NMR and 13C NMR) of all products listed in Tables 1–4 and 6. See
DOI: 10.1039/b713829f

PAPER www.rsc.org/greenchem | Green Chemistry

232 | Green Chem., 2008, 10, 232–237 This journal is � The Royal Society of Chemistry 2008

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

14
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
3 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

38
29

F
View Online

http://dx.doi.org/10.1039/B713829F


leading to erythro (or meso) dibromides. The stereochemical

assignment was made by the coupling constants (J values) of

the adjacent protons at the carbon atoms attached to bromo

groups in agreement with the reported values. The cyclic

olefins produced exclusively trans-dibromides (entries 3 and 4,

Table 1). The activated alkenes (entries 7–13) were also

smoothly brominated by this procedure. Several functional

groups such as CO2Et, OAc, OMe, ketocarbonyl, methylene-

dioxy, Cl and NO2 remained unaffected under the reaction

conditions.

A wide range of alkynes also underwent bromination by this

reagent to produce the corresponding dibromides. The results

are reported in Table 2. As is evident from the results, the

alkyl-substituted alkynes provided trans-dibromides, while the

aryl-substituted ones furnished mixture of cis and trans

isomers with trans as the major one. The bromination of

alkynes stopped at the dibromide stage and in no reaction was

tetrabromide formed. The isolated alkene dibromide also did

not undergo further bromination, even after 3 h. This

observation is very significant and useful as molecular bromine

was found to brominate the alkynes (phenylacetylene, 1-octyne

as representative examples) to tetrabromide derivatives. This

also demonstrates the contrast of this brominating agent to

liquid bromine.10 This might be due to the slow release of

bromine by BR-A in the reaction mixture. However, these

addition reactions are possibly following an ionic path as

involved with usual brominations by Br2.

2.2 Bromination of toluene drivatives (benzylic bromination)

Benzylic brominations are traditionally performed through a

radical mechanism using bromine and NBS with radical

initiator.11 The other reagents employed for the benzylic

bromination include NaBrO3–NaHSO3
12 and HBr–H2O2.13

These reagents, however, led to a mixture of mono-, di-, and

nuclear brominated products. In the course of our studies

towards the synthesis of 4-nitrobenzylbromide (abbreviated as

PNBBr) from 4-nitrotoluene (abbreviated as PNT), which is

an important pharmaceutical intermediate,14 the need for the

development of a safe and environmentally benign method

encouraged us to investigate the possibility of selective benzylic

bromination with BR-S (entry 2, Table 3).15

Laboratory-scale preparation of PNBBr initially required a

long addition time when the reaction was conducted at room

temperature (25–30 uC). Moreover, recovery of product in

pure form tended to be low. Subsequently, through several

improvements brought about in the process (vide infra) it was

possible to reduce the reaction time to within 6 h under

laboratory conditions. A variety of substituted toluenes and

xylenes were obtained by this procedure (Tables 3 and 4). Side

product (dibromo compounds/nuclear bromination) forma-

tion was low with toluene and substituted toluenes (Table 3).

However, bromination of xylenes was accompanied by small

Scheme 1

Table 1 Bromination of alkenes by BR-A

Entry Alkene Time/h Product
Yield
(%)a Ref.

1 1.0 90 9

2 1.5 92 9

3 0.5 95 9

4 0.5 98 17

5 1.0 85 18

6 1.0 83 18

7 2.0 78 17

8 1.5 70 19

9 1.0 88 7

10 1.0 85 20

11 1.0 82 21

12 1.5 86 22

13 1.5 79 23

a Yields refer to those of pure isolated products properly
characterized by spectroscopic data (IR,1H,13C NMR).

This journal is � The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 232–237 | 233
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amounts of a,a9-dibromoxylenes (entries 8–10, Table 4).

Bromination of para- and ortho-xylenes gave 1hh and 1ii as

sole products in 91 and 85% isolated yields, respectively

(entries 1 and 2, Table 4), whereas bromination of m-xylene

offered 52.5% of 1jj and 45.5% of 1j (entry 3, Table 4).

A detailed study was undertaken to optimize the reaction

conditions for benzylic bromination. For this purpose

p-nitrotoluene was chosen as the model compound. The

reaction was attempted using different solvents (hexane,

methanol, dichloromethane, dichloroethane, water). Several

complications were encountered in using water and methanol

while conversion was low in hexane. In contrast, the reaction

was facile in dichloromethane and dichloroethane. The latter

has the advantage of a higher boiling point, which can support

a higher reaction temperature leading to faster reaction rates.

However, even with dichloromethane as solvent, the reaction

could be completed within 6–8 h under reflux conditions and

with efficient stirring of the reaction mass. At the end of the

reaction, the organic phase could either be evaporated to

recover the product and solvent or, preferably, the crude

product could be recovered by chilling the reaction mass and

re-cycling the mother liquor. Re-crystallization studies were

conducted both with methanol and n-hexane and both were

effective for purification. However, the latter was chosen for

scale-up studies to avoid complications due to occluded

methanol in the residue. The reaction was scaled up to ca.

4.5 mole per batch scale in a 10 L glass reactor and the data is

provided in Table 5 for a PNT to Br mole ratio of 1.23:1. The

Table 2 Bromination of alkynes by BR-A

Entry Alkyne Time/h Product Yield (%)a cis:transb Ref.

1 2.5 85 0:100 24

2 2.5 88 0:100 24

3 2.0 88 35:65 25

4 2.5 86 0:100 24

5 2.5 90 0:100 24

6 2.0 74 50:50 26

7 3.0 76 0:100 27

8 2.0 85 15:85

9 2.0 78 5:95 28

10 2.0 84 0:100

11 2.0 83 45:55 29

12 2.5 90 0:100 29

13 2.5 88 30:70 30

a Yields refer to those of pure isolated products properly characterized by spectroscopic data (IR, 1H NMR, 13C NMR). b Ratio was
determined by 1H NMR spectroscopy.
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residue remaining after purification of PNBBr and recovery of

solvent was re-cycled in the subsequent batch so as to

effectively utilize the sizeable amount of PNT and PNBBr

remaining in it. This reduced the requirement of fresh PNT

while maintaining the total PNT amount constant and also the

PNT to solvent ratio constant. Recycling of residue beyond

three cycles was found to be not beneficial and alternative

means, e.g., vacuum distillation, were necessary to recover

PNT and PNBBr from the residue. Over 4 cycles, and

accounting for PNT and PNBBr remaining in the residue

after fourth cycle, the conversion was found to be 90.1% w.r.t.

PNT taken while the selectivity was 90.7%. The combined yield

of isolated product was 77.5% (w.r.t. PNT) with 98.1% overall

purity. The main impurity formed in the course of PNBBr

synthesis was the dibromo impurity, as confirmed through

GC-MS. Since such impurity formation would be expected to

depend strongly on the relative concentrations of PNT and

PNBBr, an experiment was carried out to study the effect more

quantitatively. As can be seen from Fig. 1, the plot of the ratios

of PNBBr:impurity versus PNT:PNBBr shows a steep increase

in the selectivity of PNBBr formation with increasing ratio of

PNT to PNBBr. Since this, in turn, is related to the ratio of

PNT to BR-S, the latter ratio can be optimally selected to be in

the range of 2:1 to 3:1. Reduction in the proportion of

impurity will, no doubt, result in enhanced bromine atom

efficiency as well.

2.3 Bromination of ketones

The bromide–bromate couple, BR-S, was also very efficiently

used for a-monobromination of ketones. The results are

presented in Table 6. Cyclic as well as acyclic ketones

participated in this reaction.

The reactions, in general, are very clean and high yielding.

The products were obtained in high purity. Both the reagents,

BR-A and BR-S, are non-hazardous and user-friendly.

3 Experimental section

3.1 General procedure. Representative procedure for

bromination of alkene (entry 1, Table 1)

To a stirred solution of 1-octene (224 mg, 2 mmol) in acetic

acid (4 mL) was added the bromide–bromate couple (5:1) BR-

A (600 mg, 2.4 mmol active Br) and the reaction mixture was

stirred at room temperature for 1 h (as monitored by TLC).

Table 3 Regioselective benzylic bromination of toluenes and xylenes

Entry Products R Time/h Yield (%)a Ref.

1 1a H 1.5 52 16
2 1b 4-NO2 12 75 10
3 1c 3-NO2 4 61 16
4 1d 2-NO2 6 66 16
5 1e 4-Cl 3 84 12
6 1f 3-Cl 3 73 16
7 1g 2-Cl 4 80 16
8 1h 4-CH3 5 69b 16
9 1i 2-CH3 5 71c 16
10 1j 3-CH3 5 66d 16
a Isolated yields. b 12.5% a,a9-dibromoxylene. c 9% a,a9-dibromoxylene.
d 10% a,a9-dibromoxylene.

Table 4 a,a9-Dibromination of xylenes

Entry Xylene Time/h Product Yield (%)a

1 p-Xylene 7 1hh 91
2 o-Xylene 6 1ii 85
3 m-Xylene 9 1jj 98b

a Isolated yields. b 45.5% 1j is obtained.

Table 5 Scale up data for prepration of p-nitrobenzylbromide with recycle of residuea

Cycle
Fresh
PNT/mole

BR-S reagentb

(Br)/mole
HClc/
mole

Recrystallized
productd/mole

Residue for recyclee

PNT/mole PNBBr /mole Impurities/g

1 4.38 3.56 3.70 2.64 1..23 0.21 31.1
2 3.15 3.56 3.70 2.27 2.05 0.30 50.3
3 2.33 3.65 3.70 1.96 2.21 0.45 92.8
4 2.19 3.65 3.70 2.47 1.22 0.46 179.4
a All reactions were carried under reflux conditions using 1.8 L CH2Cl2, which was recovered and re-used. The reaction time was 8–12 h.
b 15.8% active Br (w/v). c 13.5% (w/v). d Re-crystallization with n-hexane to achieve product having average purity of 98.1%. e Residue as
obtained was recycled in the subsequent batch and fresh PNT was taken in a manner so as to keep total PNT input constant.

Fig. 1 Plot showing the effect of the ratio of PNT to PNBBr on the

selectivity of PNBBr formation. Ratios were estimated from GC area

per cent data.
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The acetic acid in the reaction mixture was neutralized

by sodium bicarbonate solution. The mixture was then

extracted with Et2O (3 6 10 mL) and the extract was washed

with an aqueous solution of Na2S2O3 and brine, and dried

(Na2SO4). Evaporation of solvent left the crude product,

which was purified by column chromatography over silica gel

(hexane–ether 95:5) to provide pure 1,2-dibromooctane

(489 mg, 90%) as a colourless oil, IR (neat) 2954, 2927,

2856, 1456, 1434 cm21; 1H NMR (300 MHz, CDCl3) d 0.68 (d,

J = 6.5 Hz, 3H), 1.07–1.39 (m, 6H), 1.52–1.60 (m, 2H), 1.85–

1.93 (m, 2H), 3.36–3.43 (m, 1H), 3.59–3.64 (m, 1H), 3.90–3.98

(m, 1H); 13C NMR (75 MHz, CDCl3) d 14.4, 22.9, 27.1, 28.8,

31.9, 36.4, 36.7, 53.5. These values are in good agreement with

those reported.

This procedure was followed for bromination of all the

alkenes and alkynes listed in Table 1 and Table 2. All the

products are known compounds except those in entries 8 and

10 in Table 2 and were identified by comparison of their

spectroscopic data (1H and 13C NMR) with those reported (see

references in Tables 1 and 2). The unknown compounds in

entries 8 and 10 in Table 2 were characterized by their

spectroscopic data and elemental analysis.

(Table 2, entry 8). Pale yellow viscous oil as mixture of two

isomers: IR (neat) 2939, 2936 cm21; 1H NMR (300 MHz ,

CDCl3) d 6.82 (s, 0.85H, trans), 7.07 (s, 0.15H, cis), 7.35–7.47

(m, 4 H); 13C NMR (75 MHz, CDCl3) d 103.8, 109.6, 120.1,

128.5, 128.6, 128.8, 128.9, 130.2, 130.4, 130.6, 135.40, 135.41.

Anal. calcd for C8H5Br2Cl: C, 32.42; H, 1.70; found: C, 32.66;

H, 1.98.

(Table 2, entry 10). Yellow viscous oil. IR (neat) 2958,

2932 cm21. 1H NMR (300 MHz, CDCl3) d 6.87 (s, 1H), 7.24–

7.37 (m, 3H), 7.62–7.65 (m, 1H); 13C NMR (75 MHz,

CDCl3) d 107.1, 119.6, 122.2, 127.8, 130.4, 130.7, 133.2,

138.5. Anal. calcd for C9H7Br3: C, 28.19; H, 1.48; found: C,

28. 27; H, 1.64.

3.2 General procedure for the benzylic bromination (4-

nitrobenzyl bromide is representative)

15.0 g (109.5 mmol) of 4-nitrotoluene, 45 mL of dichloro-

methane (DCM), 22.0 g of brominating reagent (containing

109.5 mmol available Br) and 50 mL of water were placed in a

500 mL round bottomed flask. To this reaction mixture,

11.5 mL (111 mmol) of 12 M HCl was added dropwise over a

period of 12 h under stirring at room temperature. After the

complete addition of acid, stirring was continued for a

further 30 min. The organic layer was separated: 23.32 g

(98.6% yield) of crude material was obtained after removal of

solvent. The crude product was purified by crystallization

with methanol: 15.25 g (70.6 mmol; 65.4% yield) of 4-nitro-

benzyl bromide melts at 100 uC (literature2 m.p. 97.5–99 uC).

The crude product was purified by crystallization from

methanol yielding 15.25 g (70.6 mmol; 65.4% yield) of

4-nitrobenzyl bromide having a melting point of 100 uC
(reported m.p. 97.5–99 uC).2 The residue (7.9 g) recovered

from the mother liquor was recycled in a subsequent

batch. 20.0 g (92.6 mmol; 85% yield; m.p. 100 uC) of

4-nitrobenzyl bromide was obtained after crystallization.

Average of 75% yield of pure 4-nitrobenzyl bromide (purity

.99% by GC) was obtained from two batches. The analytical

data of all the products are in good agreement with authentic

samples.

This procedure was followed for all the reactions listed in

Tables 3 and 4. The products are all known compounds and

were identified by comparison of their spectroscopic data (1H

and 13C NMR) with those reported (see references in Tables 3

and 4).

Caution. All benzylic bromides are eye irritants.

Especially, a,a9-dibromo-p- and o-xylenes are eye and skin

irritants, hence due care must be taken during workup and in

handling.

3.3 General procedure. Representative procedure for

bromination of ketones (entry 4, Table 6)

To a stirred solution of a-tetralone (730 mg, 5 mmol) in

aqueous (1:1) methanol (10 mL), the bromide–bromate couple

(2:1) BR-S (1 g, 5 mmol available Br) was added, followed by

dropwise addition of dilute HCl (1 N, 10 mL). The reaction

mixture was stirred for 2 h (as monitored by TLC). Work up

and purification by the same process as in the procedure for

bromination of alkene furnished pure a-monobrominated

tetralone (967 mg, 86%) as a yellow viscous liquid: IR (neat)

2958, 2929, 2854, 1695, 1467 cm21; 1H NMR (300 MHz,

CDCl3) d 2.51 (m, 2H), 2.91 (m, 1H), 3.28 (m, 1H), 4.7 (t, J =

4.2 Hz, 1H), 7.25–7.34 (m, 2H), 7.47–7.53 (m, 1H), 8.06 (d, J =

7.8 Hz, 1H); 13C NMR (75 MHz, CDCl3) d 25.9, 31.7, 50.4,

126.9, 128.3, 128.6, 129.7, 133.9, 142.8, 190.3.

This procedure was followed for all the reactions listed

in Table 6. The products are all known compounds and

were identified by comparison of their spectroscopic data

(1H and 13C NMR) with those reported (see references in

Table 6). Although all these representative procedures were

based on the mmol scale, gram-scale reactions also produced

similar results.

Table 6 Bromination of ketones by BR-S

Entry Substrate Time/h Product Yield (%) Ref.

1 2.0 80 31

2 2.0 85 18

3 2.0 81 32

4 2.0 87 33

5 2.0 76 31

6 1.5 95 33

a Yields refer to those of pure isolated products properly
characterized by spectroscopic data (IR, 1H NMR, 13C NMR).
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4 Conclusion

We have developed a very simple and efficient procedure for

the highly stereo- and regioselective bromination of alkenes,

alkynes, toluenes, xylenes and ketones using an alternative

solid bromide–bromate couple, avoiding conventional liquid

bromine which is highly hazardous and toxic. The primary

advantage offered by the present reagent is its calculated

release of Br2 or BrOH on demand in the reaction vessel

without polluting the environment. In addition, the selectivity,

yield and simplicity of operation associated with this green

brominating agent makes it a practical and better alternative

to the existing reagents used for these reactions. Further

applications of this reagent for other useful reactions are in

progress.
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We propose that c-valerolactone (GVL), a naturally occurring chemical in fruits and a frequently

used food additive, exhibits the most important characteristics of an ideal sustainable liquid,

which could be used for the production of both energy and carbon-based consumer products.

GVL is renewable, easy and safe to store and move globally in large quantities, has low melting

(231 uC), high boiling (207 uC) and open cup flash (96 uC) points, a definitive but acceptable smell

for easy recognition of leaks and spills, and is miscible with water, assisting biodegradation. We

have established that its vapor pressure is remarkably low, even at higher temperatures (3.5 kPa at

80 uC). We have also shown by using 18O-labeled water that GVL does not hydrolyze to gamma-

hydroxypentanoic acid under neutral conditions. In contrast, after the addition of acid (HCl) the

incorporation of one or two 18O-isotopes to GVL was observed, as expected. GVL does not form

a measurable amount of peroxides in a glass flask under air in weeks, making it a safe material for

large scale use. Comparative evaluation of GVL and ethanol as fuel additives, performed on a

mixture of 10 v/v% GVL or EtOH and 90 v/v% 95-octane gasoline, shows very similar properties.

Since GVL does not form an azeotrope with water, the latter can be readily removed by

distillation, resulting in a less energy demanding process for the production of GVL than that of

absolute ethanol. Finally, it is also important to recognize that the use of a single chemical entity,

such as GVL, as a sustainable liquid instead of a mixture of compounds, could significantly

simplify its worldwide monitoring and regulation.

Introduction

The sustainability of mankind depends on whether we can

supply the increasing population with enough energy, food,

and chemicals, including carbon-based consumer products,

simultaneously, without compromising the long term health of

our planet. While it is difficult to predict the exact date of the

depletion of fossil fuels,1 the transition to renewable resources

should be accelerated because of the frequently and unexpect-

edly changing political/economical environments resulting in

limited access to and rising costs of fossil fuels.2 Since the

application of sustainable technologies for energy, including

the efficient conversion of solar energy to electricity3 or

hydrogen,4 might take longer than it is expected, the

development of alternative sustainable liquids for energy and

the chemical industry should be considered as a key research

area in the next few decades. In addition, shifting the

production of carbon-based chemicals from fossil fuels to

renewable raw materials is also a key issue of sustainability.5

Some of the most important characteristics of an ideal

sustainable liquid include: the possibility to use it for the

production of both energy or carbon-based consumer pro-

ducts, renewable, easy and safe to store and move globally in

large quantities, has a low melting point, high boiling and flash

points, a definitive but acceptable smell for easy recognition of

leaks and spills, low or no toxicity, and some solubility in

water to assist biodegradation. The vapor pressure should be

as low as possible to minimize emission. Because of the

aqueous and aerobic nature of the environment, it should not

react with water and oxygen under ambient conditions. It is

also important to recognize that the use of a single chemical

entity as a sustainable liquid, instead of a mixture of

compounds, could significantly simplify its worldwide mon-

itoring and regulation. We propose and demonstrate here that

c-valerolactone could be considered as a sustainable liquid6 for

global storage/transportation and a renewable hydrocarbon

resource for energy and carbon-based consumer products.

Results and discussions

Although the efficient use of solar energy to produce

electricity3 or hydrogen4 could solve the energy problem, the

production of carbon-based consumer products requires the

development of technologies based on renewable carbon

sources. While crude oil, liquid natural gas, and coal or

natural gas based Fischer–Tropsch liquids7 have some of the

properties of a sustainable liquid, they are not renewable and

therefore cannot be sustainable. Although methyl t-butyl ether

(MTBE) was introduced to the gasoline market because of its

positive environmental impact on car emission,8 its leak to

drinking water became a major environmental issue9 and no

process is known for its direct production from renewable

resources,10 thus it cannot be sustainable as well. Although

methanol has attractive properties for fuel-cell applications

aInstitute of Chemistry, Eötvös University, Pázmány Péter sétány 1/A,
H-1117, Budapest, Hungary. E-mail: istvan.t.horvath@att.net
bMOL Plc, DS Development, Százhalombatta, Hungary
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and can be converted to ethylene or propylene,11 its high

miscibility with water, combined with its acute toxicity if

ingested in larger quantities,12 could lead to serious environ-

mental problems. In addition, its sustainable production from

renewable resources, probably from carbon dioxide or

biomass-based syn-gas,11 has to be developed. In the contrary,

ethanol is renewable and thus could be considered as a

sustainable liquid, however, its low maximum production

concentration limits in water,13 resulting in serious separation

and consequently energy issues,14 could be a limiting factor.

The production of bio-ethanol requires a two-step process;

while producing 95% ethanol is straight forward, the removal

of the rest of the water requires an energy demanding

separation using azeotropic distillation or molecular sieves.

Although bio-ethanol has been considered as an environmen-

tally friendly fuel, its sustainability was recently seriously

challenged.14,15 Finally, ethyl t-butyl ether (ETBE), produced

by the reaction of ethanol with iso-butylene,16 could be

considered sustainable only if iso-butylene is made from

renewable resources.

We demonstrate here that c-valerolactone (GVL) could be

considered as a sustainable liquid,6 since it has several very

attractive physical and chemical properties (Table 1), occurs

naturally, has been widely used by the food industry, and has a

pleasant smell.17 In addition, it can be converted to 2-methyl-

tetrahydrofuran (2-Me-THF), which has already been con-

sidered as the renewable component of an alternative fuel.18,19

Although some of the known physical properties of GVL

could make it an excellent candidate to use it as a sustainable

liquid (Table 1), some important physical and chemical

properties with respect to sustainability have not been

reported. We have therefore first established the temperature

dependence of the vapor pressure of GVL, a fundamental

parameter for controlling VOC emission in general.20 While

the vapor pressure of GVL is 0.65 kPa at 25 uC, it only

increases to 3.5 kPa at 80 uC (Fig. 1). In comparison to other

oxygenates, including methanol,21 ethanol,21 MTBE,22 and

ETBE,22 it appears that GVL has significantly lower vapor

pressure.

The possibility that GVL hydrolyzes to gamma-hydroxy-

pentanoic acid could result in corrosion problems during

storage or transportation in steel equipments.23 Therefore, the

stability of GVL in the presence of water was investigated by

treating GVL with an equimolar amount of 95% 18O-enriched

water. No incorporation of 18O-isotope was observed by GC-

MS at room temperature after 3 months and at 60 uC after

Table 1 Selected physical properties of various oxygenates

Methanol Ethanol MTBE ETBE GVL 2-Me-THF

MW/g mol21 32.04 46.07 88.15 102.17 100.12 86.13
Carbon (w%) 37.5 52.2 66.1 70.53 60 69.7
Hydrogen (w%) 12.6 13.1 13.7 13.81 8 11.6
Oxygen (w%) 49.9 34.7 18.2 15.66 32 18.7
Boiling point/uC 65 78 55 72–73 207–208 78
Melting point/uC 298 2114 2109 294 231 2136
Density/uC 0.7910 0.8 0.74 0.742 1.05 0.86
Open cup flash point/uC 16.1 14 233 219 96 211
LD50, oral for rat/mg kg21 5628 7060 4800 5000 8800 N/A

Fig. 1 Temperature dependent vapor pressure of methanol, ethanol, MTBE, ETBE, and GVL.
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28 days (Fig. 2). In contrast, when gaseous HCl was added to

the reaction mixture, the incorporation of one 18O-isotope at

room temperature (Fig. 3) and two 18O-isotopes at 90 uC was

detected, indicating the formation of (18O)-GVL and (18O)2-

GVL, respectively.24 It should be noted that GVL is miscible

with water at room temperature.

The reaction of GVL with aqueous NaOH, resulting in

gamma-hydroxypentanoate, has been reported25 and we have

confirmed the ring opening reaction by in situ NMR.

The stability of GVL under air could be an important issue,

especially if peroxide(s) could form under ambient conditions.

It has been reported that the reaction of levulinic acid with

H2O2 results in the formation of gamma-hydroperoxy-GVL in

83% yield.26 We have therefore continuously monitored the

peroxide number27 of GVL in a glass flask under air at room

temperature. It appears that GVL does not form a measurable

amount of peroxides after 35 days, making it a safe material

for large scale use for a long time. It should be noted that

2-Me-THF, which can be prepared by the heterogeneous

hydrogenation of levulinic acid or GVL,28 readily forms

peroxides,{ which could be a major safety issue29 for GVL if it

is produced from levulinic acid by non-selective hydrogenation

(e.g. over-hydogenation of GVL to 2-Me-THF).

The application of GVL as a fuel itself has not been

investigated yet and we are only aware of one example for its

use as an additive to splash-blendable solubilized diesel fuel

composition.30 We have evaluated GVL and abs. ethanol as a

fuel additive by preparing a mixture of 10 v/v% GVL or EtOH

and 90 v/v% 95 octane gasoline (Table 2).31 While most of the

data for GVL are comparable with ethanol, its lower vapor

pressure leads to improved performance indeed.

We have recently demonstrated the multi-step conversion of

sucrose to various C5-oxygenates and alkanes by integrating

various homogeneous and heterogeneous catalytic systems

(Scheme 1).32

The overall mass and energy balances starting from sucrose

to produce either ethanol or GVL are depicted in Scheme 2.

While the formation of GVL is more favoured than that of

ethanol by 40.6 kcal mol21, the combustion of the latter will

provide more energy with exactly that amount. Since the

production of sucrose or other carbohydrate-based feeds will

require the same amount of energy for both abs. ethanol and

GVL, their sustainability will depend on the conversion and

separation technologies to the final product. An important

aspect that might favour the route via GVL is that the

separation of water from the GVL requires less energy than the

separation of ethanol from water, since GVL does not form an

azeotrope with water, while ethanol does (Fig. 4).

Conclusions

We have demonstrated that c-valerolactone (GVL) exhibits

very attractive physical and chemical properties and could be

considered as a sustainable liquid for global storage and

transportation, and a renewable hydrocarbon resource for

energy and carbon-based consumer products for the chemical

industry, provided it could be efficiently produced from

biomass, preferentially from ligno-cellulose.33 Since GVL does

not form an azeotrope with water, the latter can be readily

removed by distillation, resulting in a less energy demanding

process for the production of GVL than that of absolute

ethanol.

Experimental

All chemicals were purchased from Aldrich and used without

any further purification. Vapor pressure measurements were

performed in a 31 mL Hasteloy-C high-pressure Parr reactor

connected to a digital gauge. GC-MS spectra were obtained on

an Agilent 6890GC instrument (with an 5973 selective

mass detector) using a HP-5MS column (30 m 6 0.25 mm

6 0.25 mm).

Measurement of the vapor pressure at various temperatures

4 mL of a liquid was placed in a 31 mL Hasteloy-C high-

pressure reactor under air. The reactor was connected to a

gauge and was evacuated at 250 uC for 2–3 min. The

temperature was varied between 25–80 uC, and kept the

temperature constant until the value of the vapor pressure did

not change at all.

Fig. 2 MS of GVL after the treatment of 2.5 mmol GVL with

2.75 mmol H2
18O at = 60 uC for 28 days.

Fig. 3 MS of GVL after treating 2.6 mmol GVL with 2.6 mmol

H2
18O in the presence of 1 mmol of gaseous HCl at 25 uC after 30 min.

{ We were able to prepare peroxide free 2-Me-THF by treating it with
an aqueous solution of (NH4)2Fe(SO4)2, extracting GVL with EtAc,
drying it with Na2SO4 and finally distilling it. All these operations were
performed under nitrogen atmosphere, resulting in 2-Me-THF with no
measurable peroxide. Keeping this 2-Me-THF in a closed glass bottle
under air for 10 days shows 100 ppm peroxide.
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Treatment of GVL with 18O-labeled water

A solution of 50 mL 95% 18O-enriched H2O (2.5 mmol) and

265 mL (2.78 mmol) GVL was placed in a vial under air. It was

kept at room temperature for 3 months and samples were

taken for GC-MS every month. A similar experiment was

also performed at 60 uC for 28 days. The GC-MS analysis in

all cases showed no incorporation of 18O to GVL at all

(MWGVL = 100).

Treatment of GVL with 18O-labeled water under acidic

conditions

A solution of 51.8 mL 95% 18O-enriched H2O (2.6 mmol) and

260 mg (2.6 mmol) GVL (MW = 100) was placed in a vial

under air. Immediately after the addition of 0.037 g (1.0 mmol)

gaseous HCl (prepared by the reaction of NaCl and H2SO4) a

Table 2 Selected properties of 90 v/v% 95 octane gasoline and 10 v/v% EtOH or GVL

MSZ EN 228
requirements

AN-95
gasoline

90 v/v% AN-95 +
10 v/v% EtOH

90 v/v% AN-95 +
10 v/v% GVL

Density (at 15 uC)/kg m23 720–775 733.5 737.8 765.8
Oxidation stability, min min. 360 OK OK OK
Peroxide number/mg kg21 1.75 1.40 1.72
Vapor pressure (DVPE)/kPa 45–60 (summer) 54.6 65.1 56.6

60–90 (winter)
Vapor pressure (ASVP)/kPa 63.0 71,0 62.2
Evaporated up to 70 uC (v/v%) 20–48 (summer) 27.2 47.9 24.1

22–50 (winter)
Evaporated up to 100 uC (v/v%) 46–71 52.3 57.3 46.2
Evaporated up to 150 uC (v/v%) min. 75 90.0 90.7 80.0
Final boiling point/uC max. 210 181.9 181.6 202.2
Distillation residue (v/v%) max. 2 1.0 1.0 0.9
Gum content blown/mg per 100 mL 1.9 1.6 1.9
Existent gum washed/mg per 100 mL max. 5 0.5 0.8 0.8
Copper strip 1st class 1A 1A 1A
Motor octane number min. 85 88.8 89.3 89.2
Research octane number (blending RON) min. 95 97.2 97.4 (105) 97.3 (105)

Scheme 1

Scheme 2

Fig. 4 Calculated equilibrium curves for water–GVL and ethanol–

water at 1.01 bar.
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sample of 10 mL of liquid was taken and added to 5 mL of

ethyl acetate. This sample was dried over sodium sulfate,

filtered, and examined by GC-MS. The incorporation of one
18O-labeled oxygen to GVL was observed (MW = 102). 50 ml

95% 18O-enriched H2O (2.5 mmol) and 0.1 g HCl (2.7 mmol)

were added again to the reaction mixture, which was kept at

90 uC. A sample was taken similarly after 3 days for GC-MS.

The incorporation of two 18O-labeled oxygens to GVL was

observed (MW = 104).

Separation of water from GVL

The distillation of water from the mixture of 250 mL GVL and

250 mL water was performed in a 60 cm glass column packed

with Sulzer EX laboratory structured packing with NTP y20.

The glass flask was heated up to boiling point (y100 uC) and

the product was 99.7% water in one phase, based on GC

analysis. No azeotrope formation was observed.
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Lipase catalysed mono and di-acylation of secondary alcohols with succinic
anhydride in organic media and ionic liquids{
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The acylation of the model substrate (R,S)-2-octanol with succinic anhydride catalysed by

immobilised Candida antarctica lipase B was studied in two water-miscible organic solvents, two

water-immiscible ones, nine 1-alkyl-3-methylimidazolium ionic liquids (RTILs) and two

quaternary ammonium RTILs. From previous reports, the reaction was expected to yield an

acidic half ester (hemiester). However, it was found that the diester was also produced, in many

cases at an even higher yield. The major reaction products were the (R)-hemiester and the

(R,R)-diester. In some of the solvents, the amount of hemiester formed increased and then

remained constant, whereas in others the amount of hemiester first peaked and then decayed. This

behaviour could be explained by the coupling of two reaction pathways: the hydrolysis of the

hemiester, and the esterification of the hemiester. The solubility limit of succinic acid, produced in

the former pathway, was found to be a discriminating parameter, the precipitation of the acid

acting as a driving force for the consumption of the hemiester formed. The impact of the choice of

solvent on the outcome of the acylation with succinic anhydride was confirmed by conducting the

reaction on a preparative scale: in acetonitrile, the reaction produced 32% (w/w) of (R)-hemiester

and 68% (w/w) of (R,R)-diester, whereas in tetrahydrofuran 85% (w/w) of (R)-hemiester and 15%

(w/w) of (R,R)-diester were obtained.

Introduction

The number of industrial processes that involve biotransfor-

mations has been increasing steadily.1,2 Most biotransforma-

tion products are fine-chemicals, pharmaceuticals accounting

for the most important share. The use of enzymes as

enantioselective catalysts in kinetic resolutions has now

become a common method to obtain pure enantiomers. The

applicability of this approach has been greatly expanded by

replacing the conventional aqueous solutions with nonconven-

tional solvents, not only organic media but also supercritical

fluids (sc-fluids) and room-temperature ionic liquids (RTILs).

Both sc-fluids and RTILs can comply with the concern for

green(er) chemistry.3 Sc-fluids can be vented, leaving no

residues, and RTILs have an immeasurably small vapour

pressure, at ambient temperature.4 The characteristics of both

types of systems can also be advantageously combined.5–8

Sec-alcohols account for a large share of the compounds

produced in industrial biotransformations.1 The kinetic

resolution of racemic alcohols is very often accomplished via

a transesterification reaction. The use of enol-esters such as

vinyl esters is a common strategy to make the reaction

irreversible due to the formation of vinyl alcohol that

tautomerises to acetaldehyde. To avoid possible negative

effects of acetaldehyde on enzyme activity, other acylating

agents have been researched, such as anhydrides.9 In

particular, succinic anhydride has been used for the resolution

of a wide range of alcohol substrates catalysed by several

lipases.10–13 In all of these studies, one of the main reasons for

the use of succinic anhydride was the fact that the reaction

yielded an acidic half ester (hemiester), which could be easily

separated from the reaction mixture, e.g. by liquid–liquid

extraction with an alkaline solution.

More recently, this reaction–separation strategy has also

been applied in 1-butyl-3-methylimidazolium hexafluoropho-

sphate ([bmim][PF6]).14 We decided to follow the same

approach in the resolution of the substrate model (R,S)-2-

octanol, catalysed by Novozym 435 in organic solvents and in

RTILs. From the previous reports on the use of succinic

anhydride as an acylating agent, including that by Terao et al.10

who were able to obtain the two isomers of 2-octanol in high

chemical and optical yields, and those by Sorgedrager et al.11

and Bouzemi et al.12 who employed Candida antarctica lipase

B (CALB) successfully in the resolution of b-nitro alcohols and

aryl-alkyl alcohols, we expected to obtain the hemiester alone.

However, we found that we were forming the diester as well

(Scheme 1).

Also the profiles obtained for the hemiester were not always

the same. Here we give a detailed account of our experiments

and present a rationalisation of the results obtained.

aREQUIMTE/CQFB, Departamento de Quı́mica, Faculdade de
Ciências e Tecnologia, Universidade Nova de Lisboa, 2829-516,
Caparica, Portugal. E-mail: sfb@dq.fct.unl.pt; Fax: +351 21 2948385;
Tel: +351 21 2949681
bCentro de Quı́mica Fı́sica Molecular, Instituto Superior Técnico, 1049-
001, Lisboa, Portugal
{ Electronic supplementary information (ESI) available: Reaction
progress in different organic solvents and ionic liquids, conversion of
the (R)-hemiester in n-hexane. See DOI: 10.1039/b707695a
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Results and discussion

Our study began with an optimisation of reaction conditions in

[bmim][PF6] that led to the choice of enzyme concentration,

2-octanol : succinic anhydride molar ratio and water activity

(aw). Higher values than indicated for the former two

parameters no longer improved 2-octanol conversion. For aw

values lower than 0.1, it took longer to reach a steady

conversion, whereas for higher aw the maximum conversion

obtained was lower. We extended this study to ten other

RTILs, as well as two water-miscible and two water-

immiscible organic solvents (Scheme 2).

Here we show results for only four of the solvents tested. In

most of them, the reaction yielded a mixture of (R,R)-diester

and (R)-hemiester (Figs. 1 and 2).

In some solvents, such as [omim][N(CN)2] and acetonitrile,

the amount of hemiester first peaked and then decayed; in

tetrahydrofuran, it first increased and then remained roughly

constant, as in more polar solvents like [bmim][PF6].

To understand these findings, it is important to consider the

relevant reaction pathways for the transformation of the

substrates. As shown in Scheme 1, in addition to reacting with

the alcohol to form the hemiester (pathway 1), succinic

anhydride can also be hydrolysed to give succinic acid

(pathway 2). The hemiester can react with an alcohol molecule

Scheme 1 Reaction pathways.

Fig. 1 Reaction progress in tetrahydrofuran (solid lines and full

symbols: (R)-2-octanol (r), (R)-hemiester ($), (R,R)-diester (m)), and

in acetonitrile (dashed lines and open symbols: (R)-2-octanol (e),

(R)-hemiester (#), (R,R)-diester (%)), at 35 uC and aw = 0.1.

Scheme 2 Tested ionic liquids.

244 | Green Chem., 2008, 10, 243–248 This journal is � The Royal Society of Chemistry 2008
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to give the diester (pathway 3), and can also be hydrolysed to

give the alcohol and succinic acid (pathway 4). The impact of

pathways 3 and 4 on the overall process can be seen in Fig. 3.

This figure represents the outcome of a reaction in which only

the (R)-hemiester was added to [omim][N(CN)2], at aw = 0.1.

The reaction yielded stoichiometric amounts of the diester and

of succinic acid, in the same time scale as that depicted in Figs.

1 and 2. Hydrolases such as lipases work via a mechanism

consisting of an acylation step that leads to the formation of

the acyl-enzyme intermediate, followed by deacylation. When

only the (R)-hemiester and water are present, only pathway 4

can take place. Mechanistically, the serine residue of the

catalytic triad attacks the carbon atom on the carbonyl group

of the ester bond, leading to the release of the alcohol. The acid

is released at the end of the deacylation step. Pathway 3 is an

esterification reaction in which the active site serine attacks the

carbon atom of the carboxyl group, leading to the release of

water and formation of the acyl-enzyme. The diester is the

second reaction product. The results from Fig. 3 tell us that

immediately after being formed in pathway 4, the alcohol

reacts with a second molecule of (R)-hemiester to yield the

(R,R)-diester, i.e. pathways 3 and 4 occur virtually simulta-

neously so that the data points for the diester and the acid are

superimposed. Overall the process can be represented as two

molecules of (R)-hemiester yielding one molecule of (R,R)-

diester and one molecule of succinic acid, the alcohol and

water balancing out, i.e. the amounts of (R)-hemiester that

react through pathways 3 and 4 are exactly the same.

In regular reactions, the alcohol is present at the onset of the

process and can influence its outcome. To simulate this

situation, an experiment was performed in acetonitrile with

initial concentrations of ca. 140 mM for the (R)-hemiester, and

50 mM for the (R,S)-alcohol (the concentration of the

(R)-alcohol measured at 5 hours of reaction for that solvent,

taken from Fig. 2, is 25 mM), as shown in Fig. 4A (full

symbols and solid lines). For comparison, this figure includes

the results obtained when only the (R)-hemiester and water are

present, i.e. obtained at the same conditions as Fig. 3 (open

symbols and dashed lines; again, the curves for the diester and

the acid are superimposed). By comparing the two sets of data,

one can see that when the alcohol is present at the onset of the

process, pathways 3 and 4 are no longer entirely coupled. Due

to the initial concentration of the alcohol, there is an

additional contribution to the formation of the diester through

pathway 3 (full triangles). This means forming the diester at a

lower cost in terms of the hemiester, i.e. at a stoichiometry of

1 : 1, instead of the 2 : 1 for the coupled process (full circles are

below open circles). A mass balance of this data indicates that

ca. 40% of the (R)-hemiester reacts through pathway 4 at these

conditions, the remaining 60% reacting through pathway 3.

Overall less succinic acid is produced (full squares) and a

higher amount of (R,R)-diester is generated.

To show that this is approximately what happens in regular

reactions, in Fig. 4B we compare the results obtained when

only the (R)-hemiester and water are present (same open

symbols and dashed lines as in Fig. 4A) with data taken from

Fig. 1 for acetonitrile (full symbols and solid lines). Fig. 1

shows that the concentration of (R)-hemiester reached the

value 140 mM at 5 hours of reaction. Thus we extracted the

data from Fig. 1 from 5 hours of reaction onwards and

superimposed the data on Fig. 4B starting at t = 0. Likewise

for the (R,R)-diester, i.e. the data in Fig. 4B taken from Fig. 1

refers only to the (R,R)-diester that was formed from 5 hours

onwards in the regular reaction. The data for succinic acid was

treated in the same way. If we look at the solid lines in Figs. 4A

and B, we see that the agreement observed between the two

sets of data in what concerns the (R)-hemiester and the (R,R)-

diester is fairly good, thus confirming the coupling of

pathways 3 and 4 as the cause for the decrease in the

concentration of this ester that is observed in some solvents

after the peak. The only significant difference is found for

succinic acid (full squares), which can now be produced also in

pathway 2, via the hydrolysis of succinic anhydride. The

hemiester is now generated through pathway 1.

What happens then in the more polar solvents and in

tetrahydrofuran? Why does the amount of hemiester produced

in pathway 1 remain roughly constant? The answer to this

question can be found in the solubility of succinic acid in the

solvents. The maximum concentration of (R)-hemiester that

can be produced in pathway 1 is 200 mM, which means that

the maximum concentration of succinic acid that can be

generated through the full coupling of pathways 3 and 4 is

Fig. 2 Reaction progress in [omim][N(CN)2] (solid lines and full

symbols: (R)-2-octanol (r), (R)-hemiester ($), (R,R)-diester (m)), and

in [bmim][PF6] (dashed lines and open symbols: (R)-2-octanol (e),

(R)-hemiester (#), (R,R)-diester (%)), at 35 uC and aw = 0.1.

Fig. 3 Conversion of the (R)-hemiester (#) in [omim][N(CN)2], to

yield (R,R)-diester (n) and succinic acid (%), at 35 uC and aw = 0.1.

[(R)-hemiester] = 145 mM.
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100 mM. As shown in Table 1, the solubility of succinic acid in

acetonitrile is below 100 mM.

The precipitation of the acid should be a driving force for

the consumption of the hemiester through pathway 4. Indeed,

in this solvent the decline in the amount of (R)-hemiester after

the peak is very pronounced, more so than in [omim][N(CN)2],

in which the solubility of the acid is higher. Tetrahydrofuran is

an interesting solvent in this respect because it has low polarity

in a general sense but the solubility of succinic acid in it is

almost 300 mM. [omim][PF6] is also not a problem in that

respect. In any case, in the more polar solvents, the reaction is

less favourable and the solubility limit of succinic acid is no

longer a discriminating parameter.

These findings are not limited to 2-octanol. Reactions with

2-butanol using succinic anhydride as the acylating agent,

catalysed by Pseudomonas cepacia lipase or Novozym 435,

yielded a mixture of diesters and hemiesters in [bmim][PF6].

The same applied to the Novozym 435 catalysed conversion of

1-phenylethanol. Katsoura et al.15 and Park and Kazlauskas16

report findings that are somewhat similar to these, in what

concerns a perceived important role of solvation on the

outcome of the reactions studied. Katsoura et al.15 looked at

the acylation of flavonoid glycosides with vinyl esters in two

RTILs and two organic solvents, catalysed by Novozym 435

and two other lipases. They found that the reactions produced

not only monoacylated flavonoid derivatives, but also di-

substituted ones, upon acylation at an additional position on

the glucoside moiety. They compared their results with those

of other authors who had used the same enzyme, the same

organic solvents but a different acylating agent, and had

reported the formation of the monoacylated derivative only.

Katsoura et al.15 suggested that their results could be explained

by the differences in solvation of the two esters formed. Park

and Kazlauskas16 have also used an argument based on

solvation to explain the differences in regioselectivity of the

acylation of glucose catalysed by CALB, in RTILs and in

organic solvents. We believe that a similar argument can be

used in the present study, in which the mono- and di-acylation

of 2-octanol depends on a critical balance of solvent polarity

and succinic acid solubility.

To stress the relevance of the choice of solvent on the

outcome of the acylation with succinic anhydride, we

performed reactions in acetonitrile and in tetrahydrofuran on

a preparative scale (0.5 g of 2-octanol). In acetonitrile, we

isolated 3% (w/w) of (R)-hemiester and 68% (w/w) of (R,R)-

diester, whereas in tetrahydrofuran we isolated 85% (w/w) of

(R)-hemiester and 15% (w/w) of (R,R)-diester.

Experimental

Materials

Immobilised Candida antarctica lipase B (Novozym 435) was a

gift from Novo Nordisk Bioindustrial, Spain. Pseudomonas

cepacia lipase was from Amano, Japan. (R,S)-2-octanol

(.97% purity) was from Riedel-de Haën, (R,S)-2-butanol

(.98% purity) was from Fluka, and (R,S)-1-phenylethanol

(.98% purity) was from Merck. Succinic anhydride (.99%

purity), tridecane (.99% purity), sodium chloride (99.5%

purity) and tetrahydrofuran (.99% purity from Aldrich),

freshly distilled from CaH2. Di-isopropyl ether (.98% purity)

was supplied by Merck. Acetonitrile (.99% purity), potassium

acetate (.98% purity) and Hydranal Coulomat A and C Karl-

Fischer reagents were from Riedel de Häen. Ionic liquids:

ECOENG
TM

21 M (98% purity), ECOENG
TM

110 (99% purity),

ECOENG
TM

212 (¢98% purity) were gifts from Solvent

Innovation GmbH, Cologne, Germany. Ethyl-(2-hydro-

xyethyl)-dimethylammonium bis(trifluoromethylsulfonyl)-

imide -[C2][NTf2], (purity: ¢99%) was synthesised by us.

[bmim][BF4] (¢98% purity), [bmim][NTf2] (¢98% purity),

[bmim][PF6] (¢98% purity), [bmim][N(CN)2] (¢98% purity),

[aliquat][N(CN)2] (¢98% purity), [omim][PF6] (¢98% purity),

[omim][N(CN)2] (¢98% purity) were supplied by/gifts from

Fig. 4 Conversion of the (R)-hemiester (#) in acetonitrile, to yield (R,R)-diester (n) and succinic acid (%), at 35 uC and aw = 0.1. [(R)-hemiester]

= 145 mM. Additional data on A, in full symbols and solid lines: Conversion of the (R)-hemiester (139 mM) in acetonitrile, in the presence of (R,S)-

2-octanol (50 mM)—(R)-hemiester ($); (R,R)-diester (m); succinic acid (&). Additional data on B, in full symbols and solid lines: Reaction profile

taken from Fig. 1 for acetonitrile, as explained in the text—(R)-hemiester ($); (R,R)-diester (m); succinic acid (&).

Table 1 Solubility data for succinic acid, obtained in the present
work

Solvent Csuccinic acid/mM

[bmim][PF6] 152
[omim][PF6] 72
[omim][N(CN)2] 97
Di-isopropyl ether 62
n-Hexane 70
Acetonitrile 63
Tetrahydrofuran 286
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Solchemar Portugal, Lisbon, Portugal. All RTILs were used

without any further purification. Substrates and tridecane were

stored over molecular sieves (3 Å beads from Merck).

General procedure for the enzymatic acylation

Reactions were performed in plastic vials (reaction volume up

to 1 cm3) placed in a constant temperature (35 uC) orbital

shaker set for 400 rpm. The solvent (750 ml) was added to

succinic anhydride (800 mM), followed by addition of the

amount of water required to reach aw = 0.1, enzyme (40 g L21)

and, finally, (R,S)-alcohol (400 mM) to start the reaction.

Tridecane (2.91 mM) in acetonitrile was used as external

standard for GC analysis. For some solvents, a scale of aw vs.

water concentration was built by equilibrating the solvent with

saturated salts solutions or with water at 25 uC for a number of

days, to achieve the values 0.22 (potassium acetate) and 0.75

(sodium chloride), taken from the literature,17 and 1 (satura-

tion); the water concentration at aW = 0.1 was obtained by

interpolation. In other cases, we took aW = 0.1 to correspond

to half the water concentration obtained after equilibration at

aW = 0.22, since the scale is linear at low aW values

(equilibration of some of the solvents with a LiCl saturated

salt solution that sets aW = 0.1117 showed that the former

procedure was reasonably accurate). In the case of acetonitrile

and tetrahydrofuran, we derived values from the data for the

Wilson equation presented by Bell et al.18 Water concentration

was measured by Karl-Fisher titration. In the absence of

enzyme, reaction conversion does not exceed ca. 2% after

48 hours.

Analysis

The reactions were followed by GC analysis performed with a

Trace 2000 Series Unicam gas chromatograph equipped with

a 30 m 6 0.32 mm id fused silica capillary column coated with

a 0.25 mm thickness film of 20% 2,3-dimethyl-6-tert-butyldi-

methylsilyl-ß-cyclodextrin dissolved in BGB-15, from BGB

Analytik AG. Oven temperature program: 90 uC–110 uC ramp

at 1 uC min21, 110–180 uC ramp at 7 uC min21, 180–220 uC
ramp at 1 uC min21, injection temperature: 250 uC. Flame

ionization detection (FID) temperature: 250 uC. Carrier gas:

helium (0–20 min: 4.0 cm3 min21, 20–50 min: 1.0 cm3 min21).

Split ratio: 1 : 20. The data given are the average of at least two

measurements. Retention times: (R,S)-2-octanol: 10.21; succi-

nic acid: 11.16; tridecane: 26.26; (S)-hemiester: 45.8; (R)-

hemiester: 45.99; (S,S)-diester: 66.55; (R,R)-diester: 66.77;

(R,S)-diester: 66.98. Response factors: (R,S)-2-octanol: 8.9;

succinic acid: 14.7; hemiesters: 6.3; diesters: 3.1. The enzyme

was usually highly selective towards (R)-2-octanol (eeP .

0.99), but enantioselectivity dropped in the less polar solvents,

which led also to the formation of the (S)-hemiester, the (S,S)-

diester and the meso-(R,S)-diester from the start of the

reaction.

Preparative scale enzymatic acylation

Reactions were performed as described in the previous section,

using tetrahydrofuran or acetonitrile (8.0 mL, aw = 0.1),

succinic anhydride (770 mg, 801 mmol), Novozym 435

(384 mg) and (R,S)-2-octanol (500 mg, 400 mmol). The

enzyme was removed by filtration after 5 and 47 hours for

tetrahydrofuran and acetonitrile, respectively. The solvent was

evaporated under vacuum and after purification by flash

column chromatography (SiO2, eluent: n-hexane: ethyl acetate

from 90 : 10 to 30 : 70) the amounts of (R,R)-diester obtained

were 272 mg (68%) in acetonitrile and 56 mg (15%) in

tetrahydrofuran, and of (R)-hemiester were 125 mg (32%) in

acetonitrile and 313 mg (85%) in tetrahydrofuran.

Preparation of meso and racemic standards

A mixture of (R,S)-2-octanol (568 ml, 3.54 mmol) and succinic

anhydride (354 mg, 3.54 mmol) was stirred for 8 h at 145 uC.

After this time, the reaction mixture was quenched with a

saturated aqueous solution of sodium carbonate and extracted

with dichloromethane (3625 mL). The combined organic

phases were dried under MgSO4 and filtered. The solvent was

then removed under vacuum leaving oil. Purification by flash

column chromatography (SiO2, eluent: n-hexane : ethyl acetate

95 : 5) gave as an oil (959.0 mg, 76%) racemic and meso-

dioctan-2-yl succinate (diester); 1H NMR (CDCl3) d 0.88 (t,

6H, J = 6.9 Hz, CH3), 1.20 (d, 6H, J = 6.2 Hz, CH3), 1.27 (m,

16H, (CH2)4), 1.44–1.49 (m, 2H, CH2 ), 1.55–1.58 (m, 2H,

CH2), 2.59 (s, 4H, (CH2)2 ), 4.90 (sex, 2H, J = 6.2 Hz, CHO);
13C NMR (CDCl3) d 14.0 (CH3), 19.9 (CH3), 22.6 (CH2), 25.3

(CH2), 29.1 (CH2), 29.6 (CH2), 31.7 (CH2), 35.9 (CH2), 71.4

(CH), 171.9 (CO ester); IR (NaCl, film) 2931, 2858, 1736,

1462, 1415, 1377, 1338, 1311, 1265, 1169, 1122, 1034, 995, 972,

876 cm21; HRMS (FAB) Calcd. for C20H39O4 [MH+]:

343.28484. Found 343.28443.

The aqueous phase was acidified with a 10% aqueous HCl

solution and extracted with dichloromethane (3625 mL). The

combined organic phases were dried under MgSO4 and

filtered. The solvent was then removed under vacuum leaving

racemic 4-(octan-2-yloxy)-4-oxobutanoic acid (hemiester) as

white solid (85.0 mg, 10%) m.p. rt–29 uC; 1H NMR (CDCl3) d

0.87 (t, 3H, J = 7.0 Hz, CH3), 1,19 (d, 3H, J = 6.2 Hz, CH3),

1.26 (m, 8H, (CH2)4), 1.43–1.48 (m, 1H, CH2), 1.54–1.59 (m,

1H, CH2), 2.56–2.68 (m, 4H, (CH2)2 ), 4.91 (sex, 1H, J =

6.2 Hz, CHO), 10.20 (br, 1H, COOH); 13C NMR (CDCl3) 14.0

(CH3), 19.8 (CH3), 22.5 (CH2), 25.3 (CH2), 29.0 (CH2), 29.2

(CH2), 31.7 (CH2), 35.8 (CH2), 71.7 (CH), 171.7 (CO ester),

178.4 (CO acid); IR (NaCl, film) 3491–2700, 2956, 2931, 2859,

1732, 1715, 1421, 1378, 1174, 1122, 1033, 994, 959, 839 cm21;

HRMS (FAB) Calcd. for C12H23O4 [MH+]: 231.15963. Found

231.16044.

Preparation of chiral standards

Following the above procedure, using (S)-2-octanol (258 mL,

1.61 mmol) or (R)-2-octanol (150 mL, 0.96 mmol) the

corresponding diester (9% and 4%) and hemiester (79% and

51%) respectively, were obtained. Identical spectral data to

that observed for racemic and meso standards.

Conclusions

We have shown that the choice of succinic anhydride as

acylating agent may sometimes fall short of the expectation of
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facilitated extraction of an acidic half ester. A closer inspection

of the literature available suggests that in some cases, the

formation of the diester may have been overlooked. In the

present study, we showed that the outcome of the acylation of

(R,S)-2-octanol with succinic anhydride is strongly dependent

on the solvent and on the solubility of succinic acid in the

latter. The outcome of the process is never the hemiester alone.

And if the solubility of succinic acid in the solvent is low, the

amount of hemiester rapidly decreases after reaching a peak.

Similar findings for 2-butanol and 1-phenylethanol confirm

that this is a general phenomenon. In our experiments, water

activity was kept constant at 0.1. The amount of water that is

present in each solvent at this aW value is sufficient to promote

the occurrence of pathway 4 to a point where nearly 50% of the

hemiester is consumed via this pathway, even in the presence of

the alcohol.
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Owing to an error in the late stages of production, Table 2 is missing from the printed version of this article.

Table 2 Density (r), viscosity (g), and refractive index (n) of dilute aqueous bmimPF6 as function of temperature (T/K) at different

bmimPF6 mole fraction (XbmimPF6)

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Additions and corrections can be viewed online by accessing the original article to which they apply.

XbmimPF6 0.000000 0.000318 0.000638 0.000951 0.001286

[r(g cm23)]K 5 a + bTK

r2 (std error of fit) 0.9998 (¡0.0001) 0.9998 (¡0.0001) 0.9999 (¡0.0001) 0.9999 (¡0.0001) 0.9999 (¡0.0001)
a 1.0953 1.1045 1.1033 1.1055 1.1137
b 25.59 6 1023 26.09 6 1023 25.98 6 1023 26.04 6 1023 26.42 6 1023

ln g(mN m22 s) 5 a + (b/T)
r2 (std error of fit) 0.9985 (¡0.0052) 0.9966 (¡0.0081) 0.9966 (¡0.0082) 0.9968 (¡0.0079) 0.9966 (¡0.0083)
a 26.4743 26.6526 26.7020 26.6212 26.6103
b 1896.05 1953.28 1970.60 1948.86 1947.36
n 5 a + bT3

r2 (std error of fit) 0.9654 (¡0.0002) 0.9958 (¡0.0001) 0.9947 (¡0.0001) 0.9969 (¡0.0001) 0.9911 (¡0.0001)
a 1.3429 1.3441 1.3444 1.3435 1.3442
B 23.78 6 10210 24.14 6 10210 24.07 6 10210 23.64 6 10210 23.79 6 10210
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